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ABSTRACT

Gas hydrates in the Alaska North Slope, with a potential of 590 TCF gas-in-place near 

existing infrastructures of Prudhoe Bay, Kuparuk River and Milne Point Units, have 

sparked interest among unconventional energy experts. Drilling through gas hydrates has 

always been critical as a source of heat into the formation, leading to dissociation of 

hydrates. Moreover, the recent drive toward open hole completions and highly deviated 

or horizontal wells have emphasized the need for evaluation of drilling or completion 

fluids suitability from a perspective of formation damage. A significant decrease in well 

productivity near the well-bore can occur due to the invasion of fine solids from drilling 

fluids, forming external and internal filter cake under dynamic conditions. An 

experimental setup for the evaluation of formation damage at in-situ conditions was 

designed. The dynamic filtration experiments were conducted with Berea sandstone 

cores. The absolute permeability was measured both before and after the drilling fluid 

circulation. The drilling fluid type, its flow rate, and shear rate, effective particle size, 

additive concentration, and amount of overbalance were found to influence drilling mud 

leak-off volume and the post mud circulation permeability.
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CHAPTER ONE 

INTRODUCTION

The United States currently consumes 21 trillion cubic feet (Tcf) of natural gas 

per year. Three percent of it is imported. To meet the estimated demand of 32 Tcf of 

methane by 2020, imports would have to increase. The U.S. Geological Survey (USGS) 

estimates that the methane hydrates hidden beneath U.S. waters alone hold some 200 Tcf 

of natural gas, which would be enough methane to supply the entire nation's energy needs 

for many years at its present rate of consumption. Some believe there is enough 

recoverable methane in the form of hydrates—methane locked in ice—to supply energy 

for hundreds, maybe thousands, of years. This leads to the hope for methane hydrates to 

be the solution to our dwindling fossil fuel supply.

Until recently, the natural gas industry considered methane hydrates only a 

nuisance, something that occasionally plugs up pipelines or causes wellbores to collapse. 

Oil resources becoming more expensive and difficult to exploit in the next couple of 

decades creates the need to prospect for new fossil fuel deposits. Thus hydrates have 

sparked the interests of energy experts around the world. Natural gas hydrates are 

crystalline solids, resembling snow, that form from mixtures of water and natural gas. 

Unless natural gas has any associated water removed from it before being fed into a 

pipeline, gas hydrates may form and plug the pipeline. The hydrates sometimes have 

plugged the fittings placed at the heads of gas wells.

In comparison, as of 1997, the mean estimate of all untapped technically 

recoverable U.S. natural gas resources was 1,301 Tcf, U.S. proved natural gas reserves 

were 167 Tcf, and annual U.S. natural gas consumption was about 22 Tcf, 13 percent of 

which was imported from Canada. The mean gas-in-place resources assessed by Collett 

(1997) for onshore Alaska are 590 Tcf, nearly seven times greater than the estimated 

United States conventional gas resource. Alaska sites where gas hydrates are inferred or 

identified include the Prudhoe Bay Unit (PBU); Kuparuk River Unit (KRU); and the 

Milne Point Unit (MPU) areas on Alaska North Slope (ANS).
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ANS gas hydrates have not been characterized by detailed reservoir analyses to 

determine hydrate reservoir extent, stratigraphy, structure, continuity, quality, variability 

and geophysical and petrophysical property distribution. The project, “ 

Characterization and Quantification o f Natural Gas-Hydrate and Associated Free-Gas 

Accumulations in the Prudhoe Bay-Kuparuk River Area on the North Slope o f Alaska" 

involving the University of Alaska Fairbanks, the University of Arizona, Tucson, BP 

Exploration (Alaska) Inc. in collaboration with Unites States Geological Survey (USGS) 

and United States Department of Energy (USDOE), aims to characterize, quantify, and 

determine the commerciality of in-place and recoverable gas-hydrate and associated free 

gas resources on ANS. During this first phase of the project laboratory studies in support 

of gas hydrate drilling, completion, and production are being carried out at UAF. Along 

with the current studies on gas hydrate stability, relative permeability and production

modeling, assessment o f formation damage prevention is one of the critical subtasks for 
UAF.

Well productivity can be significantly affected by damage to the near wellbore 

area caused by drilling in the reservoir section of a well. Historically, the use of 

perforated completions allowed for penetration of the producing formation beyond the 

damaged area but the recent trend towards non-perforated wells has resulted in an 

increased emphasis on damage control. This, in turn, has increased the importance of 

evaluating drilling fluids and completion techniques used from a reservoir damage 

perspective. Moreover, for gas hydrate reservoirs, this need for establishing the suitability 

of a drilling fluid containing hydrate inhibitors and promoters is emphasized. During the 

last ten years, there has been a very significant increase in the number of highly deviated 

and horizontal wells drilled through hydrocarbon reservoirs. The driver for the trend 

towards deviated wells and open hole completions has been financial, with economic 

pressures on oil companies resulting in the need to more cost-effectively develop 

resources. Open hole completions undoubtedly allow production from a greater 

percentage of the wellbore surface but this increase will only be realized in practice if the 

damage caused by the drilling and completion fluids can be overcome. The objective of
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this study is to evaluate formation damage due to water-based drilling fluids compatible 

with gas hydrate reservoirs. The permeability impairment data obtained through this 

analysis for the near wellbore formation would help to predict the production data, near 

wellbore skin and recovery factor to be decided by economics. The filtrate loss amount to 

the formation for various mud compositions can be calculated over the entire wellbore 
length.
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CHAPTER TWO 

LITERATURE REVIEW

2.1 Methane Gas Hydrate

Gas hydrates are solid crystalline compounds in which gas molecules are encaged 

inside the lattices of ice crystals. These light non-polar gases are referred to as guests, 

whereas the ice crystals are called hosts. The hydrocarbon gas hydrates are of particular 

interest. A hydrocarbon gas M will react with water to form hydrates at low temperature 

and high pressure conditions.

M + Nh H20  «-► M.Nh H20  
where Nh is the hydration number.

The water molecules through hydrogen bonding form a lattice structure with 

interstitial cavities. These cavities are occupied by gas molecules with molecular size 

smaller than the diameter of the cavities, thereby stabilizing the crystal lattice framework. 

It has been established that hydrates crystallize into two types of structures, commonly 

known as structure I and structure II, which have been investigated with X-ray diffraction 

methods by von Stackelberg and Muller (1954). They found that the unit cell of structure- 

I is a 12 A cube, consisting of 46 water molecules, which has two types of cavities. The 

two small cavities are pentagonal dodecahedra (512), whereas the six large cavities are 

tetradecahedra (51262), having two opposite hexagonal faces and twelve pentagonal faces, 

giving an average coordination number for the hydration shell in the crystalline state of 

22 water molecules at a radius of about 4.0 A. The smaller cavities are almost spherical, 

whereas the larger cavities of structure-I are slightly oblate. The unit cell of structure-II, 

which is a 17.3 A cube with 136 water molecules, also contains two types of cavities. The 

16 smaller cavities are distorted pentagonal dodecahedra and the 8 larger cavities are 

hexadecahedra (51264) having 4 hexagonal faces and twelve pentagonal faces. The latter 

cavities are almost spherical in shape.

Ripmeester et al. (1987) reported a new hexagonal hydrate structure which 

requires both large and small molecules to stabilize the structure. They proposed that the
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new structure be known as structure-H. According to the above authors, the unit cell has 

34 water molecules forming a hexagonal lattice. The structure-H has three different types 

of cavities, three 512 cavities which are common to all known hydrate structures, two new 

12 face 435663 cavities and one new large 51268 cavity. The 435663 cavity has three square 

faces, six pentagonal faces, and three hexagonal faces, whereas the 51268 cavity has 12 

pentagonal faces and eight hexagonal faces. The first two cavities accommodate the small 

gas molecules. The large cavity in this structure can accommodate even larger molecules, 

so molecules in the size range of 7.5 to 8.6 A can potentially form gas hydrates.

The structure formed is a function of the molecular size of the gas molecules, with 

smaller molecules such as methane, ethane, nitrogen, and carbon dioxide forming 

structure I and larger gas molecules such as propane and isobutene forming structure II. 

Structure H is formed from components of the light naphtha fraction or components o f 

gasoline, thus indicating a hydrate structure that can participate in petroleum as well as

natural gas processes. The arrangement of molecules in structure I, II, and H are shown in
Figure 2.1.

51V

Figure 2.1: Types of Cavities in Structures I, II, and H Hydrate (Sloan; 1998)
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Table 2.1: Physical Properties of the Three Types of Gas Hydrates (Sloan; 1998)

Structure I Structure II Structure H
Cavity Types 512, 51262 512, 51264 512, 435663, 51268

Radius (A) 3.91,4.33 3.902, 4.683 3.91,4.06, 5.71

Cages / Unit cell 2,6 16,8 3,2, 1
Co-ordination

number
20, 24 20, 28 20, 20,36

Crystal Type cubic cubic hexagonal

Vast amounts of hydrocarbons are trapped in hydrate deposits {Sloan; 1998). 

Such deposits exist in distinct geologic formations such as permafrost and deep marine 

sediments, where the thermodynamic conditions of low temperature and high pressure 

allow hydrate formation. The lower depth limit of hydrate deposits is controlled by the 

geothermal gradient. Current estimates of worldwide quantity of hydrocarbon gas hydrate 

range between 1015 to 1018 m3. Even the most conservative estimates of the total quantity 

of gas in hydrates may surpass by a factor of two the energy content of the total fossils 

fuel reserves recoverable by conventional methods 1998).

The majority of natural hydrocarbon gas hydrates contain CH4 in overwhelming 

abundance under certain P-T conditions {Figure 2.2). The methane-water combination is 

a solid at low temperatures and high pressures (shaded). Adding sodium chloride to the 

water shifts hydrate-gas phase boundary curve to the left, while adding carbon dioxide, 

hydrogen sulfide and other hydrocarbons moves the curve to the right. Simple d e 

hydrates concentrate methane volumetrically by a factor of 164, and require less than 

15 ^  of the recovered energy dissociation. Natural CH4-hydrates crystallize mostly in 

structure I, which contains 46 H20  molecules per unit cell. They have a NH ranging from 

5.77 to 7.4, with NH = 6 being the average hydration number and NH = 5.75 
corresponding to complete hydration.
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Tempera Me. C

Figure 2.2: Pressure vs. Temperature Phase Diagram for Simple Methane Hydrate

(Collett; 2000)

2.1.1 Occurrences o f  Natural Gas Hydrate

The geologic occurrence of gas hydrates has been known since mid-1960s when 

gas-hydrate accumulations were discovered in Russia {Makogon; 1981). Gas hydrates 

occur in sedimentary deposits under conditions of pressure and temperature present in
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permafrost regions and beneath the sea in outer continental margins and
McMenamin; 1980).

Cold surface temperatures at high latitudes on earth are conductive to the 

development of onshore permafrost and gas hydrate in the subsurface. Gas hydrates are 

known to be present in the western Siberian platform 1981) and are believed

to occur in other permafrost areas of northern Russia, including the Timan-Pechora 

province, the eastern Siberian craton, and the northeastern Siberian and Kamchatka areas 

( C h e r s k i y e t  al.;1985). Permafrost associated gas hydrates are also present in the 

Northern American arctic. Well-log responses attributed to the presence of gas hydrates 

have been obtained in about one-fifth of the wells drilled in the Mackenzie Delta, and in 

the Arctic Islands more than one-half of the wells are inferred to contain gas hydrates 

(Bily and Dick; 1974). Direct evidence for gas hydrates on the North Slope of Alaska 

comes from core tests, and indirect evidence comes from drilling and open-hole industry 

well logs, which suggest the presence of numerous gas-hydrate layers in the area of the 

Prudhoe Bay and Kuparuk River oil fields ( < and Ehlig-Economides; 1983). The 

combined information from Arctic gas hydrate studies show that in permafrost regions, 

gas hydrates may exist at subsurface depths ranging from approximately 150 to 2000 m. 

In oceanic sediment where the ocean is at least 300 m deep, methane hydrate exists at 

depths of about 0 -1,100 m below the seafloor.

2.1.2 Northern Alaska Gas Hydrate Resources

Specific Alaska sites where gas hydrates are inferred or identified include onshore 

areas of PBU -  KRU -  MPU, and possibly the National Petroleum Reserve (NPRA) and 

offshore areas of the Beaufort Sea Shelf and slope, Bering Sea Slope and Rise, North 

Pacific Aleutian Ridge, and Gulf of Alaska. Figure 2.3 depicts the distribution of the 

Eileen and Tam gas hydrate accumulations in the area of the Prudhoe Bay, Kuparuk 

River, and Milne Point oil fields on the North Slope of Alaska. This area may contain as 

much as 1.24 Tcf (44 Tcf of gas in place) ( Collett1993).
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The occurrences of gas hydrates on the ANS was confirmed in 1972 with core and 

production test data from the Northwest Eileen State-2 well located in the northwest part 

of the PBU field ( Collett;1993). Studies of pressurized core samples, downhole logs, and 

the results of formation production tests indicate three phase gas-hydrate bearing 

stratigraphic units in the Northwest Eileen State-2 well. Gas hydrates are also inferred to 

occur in an additional 50 exploratory and production wells in Northern Alaska based on 

downhole log responses. Most of these inferred gas hydrates occur in six laterally 

continuous sandstone and conglomerate units; all of these “Eileen” gas hydrates are 

geographically restricted to the area overlying the western part of the PBU, the eastern 

part of the KRU, and most of the MPU. Seismic surveys and well logs in the western part 

of the PBU indicate the presence of several large free-gas accumulations stratigraphically 

trapped down-dip of four of the log inferred gas hydrate units.

Recently, data from wells along the southwestern margin of the KRU revealed the 

presence of at least two distinct relatively thick “Tam” gas hydrate accumulations 

overlying the recently developed Tam field. Cirque-2 well studies suggest at least two 

distinct gas hydrate accumulations occur within the depth interval from approximately 

150 to 720 meters (500 to 2,360 feet) within Tabasco Companion sands. The upper gas 

hydrate-bearing stratigraphic interval in the Cirque wells appears to be the up-dip 

equivalent to the West sak and Ugnu sands. Shallow data collected in a Tam 

development by the USDOE/USGS in September, 2000 confirmed the occurrence of a 

thick hydrate gas in the up-dip portion of Ugnu and West Sak sand. Preliminary analysis 

of area wells and regional seismic data suggests that the lower free-gas interval within 

Tabasco Companion sands may be trapped up-dip by a second as yet undrilled gas- 
hydrate accumulation.

2.1.3 The Hydrate Stability Zone

Formation of gas hydrates requires the presence of hydrate-forming gases and 

water under appropriate pressures and temperatures. Figure 2.4 depicts the three-phase 

hydrate-equilibrium line and identifies the area above the curve as the hydrate stability
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zone. In natural environments, low temperature and high pressure conditions could occur 

offshore in shallow depths below the ocean floor and onshore beneath the permafrost. 

The geothermal gradient of the Earth increases the pressure requirement for the stability 

of the hydrate at a much greater rate than the pressure increases due to the hydrostatic 

gradient. Therefore, there is a depth interval where hydrates may be stable.

Figure 2.4: Schematic Representation of the Three-Phase Equilibrium Curve and

Methods of Hydrate Decomposition

Figures 2.5a and b are the examples of the depths of hydrate phase stability in 

permafrost and in oceans, respectively. In each figure dashed lines represent the thermal 

gradients as a function of depth. The slopes of dashed lines are discontinuous both at the 

base of the permafrost and the water/sediment interface, where new sediment thermal 

conductivities cause new thermal gradients. The solid lines are drawn from hydrate phase 

equilibrium data, with pressure converted to depth. As shown in the figure, in permafrost 

regions in which surface temperatures are well below freezing, gas hydrates can be 

present at depths between 150 and 2000 m {Kvenvolden; 2001). Under offshore 

conditions, gas hydrate stability conditions usually extend to depths 100 to 500 m below
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the ocean floor ( Collettet al.;2000), although gas hydrates have been recovered from the

ocean floor in some cases. Figure 2.6 shows the zone of potential gas hydrate stability on 
the North Slope of Alaska.
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and ANWR (Collett; 2004)

2.1.4 Production Methods o f Gas Hydrates

There are three types o f production methods which involve changing the 

thermodynamic conditions in the hydrate stability zone, to decompose them. The first 

method is depressurization. Its objective is to lower the pressure in the free-gas zone 

immediately beneath the hydrate stability zone, causing the hydrate at the base o f the 

stability zone to decompose and freed gas to move toward a wellbore. The second 

method is thermal stimulation, in which a source of heat provided directly in the form of 

injected steam or hot water or another heated liquid, or indirectly via electric or sonic 

means, is applied to the hydrate stability zone to raise its temperature, causing the hydrate 

to decompose. The direct approach could be accomplished in either of two modes: a 

frontal sweep similar to the steam floods that are routinely used to produce heavy oil, or 

by pumping hot liquid through a vertical facture between an injection well and a 

production well. The third method is chemical inhibition, similar in concept to the 

chemical means presently used to inhibit the formation of water ice. This method seeks to 

displace the natural gas hydrate equilibrium condition beyond the hydrate stability zone’s 

thermodynamic conditions through injection o f a liquid inhibitor chemical adjacent to the 
hydrate.
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A major disadvantage of the thermal stimulation method is that a considerable 

portion of the applied energy (up to 75 percent) (Energy Information Administration; 

1998) could be lost to non-hydrate-bearing strata (thief zones). A second major 

disadvantage is that the producing horizon must have good porosity, on the order of 15 

percent or more, for the heat flooding to be effective. These drawbacks make the thermal 

stimulation method quite expensive. The chemical inhibitor injection method is also 

expensive, although less so than the thermal stimulation method, owing to the cost of the 

chemicals and the fact that it also requires good porosity. Finally, the injection of either 

steam or inhibitor fluid tends to “flood out” the reservoir over time, which makes it ever 

more difficult for liberated gas to flow to the producing wellbore. Depressurization will 

therefore likely be the first production method tested outside the laboratory. It may prove 

useful to apply more than one production method in some cases.

2.1.5 Challenges Involved

Considering the fact that approximately 175 SCF of natural gas constitute one 

cubic foot of hydrate, there is certainly a serious safety hazard involved during drilling 

operations, since hydrates can decompose into gas under wellbore conditions. 

Conventionally, drilling through natural gas hydrates has been avoided since it introduces 

two external sources of heat, friction and circulated drilling muds, that can cause 

dissociation of hydrates immediately adjacent to the bore hole. Moreover, the free gas 

underneath the hydrate cap can be over pressured, such that drilling into it without taking 

proper precautions can lead to a blowout. When not avoidable, the hydrate stability zone 

is drilled and cased as fast as possible to minimize the risk of wall failure, perhaps 

leading to loss of the hole. Collapsed tubing in the USSR has been attributed to hydrate 

dissociation (Makogon; 1988).

Unfortunately, the hydrates are found in shallow formations above the surface 

casing point and before the Blow Out Prevention (BOP) equipment is installed. This 

means that when gas from the hydrates enters the wellbore, it rises to the surface with the 

circulating drilling fluid and can not be isolated from the rig floor. In such cases, a
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vicious circle can develop with gas in the well leading to lower hydrostatic pressures 

which increases the rate of hydrate sublimation generating more gas. During the early 

Milne Point development by Conoco, so much gas was released into their D-2 well that 

all the drilling mud was evacuated from the hole. Under these conditions, the presence of 

gas provides the potential for explosions and fires. The preventive techniques such as the 

use of cold mix water at 42°F, reduced circulating rates, the use of smaller downhole 

motors, and mud weights at 10.0-10.5 pounds per gallon (ppg) rather than usual 8.7-9.0 

PPg> especially during drilling through the hydrate zone, have been successful in reducing 

the release of gas from hydrates throughout the Milne Point field.

The experiences with the Cascade discovery well in 1994 and the first six 

development wells in 1996 {Schofield et al.;1997) have shown that at Cascade, every 

well encounters gas hydrates and the usual countermeasures have not proved effective. 

The maintenance of hydrate formation temperature below 62°F with 8.33 ppg gradient 

was critical from the hydrate stability point of view. Increasing mud temperature to 66°F 

would require mud weight of 10.5 ppg. Despite of the best efforts to keep the drilling 

mud cool, the downhole temperatures were 10°F -  15°F higher than aimed for. In an 

attempt to overcome the mud temperature problem with 11.5 ppg mud, the formations 

were too weak to support such a fluid column.

Due to environmental concerns and restrictions, water based drilling fluids are 

often more desirable than oil based fluids, especially in offshore exploration. However, a 

well-recognized hazard in deep water offshore drilling, using water based fluids, is the 

formation of gas hydrates in the event of a gas kick. Because water-based drilling fluids 

contain so many sites for crystal nucleation, an order of magnitude more hydrates can 

form in drilling fluids that in an equal volume of pure water. The hydrostatic pressure of 

drilling fluid and low seabed temperature make this possibility of hydrate formation in 

the event of gas kick more likely during deep-water drilling.

Gas hydrates could form in the drill string, BOP stack, choke and kill line. This 

could result in potentially hazardous conditions, i.e., flow blockage, hindrance to drill 

string movement, loss of circulation, and even abandonment of the well. As gas hydrates
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consist of more than 85 % water, their formation could remove significant amounts of 

water from the drilling fluids, changing the properties of the fluid. This could result in 

salt precipitation, an increase in fluid weight, or the formation of a solid plug.

Lynes (1989) have shown that oil-based drilling fluids contain enough water to form 

hydrates, but under more stringent conditions than water-based fluids. This necessitates a 

combination of salts and chemical inhibitors, which could provide the required inhibition 

to avoid hydrate formation.

Mallik 2L-38, a 3773 ft (1150 m) deep gas hydrate research well drilling and 

coring operation, experienced problems {Ohara et 1999) in the early stages of the 

well due to warm weather, crane rigging up in a very remote location, slow rigging, 

drilling mud control system with poor shakers, no desander, degasser and jet hopper mix 

and an extended time to assemble the BOP stack. The unsheared polymer products and 

organic materials (i.e. twigs, rootlets) from formation cuttings plugged the mud-cooler 

and shale shaker screens affecting their performances. The glycol in the heat exchangers 

caused the mud to become too cold (5°F to -4°F i.e. -15 to -20°C) resulting in its freezing 

and stopped its circulation. Subsequent caliper logging revealed considerable hole 

enlargement, as has been widely observed when drilling with warm (42.8-50°F i.e. 6- 

10°C) fluids. The drilling fluid utilized consisted of antifreeze agent, shale inhibitor, 

viscosifier and hydrate inhibitor. The mud weight was gradually increased from 8.92 ppg 

to 9.93 ppg as a precautionary measure, with mud temperature held between 1-3°C during 

drilling of the main hole, with formation temperatures of 32°F at 2198 ft (670 m) and

57.2 F at 3773 ft (1150m). The rates of penetration and mud circulation were carefully 

controlled when the mud-gas reading increased from 12 to 16%.

2.2 Gas Hydrate Inhibitors and Drilling Fluids

High bottomhole pressure in new wells, low bottomhole temperature and the 

Joule-Thompson expansion cooling effect often lowers gas stream temperatures to below 

the drilling fluid freezing point, creating favorable conditions for formation of gas 

hydrates in the wells and transportation pipelines. The problems are aggravated during
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cold winter months when wells and pipelines have strong tendencies to plug with 

hydrates and ice. Operators experience significant monetary losses due to disrupted 

production and have to spend money on chemicals and time to clean up hydrates from 

plugged wells and pipelines. Recently, there has been an upsurge in the possibility of 

finding useful hydrate inhibitors.

Some requirements for a usable hydrate inhibitor that must not be overlooked are as 
follows:

i. The dependency of the inhibitor on the fluids to be transported must be 

determined, i.e. how universally can the inhibitor be applied?

ii. The chemical must be effective over a certain range of concentration in case of 

local concentration build-up in the pipeline.

iii. The chemical must be soluble up to the highest temperature it will encounter in 

the well stream, i.e. at the injection point. This may be 194-212°F (90-100°C).

iv. The chemical must not be too viscous even if it needs to be diluted with a solvent. 

Otherwise it may be difficult to inject. High solvent transportation costs could 

reduce the cost benefits.

v. The chemical must pass certain regulations regarding toxicity of the waste water 

or the pollution of downstream hydrocarbon processing equipment.

2.2.1 Thermodynamic Hydrate Inhibitors (THIs)

THIs are added at high concentrations (10-60 wt. %) and they then alter the 

chemical potential of the aqueous or hydrate phase so that the hydrate dissociation curve 

is displaced to lower temperature or higher pressure. Examples are methanol and ethylene 

glycol.

As production platforms are becoming more remote and water cuts increase for many 

Northern gas and oil fields reaching the end of their life spans, these two solutions 

(methanol and ethylene glycol) to prevent hydrates from blocking the pipeline will 

become more costly because of the following:



18

i. Loss of the inhibitor to the oil or gas phase can make it difficult to calculate how 

much is actually lost in the water phase. Therefore, excess is usually added for 
safety reasons.

ii. Methanol accumulates in the propane fraction after processing downstream. The 

residual methanol can kill the catalyst at a polypropylene plant, which is 

expensive to replace, and it leads to reduced prices for the original condensate.

iii. Normally, 80-90% of the methanol used in hydrate inhibition is recoverable, but 

this recovery from the wastewater requires expensive reprocessing facilities.

iv. Large tanks and injection facilities can affect the overall size, platform space and 

therefore cost of the production facilities.

The field experiences revealed by Howard (1995) describe the importance of drilling 

fluid with an excellent safety, health and environment profile, compatibility with 

reservoir fluids, and good shale stabilizing and scale dissolving characteristics. Such fluid 

consists of sodium formate (NaCOOH), potassium formate (KCOOH), or caesium 

formate monohydrate (CsC00H.H20) along with viscosifier xanthan, fluid loss polymer 

such as polyanionic cellulose (PAC), and CaC03. Applying the “rule of thumb” to predict 

the effect on the hydrate formation temperature for any natural gas (hydrate equilibrium 

temperature (in brine) = hydrate equilibrium temperature in water -  0.8 x freezing point 

depression (brine)) potassium formate brine (> 1.4 SG) gives a gas hydrate formation 

temperature of 118.4°F (48°C), whereas sodium formate (> 1.2 SG), gives about 68°F 

(20°C), lower than in fresh water.

The laboratory and the Tommeliten Gamma gas-condensate field studies 

1996) have shown that application of thermodynamic underinhibition through low 

concentrations (1 to 5 wt %) of methanol and ethylene glycol may enhance the rate of 
hydrate formation.

2.2.2 Kinetic Hydrate Inhibitors (KHIs)

KHIs are added at low concentrations (<1 wt. %) and do not affect the 

thermodynamics of hydrate formation. However, they do delay hydrate nucleation and/or
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crystal growth. During the slow growth period, the particles of hydrate may or may not 

be prevented from agglomerating. When the inhibition mechanism breaks down and fast 

autocatalytic hydrate formation begins, the hydrate agglomerates rapidly form a plug.

Kinetic hydrate inhibitors are water-soluble or water-dispersible polymers. They 

are assumed to bind to the surface of hydrate particles in the early stages of nucleation 

and growth, preventing the particles from reaching the critical size (size at which particle 

growth becomes thermodynamically favorable), or slowing down the growth of particles 

that have reached the critical size. Since hydrate is likely to form first at the water gas or 

water-oil interface (i.e. where hydrate forming gas diffuses into the water), it seems 

reasonable to design the KHI to exist in this interfacial region. In this respect, kinetic 

hydrate inhibition differs from kinetic ice inhibition, which occurs in the bulk water 

phase. KHIs are effective at concentrations typically ten to one hundred times less than 

the effective concentration of ethylene glycol or methanol. With thermodynamic 

inhibitors increasing in price, kinetic ones are becoming economically favorable.

The first article to appear describing true kinetic hydrate inhibitor was a patent by 

BP, UK in early 1993 on tyrosine and some of the derivatives, including polymers, 

although no polymer examples were given (. Du1993). Shell followed shortly 

after with a patent covering tests on many classes of polymers ( 1993).

Shell identified polymers of N-vinyl pyrrolidone, such as the homopolymer poly(N-vinyl 

pyrrolidone) (PVP), and its polybutyl derivative, Agrimer P-904 mentioned above, as an 

active hydrate inhibitor. Sloan (1994) published a patent covering polymers containing 

five, six, or seven membered ring-systems as kinetic hydrate inhibitors. They include a 

polymer of N-vinylpyrrolidone (5-ring), saccharides (6-ring) and N-vinylcaprolactam (7- 

ring). The above known kinetic inhibitors inhibit gas hydrate formation by coating and 

commingling with hydrate crystal nuclei, thereby interfering with agglomeration of small 

particles into large ones which would result in plugging the gas wellbore and pipelines. 

Also, the high molecular weight polymers require a polar carrier solvent. Methanol, 

ethylene glycol or water or mixtures of these solvents are usually used for the carrier.
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In an attempt to develop new low molecular weight kinetic gas hydrate inhibitors, 

Pakulski(1997) has conducted laboratory tests on a solution of 20% tetrahydrofuran 

(THF) in 3.5% NaCl/water with and without additives at 19.4 to 10.4°F (-7 to -12°C). 

The solution was introduced in a 65.6 ft (20m) long 1-mm ID stainless steel tubing loop 

immersed in a temperature controlled cooling bath. Polymers like the terpolymer, 

polyvinylpyrrolidone were circulated through the pipeline with a 20 hour residence time 

at a pumping speed of 0.05 ml/min. The fluid flow time periods were measured from the 

beginning of flow until the stoppage of flow as a result of complete loop plugging. 

Compatibility tests with corrosion and paraffin inhibitor were done at the highest 

recommended concentration of additives, typically 0.5% hydrate inhibitor, and 20 ppm to 

100-ppm cationic type corrosion inhibitor and 0.05% to 0.15% paraffin inhibitor.

Fu et al. (2001) have successfully deployed polymer based kinetic gas hydrate

inhibitor in the field including 3 offshore (800 ft deep, 135 miles offshore in the Gulf of

Mexico and an offshore oilfield off the northern coast of Peru) and one onshore site (gas

field in East Texas). KHI based on poly[VIMA/VCAP] (copolymer of N-methyl, N-

vinylacetamide (VIMA) and N-vinyl, 2-caprolactam (VCAP) (1:1)) was found to be

environmental friendly and effective kinetic inhibitor in the flow loop tests. The effective

dosage ranged from 550 ppm to 3000 ppm. All the field applications included hydrate

control in gas lift lines as well as production lines. This inhibitor not only reduced the

chemical cost by 16 to 55% over the previous methanol programs along with corrosion,

paraffin inhibition and emulsion breakage, but also overcame the hydrate problems

associated with the methanol program, such as risk of handling hazardous chemicals like

methanol, plugging, increasing pressure drop, decreasing production and bad water 
quality.

2.2.3 Anti-Agglomerant Hydrate Inhibitor (AAs)

These are also added at low concentrations (<1 wt. %) and they prevent the 

agglomeration of hydrates so that all the hydrate crystals are transportable and do not 

build up in the pipe. AAs are polymers and surfactants that only work in the presence of
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both water and hydrocarbon phases to prevent hydrates from agglomerating or depositing 

in the pipeline. The emulsification of the oil and water phases prior to hydrate formation 

may be a critical part of the process for some classes of AAs. In this case, the anti

agglomeration effect may be dependent on the mixing process at the injection point and 

the turbulence in the pipe. In addition one might expect a water-in-oil emulsion to be 

required as an oil-in-water emulsion has a water-continuous phase, which seems more 

liable to hydrate agglomeration. Separation of water as droplets in an oil phase seems a 

likely way to avoid agglomeration.

The first article to appear on controlling hydrates with surfactants used as AAs 

was by Yuliev in 1972, long before any other published work of similar technology. In 

recent years IFP (Institut Francaise du Petrole) has published ranges of surfactant classes. 

Some of them are commercial and in a series of patents on new hydrate inhibitor 

technology. These chemicals act primarily as AAs, although small subcooling effects are 

claimed in some patents, which may indicate that they have some kinetic activity. Shell 

has patented some classes as AAs ( Muijset al., 1990 Reijnhout et 1992). These 

include alkyl aromatic sulfonates and alkyl glycosides. Statoil, SINTEF and NTH 

recently published work on some surfactants including some alkylphenylethoxylates 
( Urdahlet al., 1995).

Kalogerakis et al. (1993) have performed experiments while developing the 

technology required for the safe operation of offshore oil and gas transportation pipelines 

without inhibitors. They investigated the effect of surfactants such as sodium dodecyl 

sulfate (anionic), polyoxyethylene nonyl ether (nonionic), mixture of diethanolamide of 

C12-C14 carboxylic acid (nonionic), etc., on the formation kinetics of methane hydrate. 

Their experimental results have indicated that surfactants (at concentration levels near 

their CMC) do not influence the thermodynamics. However, these surfactants have strong 

influence on the kinetics of gas dissolution in the water phases as well as on the overall 

rate of hydrate formation. The liquid mass transfer coefficient was reduced by about 50% 

compared to pure water when surfactants were added. The effect was more pronounced 

with anionic surfactants compared to nonionic and cationic ones. Since, surfactants affect
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the physical characteristics of hydrate particles, anionic surfactants should not be used in 

a pipeline, whereas nonionic surfactants appear to be the most promising ones in terms of 

preventing agglomeration.

Kelland et al. (1994) have determined various classes of chemicals that affect the 

hydrate formation process. One class delays the growth of hydrate crystals for a 

substantial period, but after a certain gas uptake this eventually leads to hydrate plugging. 

The second class of inhibitor prevents agglomeration of hydrate crystals so that 

transportable slurry is maintained. Both these types can be potentially used to replace the 

usual antifreeze glycols for the control of hydrate formation in the multiphase 

transportation. A third class incorporates both these inhibition properties to a limited 
extent.

2.2.4 Low Dosage Anti-Agglomerant Hydrate Inhibitor (LDHIs)

In spite of higher cost, LDHIs have gained popularity due to their non-toxic 

and/or biodegradable nature, smaller quantities required, reduced environmental costs 

and capital expenditures. Successful deployment of low-dosage inhibitors in place of 

THIs has been reported in the UK sector of the Southern North Sea (Argo et 1997, 

and Bloys, et al.; 1995), the Gulf of Mexico (Telley and Mitchell; 2000 and Frostman; 

2000), South-western Wyoming (Notz et al.; 1996), in the Gulf of Paria near Trinidad 

(Paluski; 1998) and in the South West of France (Leporcher et al.; 1998) whereas in, 

Canada and the Middle East, trials have not met with complete success.

Argo et. al. (1997) have reviewed successful commercial deployment of a low 

dose threshold hydrate inhibitor (THI) in a wet gas pipeline connecting the Hyde-West 

Sole gas field to the onshore Essington gas terminal operated by BP in May 1995. 

Approximately, 69 kilometers of 24” diameter flow line with typical gas flow ranging 

between 50-180 mmscf/d was converted from glycol to the new THI reagent which was 

then tested for the robustness of THI to shutdown and restart conditions. 30 wt. % THI 

was injected but this concentration was subsequently found to be too viscous to pump 

during winter months. So later batches were formulated to a lower viscosity 15 wt. %
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solution and effective corrosion inhibitor. During the changeover period to THI reagent 

the pipeline operated a mixed system containing both THI reagent and glycol. Later 

glycol content of the produced water arriving at the on-shore terminal has been at a low 
level, typically <0.5 wt. %.

The 1.5 month field testing in a deepwater (Frostman; 2000) Gulf of Mexico oil 

well demonstrated the applicability of the optimum amount of Low Dosage Hydrate 

Inhibitor (LDHI) as an anti-agglomerant; 1.5 wt% of the aqueous phase, which is 

equivalent to 0.72 gal/bbl water. After the methanol line was flushed with the LDHI, 

approximately 1 gal LDHI/bbl water was optimized as the injection rate into the flowline. 

No hydrate problems were detected during the LDHI injection, even during two brief 

shut-ins. LDHI reduced solid deposition without adversely affecting overboard water 

quality or causing any emulsion problems.

The successful laboratory studies by Budd in 2004 have formulated a gas 

hydrate inhibitor Ice-Check which is a combination of LDHI and methanol. This 

combination was applied in two wells in the fall of 2003 and later in more wells in a 

Southern Alberta gas field with high bottomhole pressure and mild temperature. The 30- 

week experience with Ice-Check treatment indicated savings on chemicals, which can 

further improve with optimization of the inhibitor rate. unique ability to slow

hydrate progress even after the system starts producing hydrates has made it a safer 

product for field operators.

2.2.5 Comparison o f  KHIs and AAs

At low concentrations, if the KHI or AA inhibitors are not too expensive, they can 

be a more economical solution for prevention of hydrate formation than using 

thermodynamic inhibitors or pipeline insulation. A fourth method is possible whereby the 

added chemical reacts exothermically with the produced fluids and heat produced is 

sufficient to keep hydrate from forming ( . Kellandet al.; 1995). The activity of the KHIs 

and AAs chemicals is still not sufficient for use at 50°F (10°C) subcooling for long time 

periods.
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KHIs will be affected by interaction in the bulk water phase or water interfaces so 

they appear not to be dependent on the water cut. This is useful to know as the water cut 

usually increases as a field is produced. Hence, if all the other conditions remain the same 

(e-g-> pressure, temperature, production water composition), one only needs to increase 

the dosage of KHI according to the water cut to maintain the same inhibition effect.

Although published KHIs delay hydrate formation for 2-3 days at 50°F 

subcooling in the laboratory, the activity in controlled field trials appear to be more than 

42.8-44.6 F (6-7°C) subcooling. This is because the clean laboratory set-up gives 

additional subcooling. This limit on 6-7°C subcooling in long distance pipeline 

transportation has risen as the main drawback with the KHIs. However, these inhibitors 

are far from structurally optimized, and there are probably other classes of KHI that 

remain to be discovered that give much higher degrees of subcooling. Even so, this may 

still not the good enough for some applications at extremely low temperatures or high 

pipeline pressures.

During shutdown of the pipeline or well, the fluids are not moving and will cool 

down to the seabed or permafrost temperatures. For some KHIs, this temperature may 

represent too great a subcooling for them to be effective. However, the lack of turbulence 

during shutdown will greatly reduce the rate of hydrate nucleation and formation as the 

gas diffusion to the aqueous phase will be minimal. A problem may occur during start-up 

when the fluids become turbulent and gas diffusion and hydrate formation rapid. To 

overcome this, some operators envisage pumping methanol into the line before the start

up, then switching back to KHI injection during normal production. To avoid the use of 

methanol completely, the best solution is the AA inhibitor, which is independent of the 

subcooling. The AA inhibitor must ensure that the pre-formed slurry of hydrate crystals 

do not agglomerate during shutdown, so that slurry transportation can begin again at 
start-up.

For this reason the oil and gas industry is turning to AAs as an alternative solution 

to hydrate control. AAs do not appear to be dependent on the subcooling, as KHIs are. 

Hence they have a much wider range of PT applications. However, AAs require the
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presence of a hydrocarbon phase at limited water cuts and brine concentration. Their 

effectiveness mainly depends upon the type of oil/condensate, the salinity of the water 

and the water cut. Hence it is clear that it is not preferable to employ AAs in a gas stream 

mixed with various volumes of water and little condensate; conditions often encountered 

in gas producing wells, especially Alaska North Slope gas hydrate reservoirs.

Liquid chemicals are always preferred in downhole applications and have several 

advantages over solid polymeric ones that require carrier solvent and have a tendency to 

plate out of solutions in hot spots. Since 1995, several non-polymeric, low molecular 

weight oligomeric, LDHIs have been discovered and patented by Paluski (2000 & 2001).

2.2.6 Application o f Inhibitors

For the successful introduction of any oil and gas production additive, whatever 

its function, careful consideration must first be given to any potential effect that will 

compromise, not only the production operation, but also the efficacy of any additional 

additives. Experience with today’s production chemistries, including corrosion and shale 

inhibitors, demulsifiers, anti-foams, flow improvers, to list but a few, has taught us that it 

is never as simple as just “pumping a product in” to solve a particular problem. The 

system condition parameters such as co-mingling with other fluids, seal compatibility, 

flash point, viscosity, seasonal variation, salinity changes, emulsion stabilization, and 

production profile can affect greatly the deployment of KHIs {Phillips and Grainger; 

1996).

Liquid residence time, pigging frequency and shutdown procedures are important 

factors in designing a treatment program for KHIs as they influence the amount of 

inhibitor required to treat a given problem. Liquid residence affects the cooling rate and 

final temperature of the fluids. This obviously has the consequence that the degree of 

subcooling, AT inside the dissociation point for hydrate formation, may be greater or less 

than predicted.

The pigging frequency applies mainly to wet gas export lines where the line is 

pigged periodically to remove liquid inventory which collects in dead points and can
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build up so that it impairs gas production. For instance, if  a line is pigged every 2 days 

then one need only design the kinetic inhibitor package to be active for that period, as any 

slight build up will be swept by the pig.

Since the degree of subcooling often falls significantly below that for normal 

operational conditions, the efficiency of KHIs gets affected. A prime consideration is the 

length of time the line will be shut down. All types of KHIs have a defined time of 

initiation of hydrates that is the length of time hydrate formation will be suppressed for a 

given condition. Hence all planned shut down durations should be considered when 

attempting to apply KHI.

A consequence of start up operations commonly involves an initial surge in 

production rates. This surge and increase in production rate have the effect of cooling the 

fluids to below that of normal operation.

The gas composition has been found to influence the degree to which gas hydrates 

are formed. This has obvious implications when defining a formulation or blend of 

kinetic hydrate inhibiting chemistries.

The formation of gas hydrates, as is well appreciated, can only occur if water is 

present. The volume / production rate and chemistry of this water has a fundamental 

impact both on economics and on the choice of generic chemistry with which to treat the 

problem. Knowledge of the average water production rate is necessary if a comparison 

between thermodynamic treatment and KI is to be made.

The chemistry / composition of the produced water can vary systems over the life 

of the field either routinely due to production handling problems, or as a consequence of 

breakthrough or tie-ins to other systems. This can be from condensed right through to 

very saline brines. The presence of salt reduces the temperature at which hydrates will 

form. So wherever possible the composition of the water causing hydrate formation 

should be identified. This will allow accurate optimization of treatment rates.

Cloud point is often associated with elevated temperature and may not appear to 

be of importance to products used to treat at temperatures not exceeding 59°F (15°C). 

This is however a real problem and occurs where the inhibitor is injected into hot fluids,
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commonly at well heads. Cloud point arises because materials relying solely on hydrogen 

bonding for solubalization in aqueous solution have an inverse temperature / solubility 

relationship. This relationship is exacerbated in waters containing salt.

Emulsification is a major problem in the production and processing of fluids and 

can lead to hydrocarbon levels being too high in discharged water or water levels being 

too high in export crude / condensate. Many oils and or condensates contain natural 

emulsifying agents such as asphaltenes, organic acids, resins and waxes. In general the 

more soluble the emulsifiers in the continuous phase, the less stable the emulsion. Many 

of the commercially available polymers for hydrate control are designed to reside at an 

interface, and thus, have the tendency to stabilize or generate emulsions.

2.2.7 Water-Based Drilling Fluids for Gas Hydrate Inhibition

In water-based drilling muds, hydrates may cause problems in two ways. First, 

hydrates may form a “plug” or solid mass which could begin in the area of little or no 

circulation, such as choke lines, kill lines, recesses within BOPs, etc. Due to their 

mechanical strength, a large mass of hydrates may be able to prevent a drill string from 

rotating. The second way by which hydrates may cause problems results from their 

physical make-up. The water from water-based drilling mud can foster hydrate formation, 

which causes the drilling mud flow properties to deteriorate. In the worst scenario, all 

solids will settle out, leaving little or no fluid in the wellbore.

Baker and Gomez (1987) provided dramatic examples of hydrates plugging the 

choke and kill lines, necessitating cementing to secure the well at 1150 ft deepwater 

operations off the California Coast. Kotkoskie et al. (1990) conducted hydrate formation 

experiments in sixteen water based drilling mud samples. The gas composition 

representing the Green Canyon Section of the Gulf of Mexico was tested with: (1) eight 

variations of drilling mud based on 20% NaCl-water solution; (2) four salt solutions, and 

(3) three other drilling mud mixtures as shown in Tables 2.2 through 2.4. From the 

hydrate equilibrium data, the total sum of the drilling mud constituents other than salt 

was found to be promoting hydrate formation. The following comparison was established
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from the most inhibited to least inhibited: CA32 = S2 > SAT > BR30 = NAC > A30 > 

NABR > AH1 = AIR = A3 > A2C = AH2 > Mud 4 > BR 20 > S12 > Water = Mud 13.

Table 2.2: Composition of Base Mud (A2C) (grams) and its Variations Tested with 

Gas from Green Canyon Section of Gulf of Mexico ( et 1990)

Mud

Name
h 2o NaCl Bentonite PHPA* XCD** Barite

A2C 349.0 82.0 13.75 0.63 0.63 205.4
A3 349.0 82.0 13.75 0.63 205.4

AH1 349.0 82.0 0.63 0.63
AH2 349.0 82.0 0.63 0.63 205.4
S12 349.0 82.0 13.75 0.63 0.63 205.4

AIR 349.0 82.0 13.75 0.63 205.4
SAT 349.0 118.5 13.75 0.63 0.63 205.4

h 2o NaBr Bentonite PHPA* XCD** Barite
A30 349.0 147.9 13.75 0.63 0.63 205.4

- All the formulations included 6 gm Instant Ocean Salt, 0.63 gm 

Drispac, and 25.0 gm simulated drill solids.

* - Partially (30%) hydrolyzed polyacrylamide polymer.

** - Kelzan XC polymer (polysaccharide)

Table 2.3: Compositions of Salt Solutions (Kotkoskie et al.; 1990)

Fluid

Name

Salt

Type

h 2o

gm

Salt

amount

gm

% Salt

Molality

(mol/kg

H20 )
NAC NaCl 150.0 37.5 20.0 4.27
BR30 NaBr 150.0 66.1 30.6 4.28
CA32 CaCl2 150.0 71.2 32.2 4.27
BR20 NaBr 150.0 37.5 20.0 2.43
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Table 2.4: Compositions of Mud 13, Mud 4, Mud S2 in Grams

(Kotkoskie et 1990)

Component
Mud 13 Mud 4 Mud S2

h 2o 335.6 287.3 225.00

Bentonite 12.0

NaCl 50.3 56.30

PHPA 1.0 1.0

XCD 1.0

Drill Solids 20.0 20.0 21.00

Barite 150.0 94.10

NaOH 0.8 1.50

Q-Broxin* 2.0

NewDrill HP 1.25

NewVis 0.50

DSL

(Deflocculant)
1.00

Soda Ash 0.35

Bicarbonate 0.15

Glycerol 132.00

* - NL Baroid (ferrochrome lignosulfonate)

During the development of Cascade, a small field on the southeastern edge of the 

Milne Point Unit, the application of three mud samples ( ) revealed the

importance of chemical stabilization of hydrates during drilling with lecithin, which is 

non-hazardous, and a group of glyceryl esters of two fatty acid molecules ( , et. 

al.; 1997). There were no problems with any of the 11 wells treated with lecithin, even at 

mud weight as low as 9.8 ppg and flowline temperature averaging 8°F or higher. Without 

lecithin, a significant level of gas was seen in every well at Cascade.
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Table 2.5: Rheology and Fluid Loss Measurement for Spud Mud with Inhibitor 

Applied in Milne Point Unit {Schofield et 1997).

Properties Mud 1 Mud 2 Mud 3

Plastic Viscosity (cps) 13 20 24

Yield Point (lb/100 ft2) 112 38 34

10 sec/10 min Gels (lb/100 ft2) 45/77 18/47 17/46

pH 7.3 6.31 6.32

API Fluid Loss (ml/30 min) 7.4 7 6.6

Mud 1: Basic Spud Mud

Mud 2: Spud mud with 4000 ppm lecithin

Mud 3: Spud mud, 4000 ppm lecithin and 1% TorqTrim II

(lubricant)

In the experimental studies carried out at the University of Alaska Fairbanks 

{Chen et al.;1998), lecithin concentrations of 0-ppm, 5000-ppm and 8000-ppm for 

methane-drilling fluid I {Table 2.6) (Quickdrill)-lecithin system; 0-ppm, 5000-ppm and 

7000-ppm for methane-drilling fluid II (polymer)-lecithin system; and 0-ppm, 5000-ppm 

and 7000-ppm for methane-drilling fluid III (LSND)-lecithin system were used. The 

addition of water to Quickdrill causes enhancement in lecithin’s role as a hydrate kinetic 

stabilizer. At 5000-ppm level concentration, lecithin does not have significant effect on 

hydrate formation kinetics in the drilling fluid I, II, or drilling fluid II-water system, but 

lecithin has significant effect on the hydrate formation kinetics in the water, drilling fluid 

III, drilling fluid I-water and drilling fluid III-water system. The drilling fluid II was 

found to be reducing lecithin activity more than drilling fluid I, and drilling fluid III 

enhanced lecithin activity more than water.
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Table 2.6: Water-Based Drilling Fluid Formulations Investigated at the University

of Alaska Fairbanks ( et 1998)

Drilling Fluid I: Drilling Fluid II: 6% KC1, gel free Drilling Fluid III:
Quickdrill polymer LSND
20-ppb KC1 20-ppb KC1 12-ppb bentonite
2.2-ppb N-VIS

(clarified xanthan 1.25-ppb BIOZAN (welan gum) 1-ppb PAC-L
gum)

0.1-ppb KOH 4-ppb FL-7+ (modified starch)
1-ppb DEXTRID 

(starch)

0.1-ppb KOH
2-ppb Baranex 

(modified lignite)

Barite as required for density
Barite as need for 

density

In the work as a part of Japan National Oil Corporation’s (JNOC) methane 

hydrate research collaboration, the effect of lecithin, polyvinylpyrrolidone (PVP), and 

polyvinylcaprolactum (PVCap) as hydrate stabilizers in water-based drilling fluid (KP) 

{Table 2.7) was studied ( Okuiet al.;1998). The small amount of PVP and PVCap

decelerated the hydrate formation in drilling fluid. Equilibrium was not influenced by 0.6 

wt% of PVP, but the same concentration of PVCap stabilized hydrates more. Hydrate 

dissociation was decelerated by small additions of lecithin, PVP and PVCap which 

indicated that PVCap, could be used for both preservation of natural gas hydrates and 

prevention of additional hydrate formation from free gas in drilling fluids.
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Table 2.7: Main Components of Base Drilling Fluid (KP) Tested by JNOC

(Okui et a1998)

Water 100 gm

Starch Derivative 1.0 gm

Polyanionic Cellulose 0.5 gm

Xanbis (Viscosifier) 0.3 gm

KC1 (Anti-freeze Agent & Shale 

Inhibitor)

3.0 gm

KOH (pH Controller) pH 10.0

Based on the formation and dissociation studies by Okui et al. (1998), methane 

hydrates were found to be controllable by the addition of polymers. Particularly 

polyvinylcaprolactam (PVCap) has unique properties including both to protection of 

natural gas hydrate and inhibition of new hydrate formation, and so can be quite useful 

for safe drilling through the sediments containing gas hydrate. Since 0.6 wt% of PVCap 

was found to be enough to stabilize and inhibit hydrates more effectively as compared to 

polyvinylpyrrolidone (PVP), it was added in the experimental study. The weaker effect of 

PVCap was observed in basic drilling fluid (provided by Telnite Co. Ltd.) than water, 

which suggests that some components (as shown in Table 2.7) in basic drilling fluid 

inhibit the effect of PVCap for hydrate stabilization.

The JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research well was drilled in 

February and March 1998, in the Mackenzie Delta, Northwest Territories, Canada, to a 

depth of 3773 ft (1150 m), with 16 coring runs to collect hydrate bearing sediments 

between 2940 and 3123 ft (896 and 952 m) (Ohara et al.; 1999). The novel program was 

conducted through a collaborative agreement between the Japan National Oil Corporation 

and the Geological Survey of Canada with key participation by the Japan Petroleum 

Exploration Company and USGS. Based on the research conducted in Japan, a 

KCl/polymer drilling mud containing drilltreat, a chemical mud additive for stabilizing 

gas hydrate cuttings, was selected to maintain cold temperature. The basic composition
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of the mud used in the main hole intervals including the gas hydrate layers is shown in 

Table 2.8. The mud weight was gradually increased from 8.93 to 9.93 ppg (1070 to 1190 

kg/m ) as a precautionary measure. The mud had good cold-temperature rheology and 

filtration properties, which effectively retarded decomposition of gas hydrate in drill 

cuttings, core samples, and within the formation.

Table 2.8: Composition of Mackenzie Delta Water-Based Drilling Fluid

{Ohara et a1999)

KCl
Antifreeze Agent and shale 

inhibitor
50kg/m3

Xanvis Viscosifier 1 to 3 kg/m3

KOH pH controller 0.5 kg/m3

Dextrid LT Filtration Control 10 kg/m3

Drispac Filtration Control 5 kg/m3

Na2S 0 3 — 0.3 kg/m3

Barite — 0.3 kg/m3

Lecithin
62% Drill treat, hydrate 

promoter
6 lit/m3

On the background of conventional practice to get rid of water vapors from 

natural gas with glycol and methanol, leading to loss of volatile oil and aromatics 

(BTEX) along with absorbed water vapors during regeneration of glycol, Matrix 

Chemicals BV+ from the Netherlands have found VAPORNET™ useful as a vapor 

absorbent. This could lead to significant improvement to current industry practice with a 

dual effect, while improving energy optimization, operating process, environmental 

damage limitation, and product safety and handling. The freezing point of 60-70 wt% of

+ http://www.vapomet.nl/

http://www.vapomet.nl/


34

Potassium Formate below -58°F (-50°C) and its ability to absorb water vapors present in 

the gas stream, preventing gas hydrate formation, can be ideal and crucial in the near 

future for subsea and arctic drilling and processing pipelines.

Table 2.9: Composition of Potassium Formate-Water-Based Drilling Fluid

Water 1000 ml

Potassium Formate (60-70% wt) 700 gm

In the recent investigations to facilitate deepwater drilling with KHI in three 

different water-based muds ( Power et al.; 20) the hydrate formation was observed to

be at very slow rate and in decreased volume at lowered pressure drop as compared to 

each fluid without KHI. The three different water-based muds in Table 2.10 are: a 

conventional partially-hydrolyzed polyacrylamide+ (PHPA) fluid, a new high-

performance water-based mud (HPWBM), and a low salt, light-weight reservoir drill-in- 
fluids (RDF).

Patially-hydrolyzed polyacrylamide (PHPA) is an additive to control shale or to control bentonite clay in 
a low-solids mud. It seals microfractures and coats shale surfaces with thin film that retards dispersion and 
disintegration. KC1 is the usual shale inhibitor in most PHPA mud designs. In low-solids muds, PHPA 
interacts with minimal concentrations of bentonite to link particles together and improve rheology without 
increased colloidal solids loading.
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Table 2.10: Water-Based Drilling Mud Composition with and without KHI for 

Deepwater Drilling ( et 2003)

10 lb/gal 

PHPA

10 lb/gal 

HPWBM
9.5 lb/gal RDF

a b a b a b
Water (bbl) 0.85 0.85 0.8 0.8 0.84 0.84
Xanthan (lb/bbl) 0.5 0.5 1.5 1.5 1.25 1.25
PHPA (lb/bbl) 1.0 1.0

Bentonite (lb/bbl) 5.0 5

Cellulose/Starch

(lb/bbl)
2.5 2.5 2.0 2.0 6 6

Shale encapsulator 

(lb/bbl)
10.5 2.5 8 8

Shale inhibitor (lb/ bbl) 10.5 1.5 1.5
Drill solids (lb/bbl) 20 20 70.2 20 20
NaCl (lb/bbl) 73.2 73.2 70.2 37.5 37.5
KCI (lb/bbl) 13.8 13.8
Diethylene glycol 

(lb/bbl)
18.4 19.3

Kinetic Inhibitor 

(lb/bbl)
18.4

.

18.4 19.3

2.2.8 Oil-Based Drilling Fluids for Gas Hydrate Inhibition

Grigg and Lynes (1992) have carried a series of experiments to explore the 

possibility of using oil-based drilling mud to inhibit gas hydrates. As shown in Table 

2.11, the first oil-based drilling mud system involved 20-vol% de-ionized water and the 

second involved 19.22%-wt% CaCl2. The test runs on four different CaCl2 brine 

concentrations, 2.88, 14.42, 19.22, and 28.83 wt%, indicate that the addition of dissolved 

solids into the aqueous phase of the oil-based mud reduced the gas hydrate formation
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temperature. The inhibition from CaCl2 in the brine in the oil-based mud was about equal 

to that measured in the CaCl2-brine system. A 28.83-wt% CaCl2-brine solution did not 

form hydrates when cooled to 10°F. Brines of 19.22-, 14.42-, and 2.88-wt% CaCl2 

formed hydrates with inhibition of about 21, 10, and 1°F, respectively, at about 1000 
psig.

Table 2.11: Oil-Based Drilling Mud with Hydrate Inhibitor ( and Lynes; 1989)

Composition

Oil-Based Mud

Plus Pure 

Water

Plus

CaCl2
LVT® oil, gal 0.709 0.709

Invermul®, Ibm 0.19 0.19

Lime, lbm 0.19 0.19

Aqueous phase 

Water, gal 

CaCl2, lbm

0.18 0.18

0.0 0.58

Gelton® II, lbm 0.14 0.14

EZ Mul®, Ibm 0.05 0.05

Rev-Dust, lbm 0.71 0.71

Duraton®, lbm 0.29 0.29

Barite, lbm 2.86 2.86
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Table 2.12: Rheology of the Oil-Based Drilling Muds ( Lynes; )

Parameters

Oil-Based Mud

Plus Pure 

Water
Plus CaCl2

Temperature of 

Rheology, °F
75 88

Plastic Viscosity, cp 34 45

Yield Point, lbf/100 ft2 14 21

10-second gel 4 4

10-minute gel 5 6

2.3 Formation Damage

Formation damage is defined as a process which results in a reduction of the flow 

capacity of an oil, water or gas bearing formation. Formation damage has long been 

recognized as a source of serious productivity reductions in many oil and gas reservoirs 

and as a cause of water injectivity problems in many waterflood projects. In this section 

an overview of many of the processes which can cause formation damage is given. It also 

discusses field studies and experiences which can be used to evaluate potential formation 

damage problems before they occur in the reservoir. Formation damage can result in 

substantial damage and/or costly stimulation or workover treatments to the reservoir.

2.3.1 Causes o f Formation Damage

Formation damage can potentially occur at any time non-equilibrium or solid 

bearing fluids enter a reservoir, or when equilibrium fluids are displaced at extreme 

velocities. Thus the times with highest potential for the occurrence of formation damage 

include the periods during completion and stimulation of wells. Some of the specific 

processes that might cause formation damage include: drilling, cementing,

completions/stimulations (perforating, acidizing, fracturing), workovers (kill fluids, hot
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oil treatments), waterflooding, miscible, chemical or thermal enhanced oil recovery 

methods, and excessive injection and production rates ( et 1991).

2.3.2 Mechanisms o f Formation Damage

Formation damage falls into four broad categories based upon the mechanism of 

its origin, which can be:

Mechanically Induced Formation Damage

i. Fines migration

ii. Solid entrainment

iii. Relative permeability (trapping effects)

Fines migration is the motion of naturally preexisting particulate matter in the pore 

system. This may be induced during the drilling process by high fluid leak off rates of 

water or oil-based mud filtrate into the near wellbore region, caused by elevated 

hydrostatic overbalanced pressures or excessively high underbalanced pressures. Also the 

invasion of artificial mud solids (weighing agents, fluid loss agents or bridging agents), 

or naturally generated mud solids, produced by bit-rock interactions and not removed by 

surface control equipment into the formation during overbalanced drilling conditions, can 

be one of the important causes of formation damage. The loss of either water or oil based

drilling mud filtrate to the formation in the near wellbore region due to leak off during

overbalanced drilling operations, or due to spontaneous imbibition in some situations 

during underbalanced drilling operations, can result in permanent entrapment of a portion 

of all of the invading fluid, resulting in adverse relative permeability effects. This can 

reduce oil or gas permeability in the near wellbore region. This phenomenon is known as 

phase trapping.

Chemically Induced Formation Damage

i. Clay swelling

ii. Clay deflocculation

iii. Wax deposition

iv. Solids precipitation (asphaltenes, sulphur, diamondoids, hydrates, etc.)
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v. Incompatible precipitates and scales

vi. Acid sludges

vii. Stable emulsions.

viii. Chemical adsorption.

ix. Wettability alteration and surface adsorption effects.

Chemical incompatibility of invading fluids with the in-situ rock matrix is one of the 

important reasons for reduction in permeability. Many formations contain potentially 

reactive material in-situ in the matrix, including reactive swelling clays such as smectite 

or mixed layer clays, or deflocculatable materials such as kaolinite or other loosely 

attached fines. Expansion or motion of these materials within the pore system, which may 

be induced by the invasion of non-equilibrium water based mud filtrates into the wellbore 

region, can cause considerable reduction in permeability. Also, there may be fluid-fluid 

incompatibility effects between invading fluids and in-situ fluids. Oil or water based mud 

filtrate invading into the near wellbore region during overbalanced drilling processes can 

react adversely with in-situ hydrocarbons or water present in the matrix, with detrimental 

results which may reduce permeability. Problems would include the formation of 

insoluble precipitates or scales between incompatible waters, de-asphalting of the in-situ 

crude or hydrocarbon based drilling fluid caused by blending of incompatible oils, or the 

formation of highly viscous stable water in oil emulsion due to turbulent blending of 

invaded filtrates with either in-situ water or oil (Bennion et 1996).

Biologically Induced Formation Damage

i. Bacterial growth

ii. Bacterial slimes

iii. Corrosion products due to H2S from sulphate reducing bacteria (SRB’s)

Thermally Induced Formation Damage

i. Mineral transformations

ii. Rock solubility and dissolution phenomena

iii. Wettability alterations
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2.3.3 Underbalance and Overbalance Drilling

Overbalanced pressure is defined as the downhole pressure differential between 

the circulating fluid stream (drilling, completion or stimulation fluid) and in-situ 

pressures in the formation being contacted. The circulating fluid pressure is a 

combination of the hydrostatic pressure induced by the physical weight of the fluid 

column between the surface and the downhole formation, plus the physical pump 

pressure required to cause the fluid system to circulate through the annulus.

Most formations are commonly drilled in an “overbalanced mode” due to the fact 

that conventional fluid system densities usually create a downhole pressure, which is 

higher than the in-situ formation pressure. This overbalanced pressure causes a natural 

tendency, if the exposed formation is permeable to any degree, for circulating fluids (and 

possibly associated solids) to invade into the formation ( and Thomas; 1994).

Underbalance drilling occurs when the effective downhole circulating pressure of 

the fluid system in contact with the formation is less than the existing formation pressure. 

Underbalance conditions occur naturally in some reservoirs when unweighted fluids are 

utilized, if the reservoir is geostatically overpressured for its depth. In other situations, 

underbalance flow can be obtained through the use of lower density hydrocarbon based 

fluids in lieu of denser water based systems.

In many cases, particularly when considering pressure depleted formations, it is 

necessary to artificially reduce the apparent density and hydrostatic pressure of the 

applied fluid system in order to generate an underbalanced condition. This is commonly 

conducted by entraining low density gas (nitrogen, air or natural gas) in the circulating 

fluid stream. In some cases special surfactants are utilized to generate stable foam 

systems, which have high apparent viscosity and low superficial density. In others gas is 

merely injected either into the entire circulating fluid stream, or part way into the vertical 

or built section by the use of a parasite tubing string or special concentric drill string 

configuration. This is done to allow single phase flow in the horizontal section to 

facilitate cuttings transport, but still retain the advantage of underbalance drilling by 

reducing the density of the majority of the vertical fluid column. When the entire
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circulating fluid stream is not gasified, pump pressure and full hydrostatic fluid pressure 

are still exerted directly at the bit-rock interface while the previously drilled sections are 

maintained in an underbalance mode by the gasification of a portion of the returning 

recirculating fluid stream.

Need for Underbalance Drilling

Underbalance drilling has particular advantages in the situations where the 

potential for severe fluid loss or total loss of circulation exists. This would include the 

reservoir situations such as:

i. Highly fractured sandstone or carbonate formations where the majority of 

permeability is contained in the fracture system.

ii. Heterogeneous high permeability vugular carbonates.

iii. High permeability unconsolidated or consolidated sands.

iv. Lower matrix permeability sands or carbonates in pressure depleted formations 

where the potential for fluid loss under extreme overbalanced conditions is high.

All these types of reservoirs can be severely damaged by whole mud, mud filtrate, and 

mud solid losses. In many cases the radius of invasion in some higher permeability 

reservoirs at high overbalance pressures is large and can generally extend well beyond 

the range of conventional chemical stimulation treatments ( et 1995)

The benefit of underbalance drilling is that, since the pressure in the reservoir is 

actually higher than the circulating fluid, the potential for both the invasion of whole mud 

and solids is eliminated. This can greatly reduce damage and the mud losses and mud 

volumes required and lower ultimate completion/stimulation costs. Also, more 

conventional reservoirs that exhibit apparent sensitivity to invading fluids (i.e., high 

concentrations of swelling or deflocculatable clay, the presence of highly emulsifiable 

oils or a severe propensity for aqueous phase trapping etc.) may often be considered as 

candidates for underbalance drilling.

Disadvantages o f Underbalance Drilling

Underbalance drilling has several detrimental aspects associated with its use, 

some of these being:
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i. Safety concerns (risk of blowout, fire, explosion, loss of control etc.). This is a 

particular concern in oil or gas reservoirs containing H2S gas and in very high- 

pressure systems where a blowout could have catastrophic results.

ii. Expense -  Underbalance drilling can be much more expensive than conventional 

overbalanced drilling. In many cases, nitrogen is utilized to generate the 

underbalance conditions. This greatly increases the cost of underbalance drilling 

due to the volume of nitrogen required to complete an extended length horizontal 

section. The possibility of the use of air as an alternate medium to reduce the 

density of the circulating fluid column is inexpensive, but has the dual 

disadvantage of an increased propensity for corrosion and the significant 

possibility of downhole or surface fires or explosions.

iii. Damage — Underbalanced drilling does not eliminate all types of damage in all 

reservoir situations. In some cases, underbalanced drilling has its own unique 

damage mechanisms.

Damage during Underbalance Drilling

A number of potential damage mechanisms exist when operating in an

underbalanced mode. These include:

i. Problems associated with high fluid and solids losses to the formation due to the 

lack of a protective sealing filter cake, if true underbalanced conditions are not 

maintained 100% of the time during drilling and completion.

ii. Spontaneous countercurrent imbibition effects, which allow the entrainment of 

potentially damaging aqueous fluid filtrate in the reservoir matrix in the near 

wellbore region.

iii. Glazing and surface damage effects caused by the low heat capacity of circulating 

fluids and insufficient lubricating and turbulence to effectively remove all drill 

cuttings and fines. These points will be elaborated upon in greater detail.

Lack o f a Protective Sealing Filter Cake during Underbalance Drilling

In truly underbalance operations, since the flow is occurring from the formations,

an external bridging and sealing filter cake is not established. In addition, fluids utilized
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in underbalance operations often do not contain fluid loss additives or bridging agents as 

it is normally anticipated that any type of effective filter cake will be required or 

established, and low fluid viscosity is required to effect adequate solids removal and 

disengagement of gas from the circulating drilling fluid.

Unfortunately, in most artificially induced underbalance drilling operations, truly 

underbalance conditions are not maintained from the commencement of drilling to the 

conclusion of the completion phase of the well. This could be due to number of 

situations, including:

i. Need to temporarily kill the well for bits trips, mud pulsed logging programs, or 

other operating considerations.

ii. Penetrations of unexpected under-pressured zones.

iii. Mechanical, technical or supply problems resulting in a shutdown of gas 

injections.

iv. Sustained flow, for instance from the initial (heel) portions of a horizontal well, 

results in localized pressure depletion by the time the toe of the well is reached. If 

the depletion is significant, as would possibly occur in a lower permeability 

formation, the effective underbalanced pressure may be greatly reduced, or in 

some cases eliminated, increasing the propensity for invasive damage.

Due to high overbalance pressure and improper selection of fluid loss and bridging 

agent, extensive flushing of a matrix, fracture or vugular permeability system may occur. 

Whole mud and solid losses could be especially damaging to fracture and vugular 

permeability in this type of a situation. It can be more advantageous to drill and 

complete with the conventional system, where we can rapidly establish an impermeable 

and sealing filter cake which is designed to be readily removable, rather than to go the 

expense of drilling with only partially underbalance conditions and possibly creating a 

zone of more severe, deeply invaded and inaccessible damage,

Foamed Mud Systems

The use of a foamed mud system has become more popular as interest in 

underbalanced drilling has increased. Foamed systems tend to have certain rheological
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advantages (greater apparent viscosity) over a conventional nitrified system. In addition, 

certain foamed systems tend to maintain foam integrity for a finite period of time after 

cessation of gas injection. This prevents a total collapse of the gasified fluid column 

during short term shutdowns. Also laboratory tests by Bennion and Thomas (1994) have 

indicated that near wellbore entrainment of foam lamina in the actual rock matrix can act 

as a blocking agent for subsequent fluid loss if the fluid contained in the wellbore 

abruptly flips to an overbalanced mode. Depending on the quality and stability of the 

foam block established, this phenomenon can last anywhere from a few minutes to 

several hours. Caution must be observed with some of the surfactants utilized to generate 

stable foam systems as they may have the potential to cause formation wettability shift, 

lowering the preferential relative permeability.

Countercurrent Imbibition

It is well recognized that imbibition effects can draw water hundreds of meters up 

into a formation from water-gas contacts, and similar forces can cause equivalent effects 

in the near wellbore region during underbalance drilling. This problem tends to be the 

most severe in dehydrated lower permeability water-wet gas reservoirs which exhibit 

abnormally low, sub-irreducible water saturations. This problem can also occur, to a 

lesser extent, in gas reservoirs where the horizontal section is placed a considerable 

distance above the gas-water contact. The circulating underbalance drilling fluid 

basically regenerates an artificial water-gas contact directly adjacent to the wellbore, and 

the generation of a transition zone, even against prevailing underbalance pressure 

effects, can potentially occur.

Spontaneous imbibition effects will cause the matrix in the near wellbore region 

to saturate itself with water until the internal capacity pressure effect balances the 

pressure exerted by the differential underbalance pressure. The severity of the potential 

degree of imbibition will be a function of initial difference in saturation between the 

initial water saturation and the “irreducible” saturation at the given underbalance pressure 

level. It can be seen that many reservoir systems, particularly in lower permeability 

matrix situations, countercurrent imbibition can effectively counteract even very high
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underbalance pressure. The absence of any type of sealing filter cake tends to aggravate 

the problem as there is no barrier to filtrate access to the formation. Water based filtrate 

imbibition can cause reduction in near wellbore productivity due to water blocking 

effects. In addition, if the formation contains potentially sensitive clays or incompatible 

fluids, adverse reactions with the imbibed fluids may occur causing additional reductions 

in permeability.

Li and Horne (2002) derived an equation to scale countercurrent spontaneous 

imbibition data in gas-liquid-rock systems based on a model developed previously (Li 

and Horne; 2001). This equation constitutes the relationship between the normalized 

recovery, R*, by spontaneous imbibition and the dimensionless time, with initial water 

saturation, relative permeability, capillary pressure, and gravity included. Using this 

equation, the effect of initial water saturation on imbibition rate was investigated 

analytically in this section. The equation is expressed as follows:

Here R is the gas recovery in terms of pore volume and is equal to Nwt/Vp ( Nwt is the 

cumulative volume of water imbibed into rocks and Vp is the pore volume). is a 

coefficient associated with the ratio of the gravity force to the capillary force, c=b/a. The 

two constants, a and b, are calculated using the following expressions:

(l-R*)eR*=e'td (1)

where the normalized recovery R* is calculated:

R*=c.R (2)

A.kw.(SM 
a =    p { (3)

(4)
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where A and L are the cross-section area and the length of the core respectively, ju is the 

viscosity of water, Swithe initial water saturation, SWf  the water saturation behind the 

imbibition front, kw the effective permeability of water phase at Swf, the capillary 

pressure at Swf, Ap is the density difference between water and gas, and is the gravity 

constant. The dimensionless time td is formulated as follows:

, _ „2 k.km p c -  ^
ld —c ■ . • • ;-----1

<t> A,
(5)

where k is the absolute permeability and km the relative permeability of the core sample. 

La is the characteristic length, which is equal to the core length, and t is the imbibition 
time.

Glazing and Surface Damage during Underbalance Drilling

Glazing and surface damage can occur if the circulating fluid has insufficient heat 

capacity to cool and lubricate the bit-rock interface. This results in high localized 

temperature and the potential formation of a relatively thin (1-5 mm), but often very 

impermeable zone. This may be a problem in some underbalanced drilling operations 

where high gas rates are utilized or penetration rates are very low. This problem 

generally does not occur if parasite or concentric strings are utilized to generate the 

underbalanced conditions, as the bit-rock interface is totally liquid contacted in these 

situations. Glazing tends to generally be a problem in tighter homogeneous formations. 

If the formation exhibits fractures, glazing does not appear to significantly occlude these 

features in most situations ( Bennionet al.; 1998).

2.3.4 Dynamic and Static Filtration o f Drilling Mud

The phenomenon of mud filtrate invasion into porous formations of a drilling well 

has been recognized for many years (Bertness; 1953, Johnston and Beeson; 1945, 

Muskat; 1949, Nowak and Kruger; 1951). In a number of investigations “plastering or 

filter cake properties” of muds such as thickness, permeability, toughness, filtration rate,
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etc., were studied (Byck; 1939, Jones and Babson; 1937, Silent; 1936, Williams and 

Canon; 1938). Data on the static and dynamic filtration under pressure up to 8,000 psi 

and up to 250 F were used to develop the following relation from fundamental 

differential equations describing static water loss against a plane filter is one of the 

earliest and the most complete reports.

This relation states that the fluid loss at any time is directly proportional to the 

square root of the pressure differential, the time, and the ratio of the fluid loss volume to 

the solids volume of the filter cake and inversely proportional to the square root of the 

liquid phase viscosity. The primary assumption is that the filter cake is non-compressible 

and does not change permeability with time. In other investigations, Krueger and Vogel 

(1954) studied the effect of fluid loss upon permeability by flowing mud past the faces 

of rock samples. The test results indicated little or no correlation between the mud 

properties and dynamic filtration rates. Since the dynamic and static filtration could not 

be explained by the basic filtration theory, assuming the filter cake is incompressible, 

Outmans (1963) considered the consolidation theory ( 1943) to describe

cumulative static filtrate volume per unit area of the filtering surface filtration through 

compressible filter cake by the following linearized boundary value equation.

where,

P

a local filter compressibility (decrease in a volume of filter cake per 

original volume per 1 psi increase in solid pressure in the filter 

cake).

filtration pressure
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c  = coefficient of consolidation (filter cake permeability divided by the

local filter cake compressibility).

Ml  = filtrate viscosity

T = cumulative time of filtration

(-5+1) = measure for the pressure sensitivity of the filter cake

compressibility (ranges between 0.1 and 1.5)
erfX = the error function; approximately equal to 1.0 for highly

The static and dynamic filtration rates are difficult to compare since dynamic rate 

involves t, f, and 5 as explained later. The dynamic rate of filtration when it is 

independent of the cake thickness, that is, when the filter cake thickness has ceased to 

increase because the hydraulic action of the mud removes the clay particles as fast as they 
tend to deposit is:

Q = —
Pl

where,

k

T

f

( r / f ) (-<?+!)

5 (-5  + l) (8)

5 =

Ml =

(-5+1) =

filter cake permeability

shear stress at the filter cake surface

coefficient of internal friction between solid particles in the filter 

cake

thickness of surface layer of the filter cake subject to shear 

filtrate viscosity

measure for the pressure sensitivity of the filter cake 

compressibility (ranges 0.1 to 0.15)

Peden et al. (1982) investigated the dynamic filtration properties of two inhibited 

water-based muds, namely KCl-Polymer and Gypsum-lignosulphonate mud, which are 

normally preferred in the UK sector of the North Sea. The two concentric acrylic tubes
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and flow of drilling mud through an annulus represented the actual well scenario. The 

annular drilling fluid velocities of 56 ft/min and 170 ft/min at 100 psi pressure drop at 

68°F (20°C) on synthetic mixed silicate cores composed of Aerolith 5 (1800-2300 md) 

and 10 (3500-4500 md) and a naturally occurring sandstone, Elgin (150-250 md), 

indicated that the annular velocity has a pronounced effect on dynamic fluid loss. The 

loss of filtrate appeared to be highly dependent upon core permeability, and so did the 

maximum permeability recovery on the optimum backflush rate. As an extension of this 

study, Peden et al. (1984) have systematically presented the parameters influencing 

borehole filtration; the numerous important parameters make the phenomenon severely 

complex to study. Along with rock properties, such as tortuosity, relative permeability, 

mean pore size, and porosity, the wellbore fluid parameters, namely filtrate viscosity, 

chemical constituents, their concentration, shape and size distribution, and the overall 

rheology are crucial to the effective depth of invasion of the mud particles. Besides the 

invasion of mud particles, a mud filtrate incompatible with the formation brine also 

causes fines release and migration. Below a critical salt concentration of approximately 

5000-10000 ppm, fines migration becomes a potential damage mechanism (Sharma et 

al.;1985).

Vaussard et al. ( 1986)carried out dynamic filtration with three drilling muds on 

four different cores in a thermostat housing filled with drilling mud subjected to shear 

with an impeller. The core sample were placed at the bottom of the unit at around 150 

psi differential pressure and at 158°F (70°C) temperature. The pressure differential was 

maintained with direct N2 gas pressure on the drilling fluid and back pressure on the 

other side of the core. The three drilling muds used in this analysis were bentonite-fresh 

water mud, treated with a chrome lignosulfonate; a non-weighted, low solid, fresh water 

polymer mud with cellulose derivatives; and an inverted oil emulsion mud, using a 

“clean” base oil. The core samples were of Fontainebleau (natural pure sandstone), 

Metafram Schumacher (sintered stainless steel), Chauvigny (natural limestone) and 

Anstrude (natural limestone). The filtration and cake formation depend on two 

antagonistic phenomena: deposit of solids and erosion. Erosion is facilitated if the solids
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are only slightly compressible, resulting in a more fragile cake that is less efficient in 

terms of filtration. The dynamic filtration was found to be independent of permeability, 

except in the case of synthetic media. A slight difference in filtration depending on 

formation permeability was observed at the beginning of dynamic filtration, but it 

disappears as soon as stabilized cake is obtained.

Sarkar and Sharma ( 1 9 9 0 )  studied damage due to fines migration in both single 

and two phase flow. The fines will move only if the phase that wets them is mobile. The 

release and capture of fines from pore surfaces to pore throats is controlled by the 

potential energy of interaction between fines and the pore surface {Sharma 1985). 

Interstitial velocity is another factor controlling fines release. Gabriel {1983) identified a 

critical interstitial velocity above which fines will be mobilized and redeposited at pore 

throats. Sharma et al. {1991) also confirmed the existence of a critical velocity for fines 

release. Fresh water muds can therefore give rise to regions around the wellbore where 

damage due to fines migration can be quite severe.

Jiao and Sharma {1992) came up with an unique design of core holder, termed as 

the “Dynamic Filtration Core Holder” (DFCH) which was later fabricated by Temco Inc. 

to allow drilling fluid to be circulated across the face of the consolidated core (1 inch 

diameter and 8 inches long) while mud invades the core at 90-95 psi and at 0.044 dm3/s 

flow rate. The pressure ports along the length of the core were used to calculate the 

permeability of each section of the core with time. The flow velocity of the mud could 

be adjusted by varying the pump rate, or by adjusting the gap between the core face and 

a movable piston. In this analysis of seven kinds of water-based drilling fluids on Berea 

sandstone, the quality of the external mud cake was found to determine the extent of 

damage. Once an external cake has formed, very few mud particles invade the 

formation. Without an external mud cake or a weak external mud cake that is unstable 

under the dynamic flow conditions, the particle invasion continues for a long time and 

results in a large reduction of permeability. An internal mud cake does not form in the 

upstream end of the core. The low concentration bentonite mud, and the mud over

treated by a thinner such as lignosulfonate, do not form good external mud cakes. This
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necessitates careful formulation of mud that can rapidly form a low permeability, high 

strength external mud cake, limiting the further mud invasion. Also conditions such as 

drill collars scraping against the cake, particularly in deviated wells, may substantially 

increase particle invasion and damage.

The mud filtration rate is believed to be independent of the overbalance drilling 

pressure after the formation of effective mud cake, as the cake’s permeability decreases 

with increasing overbalance pressure. Jiao and Sharma (1993) introduced the concept of 

minimum overbalance pressure and developed a model to relate the process of cake 

build-up under dynamic conditions to the mud and rock properties. The fluid particle 

tending towards formations experiences two hydrodynamic forces, namely shear stress 

exerted by mud to entrain the particle in the sand face and the overbalance pressure 

tending to push mud colloids onto the formation face. They stated, for low permeability 

formations (K < 1 md), a mud cake may not be formed at all when small overbalance 

drilling pressures are used. This might result in an increase in fluid loss rate and more 

damage due to mud solids invasion. Hence there exists a minimum overbalance pressure 

that needs to be maintained below which no filter cake will be formed. Moreover, for a 

given overbalance pressure, mud properties and mud flow rate, a critical permeability 

(typically, 0.1 to 1 md) exists below which no mud cake can be formed. The 

experimental analysis of water - bentonite based dispersed (1 liter water, 40 gm 

bentonite, 2% NaCl, 3% thinner) and flocculated (1 liter water, 40 gm bentonite, 2% 

NaCl) mud at shear rates 30, 40, 80 sec"1 with Berea sandstone revealed that flocculated 

muds (high c and n values) need a high overbalance drilling pressure and a low mud 

flow rate to form a cake even though the filtration rate for this mud is high.

Chesser et al. (1994) introduced a high pressure field laboratory dynamic filtrate 

loss apparatus fitted with a motor driven shaft and propeller to provide dynamic erosion 

of the cake at high temperature and high pressure. A three bladed, tear shaped propeller 

with 1/16 inch clearance at the cell wall is used to provide a pumping action downward 

on the filtration medium and subsequently on filter cake. This design tends to eliminate 

the highly variable shear rate from center to outer cell wall that is prevalent in a simple,
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circular stirring motion. Laboratory analysis and drilling experience in East Cameron 

Block offshore Louisiana with water-based drilling mud identified the formulation of 

drilling mud that optimized desirable filter-cake compressibility and lubricity, especially 

where differential pressure-sticking-and-torque-and-drag conditions prevail. Water 

soluble organic polymers were found to be effective, but highly deflocculated systems 

need to be avoided.

The lost circulation problems (large scale losses of mud to the formation) are 

acute when drilling through naturally fractured zones and through zones in which 

fracturing can be easily induced if the mud pressure exceeds the minimum horizontal 

stress. Hence the bridging across the face of the fractures or vugs that already exist and 

preventing the growth of any fractures are two objectives that led the design of lost 

circulation materials (LCM’s). The rules of thumb applying to lost circulation problems 

are: (1) Oil-based muds are more prone to lost circulation problems than water-based 

fluids. (2) The size distribution, concentration, shape, and method of application of the 

fluid loss additive is crucial to the success of a treatment. The set of experiments by 

Jiao and Sharma ( 1996)explored mud-induced formation damage occuring in fractures 

which provide excellent permeability for oil and gas to flow into the wellbore even when 

the matrix permeability is very small. They studied the effect of bridging additives such 

as 0.5 wt% long, slender fibers and 1 wt% granular additive (CaC03), in a drilling mud 

that consisted of 1 liter water, 40 gm Bentonite, 2% NaCl, and 0.3% CMC, on the 

fractured Berea sandstone core at 500 psi confining pressure. The sized fibers were 

found to be effective to minimize formation damage to the fracture network, since they 

aggregate to form a bridge across the face of the fracture and subsequently entrap 

bentonite particles to form an effective mud cake that minimizes invasion of mud solids 

and filtrate.

Until 1997, a major factor that limited formation damage assessment is that no 

industry standard equipment or methodology existed, and the differences in results 

obtained at different times or in different laboratories could not be reliably compared. 

Repeatability and reproducibility of the tests conducted had not been widely established.
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This emphasized the need of a recommended practice for formation damage testing, 

covering all the aspects of the test methodology, from core selection and preparation to 

writing of the final report and interpretation of results. Marshall et al. (1997) 

standardized the methodology and established the degree of variation which can be 

expected when the same samples are tested in the same way in different laboratories. 

They have defined following key factors in the testing procedure,

i. Core sample: The testing should ideally be done using representative or, if 

possible, preserved reservoir material. The core samples cut from reservoir core 

material should be cut parallel to any apparent bedding and should be of standard 

(1.5” diameter and 2” long in dimension) size and labeled with a “formation” face 

and a “wellbore” face. The preserved cores should be cut using a bland mineral 

oil and the samples cleaned prior to testing to remove precipitates and salts 

accumulated.

ii. Connate water/brine saturations: In the absence of preserved samples,

formation brine derived from a reservoir water analysis should be used to saturate 
the plug samples.

iii. Overburden pressure: The net confining stress applied to the sample should be 

gradually increased to the reservoir net stress by maintaining a pore pressure to 

overburden stress ratio on the sample.

iv. Pressure-temperature conditions: The evaluation of drilling fluid on core

samples should be done at as close to reservoir conditions of temperature and 

pressure as possible. The plug should be tested horizontally and with continuous 

recording of pressure, temperature and flow rates. Once the temperature or 

pressure has been attained, the sample should be allowed to stabilize prior to 

further analysis.

v. Critical velocity: To prevent potential fines mobilization in the sample, critical 

velocity tests may be required to define the maximum flow rates permissible

without causing sample damage. The flow rate should be well below the critical
rate.
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vi. Initial permeability: The initial permeability of the sample should be determined 

in the “formation” to “wellbore” direction with flow maintained for sufficient 

volume to ensure the permeability is stable.

vii. Dynamic and static filtration: The drilling fluid at bottomhole temperature and 

pressure is dynamically circulated across the “well-bore” face of the plug at the 

reservoir overbalance pressure for a period to reflect drilling procedures and 

during this time any fluid loss to the sample should be recorded against time at the 

formation end of the plug sample. Following a dynamic application, a static 

application should be performed and fluid loss recorded against time during this 

phase. A further dynamic circulation should be performed following static 

placement and prior to any clean up or return permeability determination. Ideally, 

the periods of dynamic and static fluid displacement used should be representative 

of the field application if feasible.

viii. Damaged and return permeability: After the circulation of drilling fluids, the

damaged permeability will be measured with backflow from “wellbore” to 

“formation” direction of the core. The return permeability to the same formation 

fluid as used in the initial permeability can then be performed in the “formation” 

to wellbore direction after production simulation which can be determined at a 

constant differential pressure or at a constant flow rate. This return permeability 

would assess the permanent damage that has taken place due to solids content of 

the drilling fluid. The flow rate is the same as used during the initial permeability 

and throughput is continued until the pressure differential is stable. This can also 

be performed at constant differential pressure until the flow rate is stable,

ix. Assessment of damage: The magnitude and type of damage, and fluid

compatibility can be interpreted with X-Ray diffraction (XRD) or scanning 

electron microscope (SEM).

Formation damage in horizontal wells can be much more significant than in a vertical 
well for following reasons:
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i. The drilling fluid could be in the pay zone for weeks, as compared to hours for 

vertical wells, hence there is greater contact time of mud with the producing zone.

ii. The wells may not be perforated. In such open hole completions, relatively 

shallow damage can result in very large skins.

iii. Uniform drawdown is difficult to obtain in horizontal wells because of the length 

of the well in the pay zone. So, it is much more difficult to clean up damage due 

to the invaded fluids or solids.

iv. Damage occurs over very large sections which renders acidizing less effective.

v. The drill pipe rests on the bottom portion of the hole resulting in cake erosion and 

less protection for the formation by the mud cake.

Thomas and Sharma (1998) modeled mud induced damage in a horizontal well with 

two hollow Luctite pipes, the inside pipe (5” diameter) rotating (30-240 rpm) within the 

other (7” diameter). Mud is circulated (0.15-0.4 ft/sec) in the annulus for 8-10 hours, 

allowing its invasion into three berea sandstone cores (8” long and 1” in diameter) placed 

at the top, middle and bottom of the simulated borehole. The sized salt mud, sized 

calcium carbonate mud and sized calcium carbonate with Rev Dust (drill solids) were 

tested in concentric and eccentric pipe conditions at a constant 60 psi overbalance. It was 

found that when the drill pipe is concentric, the fluid loss rate is symmetrical and 

independent of axial fluid velocity and rotational speed of the drill pipe, over the range of 

rpms and velocities studied. For eccentric annuli (as might be expected in horizontal 

wellbores) the extent of damage and fluid loss vary azimuthally, with the most damage 

occurring in the bottom portion of the hole. The extent and depth of damage are related to 

the speed of drill pipe rotation and the time of exposure to the mud. Erosion of the mud 

cake at the bottom of the hole plays an important role in the distribution of formation 

damage around the hole. Both the drill-in fluids tested, sized calcium carbonate and sized 

salt, were found to be relative non-damaging. However, the presence of drill solids in the 

mud induces significant damage.

The static and dynamic filtration studies by Longeron et al. (1998) used eight 

typical drilling fluid formulations, including water-based and invert synthetic oil-based
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muds, on short (5 cms) and long (40 cms) outcrop sandstone core samples for 4 to 20 

hours at 0, 50, and 200 sec shear rates. The fluid loss and permeability impairment 

along the length due to water-based muds were significantly greater than those observed 

with invert oil-based muds. On the contrary, a stimulating effect, i.e., oil return 

permeability greater than initial oil permeability, was observed after invasion of filtrate 

from invert synthetic oil-based muds. This was due to a favorable relative permeability 

effect due to a reduction of connate water saturation during mud filtrate invasion. The 

use of a heavy brine as a completion fluid generated a significant additional permeability 

impairment due to the trapping of the wetting phase, inducing an adverse relative 
permeability effect.

2.4 Experimental Conditions

2.4.1 Representative Core Samples -  Berea Sandstone

Analysis of cores recovered from Blake Ridge ( et al, 2000) and the

Cascadian margin (, Shipboard Scientific Party, 2002) revealed that hydrates grew

preferentially in coarse grained sediments. This was determined not from direct 

observation, but from measurement of pore water chlorinity anomalies. By the time the 

core was recovered to the surface, the hydrate had decomposed, leaving relatively fresh 

water as a marker of its former existence. Core samples from a well in the Canadian 

Arctic, subjected to extensive analysis ( Winters et al., 1999), also revealed that hydrate 

resided primarily in the coarsest sand and gravel intervals. Much less hydrate was found 

in fine-grained mudstones. Similar trends were noted in borehole cores from the Nankai 
Trough (Matsumoto, 2002a).

It appears to be well established that hydrophilic porous media such as sands and 

sandstones remain liquid-water-wet in the presence of water ice. It can be argued that the 

growth habits of ice and hydrate may be similar because many of their physical properties 

are similar ( Dvorkinet al., 2000). Density, Poisson's ratio, and heat capacity are indeed 

very similar. Alaska onshore hydrates in Prudhoe Bay-Kuparuk Unit areas are in a series 

of sandstone and gravel layers interbedded with multiple thick siltstone units (
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and Patil; 1994). 50 exploratory and production well-logs have inferred gas hydrate 

occurrence in six laterally continuous sandstone and conglomerate units. All these gas 

hydrates are geographically restricted to the area overlying the western part of Prudhoe 

Bay oil field ( C o l l e t t ;1993 and 1998). The widely used standard porous rock for 

experimental work in the petroleum industry ( et 2002) is nothing but

Berea sandstone. Yousif et al. ( 1991)have also successfully formed methane hydrates in 

Berea sandstone to study their depressurization phenomena. Moreover, Marshall et al.

(1997)have recommended standard materials such as Berea sandstone, synthetic disks or 

reservoir core, if available, while defining the standard methodology for formation 

damage testing. Keeping these caveats in mind and looking at the availability, Berea 

sandstone becomes an excellent choice as a representative sample to study formation 

damage phenomena or to form methane gas hydrates.

Carcione and Helle (2002) have published the properties of dry Berea sandstone 

as shown in Table 2.13. During the investigation of compressional-wave velocity and 

quality factor as a function of confining pressure and pore pressure, Prasad and 

Manghani (1997) have measured some of the physical properties of Berea and Michigan 

sandstones as given in Table 2.14. In the analysis of Doppler broadening parameters with 

positron annihilation spectroscopy, Urban-Klaehn and Quarles (1999) have summarized 

the composition of sandstones and carbonate samples as shown in Table 2.15.

Table 2.13: Material Properties of Dry Berea Sandstone

(Carcione and Helle; 2002)

Grain Density, ps = 2650 kg/mJ 

Bulk modulus, Ks = 37 GPa

Matrix Bulk modulus, Km =15.45 GPa 

Rigidity modulus, /t™ = 13.48 GPa 

Porosity, 0  = 0.203

Thermal expansion of the pore space, q, = 2 x 

10-4 °C'1
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Table 2.14: Physical Properties of Berea and Michigan Sandstone (Prasad and

Manghnani; 1997)

Berea

Sandstone

Michigan

Sandstone

Bulk density (gm/cm3) 2.282 2.362

Porosity (%) 21.18 16.94

Grain size (/mi) 150-250 300-400

Permeability (md) 100 —

Table 2.15: Composition (wt %) of Sandstones from X-ray Fluorescence 

Analysis ( Urban-Klaehnand Qyarles; 1999)

Sample co2 S i0 2 a i2o 3 CaO MgO Fe20 3 so3 Porosity (%)

Sandstones 

Boise SS 0.1 75.5 12.1 1.4 0.3 1.2 0.9 23.7

Berea SS 0.9 90.3 3.2 0.6 0.4 1.1 1.2 18
Navajo SS 0.2 95.6 1.4 0.3 — — 1.1 6.3

The nature of an empirical relationship between absolute permeability (k) and 

porosity for Berea sandstone is shown in Figure 7. The details of this relationship can 

be in found in Petroleum Reservoir Engineering book by Amyx et al. (1960). The 

capillary pressure and the relative permeability relationships for Berea sandstone, shown 

in Figure 2.8, indicate that the relationship depends on the porosity, permeability, and 

pore-size distribution of the medium.
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Figure 2.7: Porosity-Permeability Relation for Berea Sandstone

Capillary
Pressure
(Inches of water)

Water Saturation (%)

Figure 2.8: Relative Permeability and Capillary Pressure for Berea Sandstone
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2.4.2 Methane Gas Hydrate Formation Conditions in Berea Sandstones

Yousif et al. (1991) developed and validated the first three-phase ID model to 

simulate the process of gas production, by means of a depressurization mechanism, in 

Berea sandstone samples containing methane hydrate. A 6” (15.2 cm) long and 0.5” (1.3 

cm) in diameter Berea sandstone sample (100 md permeability and 18.8% porosity) was 

saturated with 1.5 wt% aqueous NaCl solution and methane gas at 1130 psi (7791 kPa). 

The system pressure was maintained at 273.7 K (33°F). The measurement of electrical 

resistances provided an additional method to check for hydrate formation, besides the 

pressure drop in the core sample, for a period of 5 to 34 hours until no change in 

resistance and pressure drop was observed. A pressure drop of 406 psi was observed after 

41 hours. Hydrate formation along the core length was not uniform, causing the 

permeability to vary.

Sung et al. (2003) have validated the experimental model with previous hydrate 

equilibrium studies by Sloan (1998), measuring the equilibrium conditions of methane 

hydrate in Berea sandstone (24% porosity and 218 md permeability) at isochoric 

conditions. The hydrates were formed inside a core sample saturated with 1.5 wt% 

sodium chloride and 99.9995% methane at 870 psi gas and 33.8°F (1°C). The confining 

pressure was about 200 psi higher than the internal pressure. The decrease in pressure to 

464 psi in 8 hours and increase in resistivity from 40 k£2 to 73 kQ signified the hydrate 

formation in Berea sandstone. An excellent match was observed between the measured 

equilibrium conditions of hydrate formation in the porous medium, such as Berea 

sandstone, and those obtained by Sloan (1998) for bulk hydrates formed in a tank reactor. 

This might be related to the core being homogeneous with high porosity and 
permeability.

Kleinberg et al. (2003) used NMR to establish the pore scale growth habit of 

methane hydrate in Berea sandstone, of 2 inch diameter and 11.8 inch in length, in acrylic 

tubes. Before the descent of the sample into seawater, samples were dried in an oven and 

filled with 100% methane gas at 19 psia. The bottom of each sample tube was connected 

to a gas line and the tops were sealed. The slow preparation method mimics the
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formation of hydrate when the gas hydrate stability zone (GHSZ) moves down through 

free gas that has accumulated under the original GHSZ. At 2952 ft (900 m) depth (1319 

psia), the gas lines were cut. Seawater entered the samples, which were each of 160 cm3 

pore volume, and compressed the gas during the final descent to the seafloor at 3280 ft 

(1000 m) depth. No further gas was supplied during the seven weeks that elapsed before 

NMR measurements. In the fast preparation method, which mimics the transport of free 

methane to coarse-grained sediments far from thermodynamic equilibrium, the gas flow 

through the sample was impeded at about 4593 ft. (1400 m). NMR measurements were 

made at 6561 ft. (2000 m). The samples were moved to 3280 ft (1000 m) depth, with no 

addition of gas, for measurements. A second descent to 6561 ft (2000 m) with the 

attempted addition of gas was followed by ascent to 1968 ft. (600 m). The hydrates were 

formed where the gaseous methane reactant is most abundant: in the largest pore spaces. 

Methane hydrate is primarily pore-filling, not grain cementing.

Uchida et al. (2004) measured the decomposition conditions of methane hydrates

in silica sand, sandstone, clays (kaolinite and bentonite) and glass beads with pore 

diameter ranging from 1.5 to 44 /ini during formation-decomposition cycles. The water 

saturated Berea sandstone sample, of 1.5 inch diameter and 0.4 inch length with 17% 

porosity, was placed in the high-pressure vessel, and then degassed before introducing 

methane gas at 826 psi and 48°F in an amount such that at completion of the reaction 

there would be enough gas left over to stabilize hydrates. The hydrate reaction was 

complete within one week, reaching equilibrium pressure and temperature conditions 

(595 psi and 32°F). At this point in time the temperature was increased at rate of 0.1°F/h 

to observe the pressure increase due to release of gas from hydrates. The variations in the 

surface texture or pore size, among sand, silica, sandstone, clay and glass beads, did not 

significantly affect the equilibrium conditions of gas hydrates. However, the dissociation 

conditions in porous glasses, which had small pores ranging from 0.01 to 0.05 pirn in 

diameter, shifted because of changes in the water activity ( et al.; 1999).

The recent successful attempt to form methane gas hydrate in Berea sandstone at 

the Pacific Northwest National Laboratory (PNNL) (Zhu and McGrail; 2004), and its
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detection with a resonant ultrasound spectrometer (RUS) instrument has been the primary 

motivation for this analysis. A Berea sandstone core sample was mounted in the 

transducer stage and a small amount of water (~10 ml) was placed into the bottom of the 

chamber directly below the sample. This ensured the approximately 800 cm3 of internal 

volume in the chamber remained fully saturated with water vapor, thus preventing dry- 

out of the sandstone sample during testing. The saturated sandstone sample with 

deionized water was pressurized to 1000 psig with methane gas, at a temperature of 1°C. 

The system was later allowed to equilibrate for six days. The temperature was then 

lowered to -3°C to assist in complete conversion to gas hydrate and the sample was 

allowed to equilibrate for 2 days. The temperature was then returned to 1°C, where the 

sample was held for an additional 2 days. A series of resonance spectra were then 

obtained over the course of 7 days, as the temperature was increased in steps up to 9°C. A 

minimum equilibration time of 4 hours was allowed after a temperature change, before a 

RUS spectrum was collected. A reduction in resonance peak amplitude and frequency as 

a function of temperature is clearly seen in the spectra, demonstrating that RUS is a 

sensitive detection method for the presence of gas hydrate in porous sediments. At 950 

psi, the bulk equilibrium gas hydrate temperature is approximately 49.1°F (9.5°C). 

However, the RUS data clearly show a continuous change in the amount of gas hydrate in 

the sample between 33.8 and 48.2°F (1 and 9°C). This behavior can not be explained by 

the Gibbs-Thomson effect, which describes the depression in equilibrium temperature (or 

elevation of pressure) caused by an interfacial energy contribution in small pores. Pore 

sizes in the sandstone are much too large to show a significant Gibbs-Thomson effect. 

Other physicochemical mechanisms appear to have a significant effect on gas hydrate 

equilibrium in this sample.

2.4.3 Connate Water/Brine Saturation

Katz (1971) analyzed 55 water samples taken from a petroleum formation below 

permafrost on the North Slope of Alaska and found pore-water salinities ranging from 0.5 

to 19 parts per thousand. With a maximum salinity of 19 ppt, the hydrate stability curve
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would only shift by -1.0°C. Hence, this limits the amount of salt in water used to saturate 

the core for hydrate formation or before measuring the absolute permeability prior to 
damage.

2.4.4 Overburden Pressure

Collett et al. (1988) stated that gas hydrates could be stable at Prudhoe Bay up to 

depths of 3,940 ft. This was confirmed by ARCO and Exxon in 1972, when hydrate core 

samples were obtained at several depths between 1,893 and 2,546 feet, from the 

Northwest Eileen #2 well. Collett ( 1 998) has analyzed density logs and neutron logs of 

the Northwest Eileen #2 well located in the northwest part of the Prudhoe Bay oil field. 

Six Prudhoe Bay-Kuparuk River gas hydrate bearing stratigraphic units (A-F) were 

identified. Units C (656-667 m), D (605-615 m), and E (at a depth of 572 m) were 

determined to contain gas hydrates in the Northwest Eileen State-2 well, while Unit B (at 

a depth of 763 m) was determined to contain both water and free-gas (no gas hydrates), 

and Unit F is saturated with only water and ice (no gas hydrates).

Murlidharan et al. {2002) have analyzed the changes in absolute permeability of 

unfractured and fractured Berea sandstone cores (1.41 inch (3.6 cm) diameter and 1.92 

inch (4.88 cm) long) with uniaxial, triaxial, and hydrostatic stress. Overburden pressure 

was applied in the radial direction and the axial tension was applied along the axis of the 

saturated Berea core, in the Hassler-type core holder, perpendicular to the overburden 

pressure. With 500 psi overburden pressure, the core was flooded with brine at flow rates 

of 5, 10, 15, and 20 ml/min. The pressure drop across the core was recorded at repeated 

overburden pressures of 1000 and 1500 psi. The permeability is reduced in both the cases 

as shown in Figure 2.9. However, the decrease in permeability of the unfractured core is 

very much less compared to the fractured core. The fluid takes the path of least resistance 

through fractures, hence the effective permeability of the fractured core is higher than the 

matrix permeability. The overburden pressure tends to close the fractures, though it does 

not completely reduce the permeability. Figure 2.10 shows the normalized permeability
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of both the unfractured and fractured core against overburden pressure at a flow rate of 5 

ml/min.

O v e r b u r d e n  p r e s s u r e ( p s i a )

Figure 2.9: Permeability Reduction of Berea Sandstone due to Hydrostatic Overburden

Stress (Murlidharan et al.; 2002)
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O v e r b u r d e n  p r e s s u r e ( p s ia )

Figure 2.10: Normalized Permeability Reduction of Berea Sandstone

(Murlidharan et al.; 2002)

The literature reports contradictory results on temperature dependence. Trimble 

and Menzie (1975) reported a permeability increase of 0.23 md per °C. On the other 

hand, according to most of the papers reviewed by Chawathe and Sharma (1991), 

absolute permeability decreases with increasing temperatures. In addition, Ambusso

(1996) reported absolute permeability variations with different flow rates. In the 

investigation o f relative permeability for steam-water flow in Berea sandstone (Tovar; 

1997), absolute permeability was measured at a constant flow rate of 10 ml/min over a 

time interval o f 250 minutes. No major variation in permeability was observed as a 

function of temperature. Moreover, the variation of flow rate and temperature did not 

affect the permeability values. The small variations can be attributed to the precision of 

the pressure transducers and are within experimental error. Small permeability 

measurements of the order reported by Trimble and Menzie (1975) could not be measured
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with our experimental apparatus. However, for the purpose of this experiment we 

conclude that permeability variation with temperature and flow rate is negligible.

2.4.5 In-situ Pressure and Temperature Conditions

Geothermal gradients calculated from a series of high-resolution temperature 

surveys conducted in 11 closely spaced Prudhoe Bay Unit wells ( et 1988)

show that geothermal gradients range from 1.55 to 1.90°C/100 m in the ice-bearing 

permafrost sequence, and from 2.55 to 3.17°C/100 m below the base of the ice-bearing 

horizons. Hence there is a local variation in the geothermal gradient as great as

0.62°C/100 m in a region that is characterized by generally uniform rock types and 

constant external temperatures.

Most gas-hydrate stability studies assume that the subsurface pore-pressure gradient is 

hydrostatic (9.795 kPa/m or 0.433 psi/ft). A pore-pressure gradient greater than 

hydrostatic will result in a thicker gas-hydrate stability field. Pore-pressure gradients 

calculated from shut-in pressure recorded during shallow (approximately 1312 to 6561 ft) 

drill-stern testing in wells from the North Slope range from 9.3 to 11.2 kPa/m, with an 

average gradient of 9.7 kPa/m (0.43 psi/ft), which is nearly hydrostatic. Collett (1993) 

evaluated pore-pressure, acoustic transit time and gamma-ray logs from 22 wells. Within 

the near-surface (0-1500m or 0-4921 ft) sedimentary rocks of the North Slope, however, 

no significant pore-pressure discontinuities were observed. Hence, the gas-hydrate 

overburden pressure determination in this study assumes a hydrostatic pore-pressure 

gradient (9.795 kPa/m or 0.433 psi/ft). A well log based characterization study by Collett

(1998) in the Prudhoe Bay-Kuparuk area has revealed the presence of stable hydrates 

between 210 and 950 m (690 and 3120 ft). For this analysis, the depth of 1055 m (3464 

ft) combined with the hydrostatic pressure gradient of 0.433 psi/ft yields the overburden 
pressure used, 1500 psi.
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2.4.6 Drilling Fluids P-T Conditions

One of the techniques to avoid severe consequences during drilling of hydrates, such 

as well circulation through plugging of choke and kill lines or plugging of BOP, is 

reducing the temperature of drilling fluid. If hydrates are present, mud should be cooled 

and weighted to offset gas cut, the circulation rate should be increased to remove the gas, 

the penetration rate should be decreased and mud gas samples should be tested to confirm 

the presence of hydrates. The drilling fluid is typically cooled at the site with Alfa Laval 

"plate type" heat exchangers, one of which was preferred equipment while drilling in 

permafrost and gas hydrates in the Beaufort Sea and Mackenzie Delta. The mud cooler 

system (Figure 2.11) can allow drilling safely and efficiently by accomplishing the 

following objectives:

i. Maintaining circulation temperature below the disassociation point in gas hydrate 

bearing formations to prevent well control problems.

ii. Maintaining circulating temperatures below the permafrost formation temperature 

to prevent permafrost thawing and hole sloughing

iii. Maintaining circulating temperatures below the formation temperature to prevent 

thermal hole sloughing and to maximize hole stability.

iv. Lowering the circulation temperature in deep, high temperature foothills wells to 

lower mud costs and reduce potential operational problems with bits, motors and 

down hole tools.

v. Lowering the circulation temperature in deep, high temperature geothermal 

drilling.
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Drilling Fluid Returns
MudTonks

Drilling Fluid Returns

Permafrost Melts 

Open Hole

1

Figure 2.11: Arctic Drilling with and without Temperature Control

(Courtesy: Drill Cool Systems Inc.)

In exploration of a JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research well in 

the Mackenzie Delta, Northwest Territories, Canada, to a depth of 1150 m ( et

al.; 1999), drilling and coring of the permafrost section (0-670 m) proved to be 

challenging, with significant borehole erosion in some zones and limited core recovery. 

Mud temperatures during drilling of the main hole beneath the permafrost casing (670

1150 m) were maintained near 35.6°F (2°C) using a plate type heat exchanger in an effort 

to minimize permafrost thawing and to depress the mud temperature lower than the in 

situ formation temperatures, while drilling through hydrate zone.

In this analysis, we circulate the coolant in the jacket around the Dynamic 

Filtration Core holder (DFCH) as well as around the Drilling Fluid Recirculation Unit to 

maintain drilling fluid temperature at around 41-50°F (5-10°C). As far as the pressure 

condition of the drilling fluid is concerned, the pressure drop of 100 and 200 psi is 

maintained across the formation and wellbore side of the core sample during the dynamic
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filtration as defined in recommended practice for formation damage by Marshall et al.
(1997).

2.4.7 Static and Dynamic Filtration

During the static and dynamic filtration at 100 and 200 psi, overbalance 

conditions will be maintained and filtrate on the formation side of the core will be 

collected in a fluid measuring system, which is discussed in more detail in the next 

chapter. Leak-off (filtrate) volume, at balance mud temperature and room barometric 

pressure is calculated from the following equation. If the core contains hydrates, filtration 

pressures will be in the hydrate stability region. With the filtrate measuring system, the 

usual sandstone drilling fluid filtration can be carried out at 200 psi pressure on the 

wellbore side of the core, while the formation side is maintained at atmospheric pressure.

(9)

Cumulative leak-off (filtrate) volume, at balance mud temperature 

and room barometric pressure

Balance weight of test fluid collected in gas-liquid separator on 

balance

Density of liquid collected (at room conditions, on balance)

V -2 HY L~
P

where,

VL

wt
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CHAPTER 3 

EXPERIMENTAL SET-UP

3.1 System and Major Equipment Description

Typical formation damage analysis involves the flow of drilling fluid resembling 

wellbore annulus with initial and post circulation permeability measurement. The 

experimental set-up is designed for formation damage testing of core samples, at in-situ 

conditions of pressure and temperature in arctic permafrost regions. Besides these 

objectives and previous analysis from literature, the conditions to form gas hydrates 

inside core sample, static / dynamic filtration with oil / water-based drilling fluid 

followed by hydrate dissociation modeling are envisioned to lay out the system which 

can include reservoir gas, initial oil or condensate saturation, secondary water flooding, 

formation damage testing with leak-off through the core, and before-and-after 

permeability measurement, in both forward and reverse (backflow for damage clean up) 

directions. Brine, oil, condensate, water or oil based drilling mud, gels or other fluids can 

be injected into and through the core sample. The permeability measurements can be 

done with both gases and liquids. Two Isco 500DX metering pumps are used; one for 

pumping liquid through the core and another for maintaining overburden pressure and 

replenishing the mud in the circulation loop.

An integral part of the system (Figure 3.1) is the RPS-2500 drilling fluid 

recirculation system and SmartRPS software provided by Temco Inc. Despite of the 

procurement of core equipments from manufacturers, for instance, DFCH, drilling fluid 

recirculation system, floating piston accumulator, back pressure regulators from Temco 

Inc., flow meters from Omega, differential pressure transducers and multi-channel 

demodulator from Validyne, weighing balances from A & D Weighing, and refrigerated 

recirculation unit from Julabo, the whole design and setup is unique in its own way since 

each of these units are customized and/or modified from their off-the-shelf specifications 

to meet specific needs for hydrate formation and dissociation studies in arctic conditions 

and measuring the associated formation damage by drilling fluids. The customized
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computer data-acquisition-and-control system hardware provides on-screen display of all 

measured values (pressure, temperature, volumes, etc.), automatic logging of test data 

and means to control some of the operational parameters such as drilling fluid flow rate.

The special dynamic-filtration core holder supplied by Temco Inc. has been used 

to allow drilling and completion fluids (or gels, etc.) to be injected at the face of the core 

(simulating flow through the borehole, across the rock face) and through the core 

(simulating flow in both directions between the formation and the borehole.) Test 

conditions can be up to 1500 psi flowing pressure and 2000 psi overburden (confining) 

pressure, at 350°F (177°C). The inlet pressure into the core sample (that is, the pressure 

at the flow-through face) is measured with a pressure transducer. Likewise, the 

differential pressure across the core (across face and the drilling fluid) and overburden 

pressure are measured with two differential pressure transducers.

Leak-off fluids produced through the core sample are collected in a separator, 

which sits on a weighing balance. The fluids, which flow by the face of the core, without 

leaking through it, can be measured by subtracting the cumulative leak-off volume from 

the cumulative volume pumped by the recirculation pump. The system is also designed 

for the measurement of liquid permeability.

Several design features such as the use of two single stage gas regulators in series 

to have an effect of constant downstream pressure double stage regulator for methane 

source, or the arrangement of valves to facilitate the measurement of the dual directional 

permeability with same reservoir fluid source and same back pressure regulator settings, 

or the minimum dead volume without compromising over the tubing size for thick 

drilling fluid for extended analysis make the system more adaptable for arctic conditions.

3.2 Core Holder

In the traditional pressure tapped core-holders, there is a lot of turbulence at the 

mud inlet and mud outlet ports and this turbulence may result in simply invading the core 

in the rubber sleeve and can give boundary flow effects around the core. TEMCO has 

supplied a dynamic filtration core holder (DFCH) {Figure 3.2). TEMCO DFCH-series
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core holders are Hassler-type core holders with a special end design to allow the dynamic 

testing of drilling mud invasion into a core sample. Hassler is defined as having radial 

loading only. The core sample is held within the rubber sleeve by radial confining 

pressure. An outlet distribution plug allows other fluids to be injected through the core 

sample. All flow lines and internal volumes are kept to a minimum so that accurate flow 

data can be determined. A unique feature of the TEMCO DFCH-series core holder is that 

it does not need to be completely disassembled to remove the core sample. By releasing 

the overburden pressure and unscrewing the end cap, the core sample can be easily 

removed without exposing it to the confining (annulus) fluid. For slightly oversized 

cores, vacuum can be applied to the rubber sleeve to open up the inner diameter. This 

allows the core sample to be easily installed or removed. For cores undersized in length, 

spacers can be provided to eliminate any unused space. The model DFCH-1.5 core holder 

accepts cores of 1-1/2-inch diameter and of 2-inch length with a flow-through gap (at 

core face) of 0.5 inch (1.27 cm) and width of flow-through area of 1.25 inch (3.175 cm). 

The core sample temperature can be maintained by flowing thermal fluid through the 

jacket provided around the core holder.



Figure 3.1: Laboratory Layout of Formation Damage Assessment System
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Figure 3.2: Dynamic Filtration Core Holder (DFCH-1.5)

3.3 Drilling Fluid Recirculation System

A recirculation system, RPS-2500 as shown in Figure is provided for the 

recirculation of drilling or completion fluids across the core face. The pump is a 

motorized piston accumulator. The fluid is displaced from one end o f the accumulator, 

across the core face, and then back into the opposite side of the piston in the accumulator. 

At the end o f a stroke, the piston automatically reverses direction and the flow direction 

in the pump reverses. A series of valves open and close to maintain a continuous 

direction flow across the core face. These same valves allow reversing the direction of 

this continuous flow. The flow rate of the recirculation pump is controlled from the 

TEMCO computer data-acquisition-and-control system. The pump flow rate is 0 -  7400 

ml/min, which provides 0 -  588 sec'1 shear rate across the face of the core in the DFCH-

1.5 core holder. The recirculation flow rate and direction can be controlled from TEMCO 

SmartSeries software. An 80 psig -  100 psig air (or N2 gas) pressure is required for the 

operation of the solenoid valves. An air operated diaphragm pump {Figure 3.4) is used to 

refill the recirculation pump from the drilling fluid preparation tank.
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Figure 3.3: RPS-2500 Drilling Fluid Recirculation System

Figure 3.4: Air Operated Diaphragm Pump

3.4 Overburden Pressure Pump

An Isco model 500DX metering pump (Figure 3.5) (syringe type, long-stroke, 

positive-displacement, dual-cylinder pump) has been used to apply overburden pressure 

with distilled water. It has flow rate range adjustable from 0-374 ml/min in constant flow
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rate mode and a maximum pressure rating of 3750 psi. In the continuous flow mode, time 

may be required for the cylinder to refill since it has a capacity o f 507.38 ml. The pump 

can be controlled either from its panel controller, or remotely from the Isco data 

acquisition system.

Figure 3.5: Isco Model 500DX Metering Pump (L) and Controller(R) -  Overburden

Pressure Pump

3.5 Back Pressure Regulators

Two TEMCO back-pressure regulators, models BPR-50 and BP-50 (Figure 3.6), 

control the back (outlet) pressure. Both back-pressure regulators are rated for a maximum 

working pressure of 5000 psi, and are dome-loaded types which control the upstream 

back pressure to whatever gas pressure is supplied to its dome. Two sections are 

separated by a Teflon diaphragm. It is necessary to pressurize the two parts 

simultaneously, to prevent rupture of the thin metal diaphragm. The back pressure 

regulators operate on the principle of balanced pressure. The dome is charged with a 

compressible gas. Since the effective diaphragm area exposed to flowing pressure is 

slightly less than that exposed to the dome pressure, the flowing pressure will always be 

slightly higher than the dome pressure. The dome-load gas pressure is supplied by
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compressed nitrogen (N2) from a cylinder. The location of the BP-50 is peculiar 

considering the fact that BP series regulators may be used to control the upstream 

pressure of gases or liquids and, in the present study, the main focus is to observe 

dynamic filtration at overbalance conditions.

Figure 3.6: Back Pressure Regulators

3.6 Floating Piston Accumulator

The CFR-series floating-piston accumulator as shown in Figure 3.7 can be used 

for a variety o f purposes, including the displacing of fluids through core floods and 

similar displacement tests. Accumulators are used to separate the brines, acids, oils and 

other chemicals from the positive displacement pump. This separation might be critical, 

to protect the pump from the corrosive fluids that could adversely affect the driving 

pistons and seals. These accumulators have also been used as recombination cells. 

Various components can be combined into a dead crude oil to give recombined oil with 

physical properties similar to the crude oil in the reservoir. With the pistons removed, 

these cells can also be used as ordinary reactors.

The TEMCO CFR-25-250-SS-T-350-3/8 model has a maximum working pressure 

of 2500 psi at the maximum temperature rating of 350°F (177°C). Since 3/8” lines have
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been used for drilling mud and considering the possibility o f a significant volume of 

drilling mud getting utilized in those lines, and also in leak-off, the floating piston 

accumulator of volume 2.5 liter is placed to replenish the drilling mud in the system as 

necessary. The piston movement can be controlled by the Isco pump and vacuum. The 

Isco pump in constant pressure mode is used to build the overburden pressure and can 

also be used to displace the drilling fluid from the accumulator to the drilling fluid 

recirculation loop, so as to have desired overbalance pressure.

Figure 3.7: Floating Piston Accumulator

3.7 Pressure Transducers

Six Validyne differential pressure gauges (DPI5-62-V-1-S-4-B/C) have been 

placed in-line. The positive pressure port of regulators is connected to the line and 

negative is kept open to the atmosphere as shown in the modified layout. The maximum 

differential pressure of these gauges was selected as a safer value o f 2000 psi to avoid the
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rapture of the diaphragm. The bleed ports from the positive ends of the gauges have been 

connected to the exhaust line valves. They are calibrated to each channel in the CD280-8- 

RM Validyne Carrier Demodulator/Indicator (Figure 3.8) to have 1999 psig-full-scale 

differential pressure.
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Figure 3.8: Differential Pressure Transducer (L) and CD280-8-RM Indicator (R)

3.8 Produced Fluids Measuring System

The leak-off fluids produced through the core can be monitored and measured by 

the balance HV-15KGV (maximum capacity o f 15 kg), which collects the liquid in a gas- 

liquid separator sitting on it. This balance is interfaced through a data logger so as to 

assess the filtration rate with time and to calculate the cumulative leak-off (filtrate) 

volume.
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Figure 3.9: Gas-Liquid Separators and Weighing Balances

3.9 Refrigerated Circulator and Temperature Monitoring

The coolant, Thermal H5S, is circulated through the cooling jackets around the 

dynamic filtration core holder and drilling fluid recirculation unit. Maintenance of actual 

drilling conditions, i.e., temperature of the drilling fluid around 35.6-37.4°F (2-3°C), in 

the accumulator, core holder and recirculation system is critical and hence 1/4" copper 

line is wrapped around the accumulator for coolant. A FP50-MC 230V/60Hz Julabo 

refrigerated circulator (Figure3.10) with an RS-232 interface is utilized for this purpose. 

Two high pressure in-line temperature sensors have been attached which will give a 

signal to the CN612TC1 Omega monitor.
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Figure 3.10: FP50-MC Julabo Refrigerated Circulator

3.10 Gas Source, Regulators and Gas Flow Meters

One methane gas cylinder and 2 nitrogen cylinders, each with 2263 psi cylinder 

gas pressure for BPRs, are utilized. These compressed gas cylinders are generally not 

useable until a pressure regulator is incorporated to reduce the gas pressure to a workable 

level that can be safely utilized in equipment and instruments. There are two basic types 

of regulators available. Single stage pressure regulators reduce the cylinder gas pressure 

to the delivery pressure in one step. This one step pressure reduction results in a slight 

change in delivery gas pressure as the cylinder pressure decays. (In most cases, the 

delivery pressure will rise.) The single stage regulator is a satisfactory and cost effective 

selection if slight variations in delivery pressure and/or periodic adjustments are not 

detrimental to the application. Double stage pressure regulators reduce the cylinder gas 

pressure to a working level in two steps. The cylinder gas pressure is reduced by the first 

stage to a preset, intermediate level which becomes the gas pressure at the second stage 

inlet. This allows the second stage to fine-tune the final delivery pressure. Thus, double 

stage regulators provide a constant delivery pressure unaffected by cylinder pressure 

drop.
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Since the nitrogen gas will hold the pressure in-line through BPRs without getting 

consumed, the choice of pressure regulators for nitrogen gas cylinders was obvious: the 

cost effective single stage pressure regulator. But the methane gas is consumed, and since 

the plan is to determine its initial and return permeability, there is need to keep methane 

gas pressure at a constant value. In this investigation, the maximum methane gas pressure 

that can be tested is around 1500 psi. But due to safety issues associated with a 

flammable gas like methane, double stage gas regulators with a tank inlet pressure of 

2263 psi and delivery pressure of 1500 psi maximum are not available. This issue is 

resolved by comprehending the design of a two-stage regulator provided by the leading 

manufacturers of valves, fittings and gauges. The effect of two-stage regulators was 

achieved with two single stage methane gas regulators, connected in series with a l/4"x 

6” nipple. The check valves on methane and nitrogen lines avoid the possibility of 

decrease in pressure at the later stage of the cylinder usage. The flow rate of methane gas 

from the cylinder is measured using a high pressure FMA-871-A-V-CH4 Omega flow 

meter with DPF64-RS232 display unit. Aalborg gas mass flow meters have been placed 

to monitor the flow rate of gas coming out of the core sample. This makes sure the same 

mass flow rate exists at the inlet and the outlet. The liquid permeability measurement can 

also be done with an Isco model 500DX metering pump operated in constant flow mode 

after applying back pressure.

3.11 Fluid Lines

While designing a line care is taken that drilling mud lines are of 3/8” size 

considering the possibility of plugging the line due to drilling mud. Methane gas and 

overburden or BPR nitrogen or exhaust lines are of 1/4 and 1/8” size, respectively. 

Methane and overburden lines going into the core holder have been kept flexible to 

facilitate the removal and mounting of core samples. 1/4” flexible hose for methane and 

quick-connects have been employed with check valves on the quick-connects. These 

check valves hold the gas pressure in upstream lines and avoid the necessity of 

evacuating methane and nitrogen from lines before mounting new core samples.
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CHAPTER FOUR 

EXPERIMENTAL PROCEDURE

4.1 Core Sample Installation

Instructional manual for Dynamic Filtration Core Holder (DFCH) by Temco Inc. 

provides more details on the individual components, pressure ratings, core sample 

preparation, initial assembly, core sample installation, pressurization, pressure port 

maintenance, and pressure leaks. A core of maximum diameter of 1.5-inch and length of 

2-inch can be installed in DFCH-1.5. The procedure for core sample installation is 

described below:

i. Install the o-rings into the various parts as shown in the assemble drawing. Install 

the end plug into the end cap. Install the snap ring into the groove in the end plug. 

This makes an end plug assembly.

ii. Install the rubber sleeve around the ferrule (the protruding nose of the end 

plug/ferrule), outside of the core holder. A slight amount of grease around the 

ferrule outer diameter helps assembly.

iii. Insert the pusher through the head and place an o-ring, back up and threaded plug 

over the pusher shaft. Place an o-ring into the groove on the outer diameter of the 

head if not already done. Bolt the head to the body. Tighten the end plug 

assembly making sure that both overburden ports are upright.

iv. Prepare the distribution plug assembly by installing the proper fittings and tubing 

on the distribution plug.

v. Slide a properly prepared core through the ferrule assembly and into the rubber 

sleeve. The core should contact the “ears” of the pusher plug. If the core cannot fit 

through the end plug, the core outer diameter must be trimmed down.

vi. Align the scribed mark on the pusher rod so that it is vertical (that is, lined up 

with the scribed mark on the head). This ensures that the opening in the pusher 

rod is lined up with flow through passage in the body, and restricts flow as little 

as possible. The “ears” on the pusher rod serve as a stop for the core, so that the
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overburden pressure does not push the core into the flow-through chamber. The 

pusher rod assembly can also be used to push the core out when changing the core 

sample and/or disassembling the core holder.

vii. Install the distribution plug assembly through the end plug assembly and into the 

sleeve. Screw the retainer into the end plug until its face bottoms out on the 

distribution plug, forcing the core firmly against the stop.

viii. Install necessary tube fittings into the core holder body. If an NPT-type fitting is 

required, use Teflon tape around the fitting to prevent stripping of the threads, and 

to aid in pressure sealing.

ix. To remove the core sample, first release the core pressure using the reservoir fluid 

exhaust valve (V24) {Figure 4.1), and then replace the overburden liquid quick- 

connects with air and drain quick-connects, taking care that the drain quick- 

connect is at the bottom. Start the air supply, which will push water into the drain. 

Stop the air supply and keep the drain open long enough to allow the air pressure 

to completely decrease to atmospheric pressure. Unscrew the retainer, carefully 

remove the distribution plug and disjoin the end plug assembly.

Note: Avoid any gap between the core and distribution plug. This will occur if the 

retainer is not screwed down tight or if the core sample is not circular, with the flat 

end as the distribution plug. A gap will cause the sleeve to extrude under pressure 

and rupture.

4.2 Cooling

The operating manual for Julabo Refrigerated and Heating Circulators (FP50- 

MC) provides all operational details needed to understand operating controls and 

functional elements of the front panel. Set the desired temperature in 1-setpoint mode and 

start circulation of the Thermal H5S fluid.
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4.3 Setting Overburden Pressure on the Core Sample

i. Wait until the core temperature has reached the desired test temperature before 

beginning the test. To prevent the core holder from exceeding its maximum 

overburden pressure, run the Isco 500DX overburden pump in the constant 

pressure mode. After Closing V3, opening the Isco 500DX pump filling valve in 

refill mode allows the pump to take distilled water to its full capacity of 507 ml. 

After complete refill, close the refill valve and open V3, V13 and start applying 

pressure in steps of 500 psi.

ii. In case the cylinder is empty during pressurization, close V3 and open the refill 

valve to get distilled water into the pump. After refill, close the refill valve and 

open V3 and proceed for pressurization until the desired overburden pressure is 

reached. Make sure the applied pressure matches with CHANNEL-5 in the 

Validyne pressure demodulator.



Figure 4.1: Flow Diagram of Formation Damage Assessment System with Drilling Fluid Dynamic Filtration
00
O n
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4.4 Absolute/Effective Permeability Measurement

4.4.1 Setting BPR-50 on Wellbore Side of the Core

i. Keeping V8, V9 closed, open V2, V7 and operate BPR-50 cylinder gas with 

increments of 500 psi until the desired pressure on the wellbore side of the core is 

reached. This is necessary to prevent rupture of the thin metal diaphragm due to 

significantly higher pressure on one side of the diaphragm than on the other side.

ii. Make sure CHANNEL-4 reading of Validyne demodulator matches with set BPR- 

50 pressure.

iii. Once the desired pressure is reached, close V7. V8 and V9 can be opened at the 

start of the reservoir fluid flow.

4.4.2 Effective Permeability Measurement with Dry Gas

i. Start I/O Terminal Communication Aalborg Version 1.03 software {Figure 5.2) 

for GFM1 (COM PORT 12), bring instrument online, designate notepad file for 

data logging, and start autosignal.

ii. Open VI, and start reservoir gas flow at desired pressure from tank and

immediately start logging data in the software and open V8, V9. (Note that

desired reservoir pressure has to be greater than that set for BPR-520 in order to 

have flow through the core sample.)

iii. Make sure CHANNEL-1 reading of Validyne demodulator matches with set 

reservoir fluid pressure. As soon as Omega reservoir flow inlet flow meter and 

Aalborg GFM1 flow meter readings stabilize and match, note the stabilized flow 

rate, and CHANNEL-1, 4 pressure readings, which are used to calculate absolute 

permeability in Darcy’s equation.

4.4.3 Absolute Permeability Measurement with Liquid

i. Keeping VI closed; fill the brine/water into the ISCO500DX pump through the

refill valve. After complete refill, close the refill valve, open V 1 and operate the

pump in constant flow mode with desired flow rate.
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ii. Open valves V8, V9 and allow sufficient time to for flow to reach steady state, 

and note the pressure in the ISCO pump and CHANNEL-1 in the demodulator as 

inlet pressure.

iii. Several flow rates can be set to have more permeability measurement points. 

However, the higher the flow rate, the smaller will be the time available for the 

system to reach to steady state, as maximum capacity of the ISCO pump to hold 

liquid is 507 ml.

4.4.4 Preparation for Dynamic Filtration

i. Close V8, V9, open V7 and raise/lower BPR-520 cylinder gas pressure to match

drilling fluid circulation pressure shown in CHANNEL-4 of the Validyne

demodulator.

ii. Once the desired drilling fluid pressure is reached, close V7.

iii. Stop reservoir fluid flow, and its logging in I/O Terminal Communication 

software and allow gas to exhaust through V22. After complete exhaust close 

V22.
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4.5 Filling the Drilling Fluid Recirculation System

User manual for RPS-2500 drilling fluid recirculation system by Temco Inc. 

provides detailed part list and stepwise procedure for electrical connections o f encoder to 

the control box, limit switches to the control box, air pressure connections, Smart Series 

software installation, its operating controls, indicators, filling the recirculation system, 

and filling the mud face with drilling fluid. In the following sections, the procedural steps 

for filling the cell, bypass loop and the mud face have been summarized.

4.5.1 Filling RPS-4 Cell and Bypass Loop

i. Initial filling of the recirculation system is done by pushing the mud from a mud 

reservoir into the recirculation system by applying low air pressure (80 psi) to an
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air operated diaphragm pump. Begin with no pressure in the RPS recirculation 

pump and mud circulation.

Switch on the power supply to control box of RPS-2500. Start SmartRPS data 

acquisition program on the PC (Figure 4.3). Select COM PORT (4 in present 

case), select ‘Main’ from toolbar and select Online. Set the Mud Flow rate to 

zero. Click the ‘Start’ button. Prepare an 8 liter mud sample and make it 

accessible to the diaphragm pump inlet.

Open the MUD VENT VALVE. Close the two manual 3-way recirculation loop 

valves.

Start 80-100 psi air supply for the operation of the solenoid valves. In this work 

supply is given from in-house air. But an air compressor or N2 tank can also be 

used.

Loosen the plug at the top of the right (B side) end plug of the RPS recirculation 

pump, to allow the mud to fill the pump and displace air from it. Click the pump’s 

flow direction arrow on the screen in the ‘UP’ direction to switch the air-actuated 

3-way valves, such that the B valve is open from the MUD FILL VALVE (bottom 

of the recirculation loop) to the right (B) side of the pump.

Make sure V29 is closed to avoid filling the accumulator at this stage. Open the 

MUD FILL VALVE and V30 at the outlet of diaphragm pump. Start the air 

supply to the diaphragm pump.

As soon as diaphragm pump pushes drilling mud into the RPS-2500 system and 

the right (B) side pump fills completely, mud begins to bleed from the loosened 

fitting. Tighten the fitting.

Open both manual 3-way ball valves in the recirculation loop to the BYPASS 

position.

With the MUD VENT VALVE still open, allow the mud to fill the bypass tubing 

and the top part of the recirculation loop. When the loop is full and mud begins to 

run out of the MUD VENT VALVE, close it.
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x. Loosen the plug at the top of the end plug of the RPS recirculation pump (side A, 

which should be open to the top of the loop) and allow the mud to fill that side of 

the pump and displace air from it.

xi. Change mud direction to the ‘DOWN’ direction in the SmartRPS data acquisition 

program. When this side is completely filled (when the mud begins to bleed from 

the loosened fitting), tighten the fitting. Also, close the MUD FILL VALVE.

xii. The above procedure fills only the pump and the bypass portion of the 

recirculation loop. The rest of the loop will be filled and purged of air later, when 

the core sample is in place in the core holder and when the test is started.

4.5.2 Filling the Mud Face

i. Refer to section 4.1 for core sample installation guidelines or refer to the core 

holder manual for detailed procedure and safety instructions. Run initial 

permeability measurements if required.

ii. Turn the two manual 3-way ball valves to MUD FACE.

iii. Close the MUD VENT VALVE.

iv. Open the VENT MUD FACE

v. In the SmartRPS software, set the mud flow across core face in upward direction 

(down from the recirculation pump and upward across the core face).

vi. Open MUD FILL VALVE. Operate diaphragm pump with 80 psi air to push mud 

out of the mud reservoir into the recirculation loop. This will displace air (and 

clean test liquid, if it is lighter than the drilling mud) from the face of the core and 

from the recirculation loop and out through the VENT MUD FACE valve.

vii. Close the VENT MUD FACE valve when only clean drilling mud exits the valve.

viii. Close MUD FILL VALVE.
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Figure 4.3: Drilling Fluid Recirculation - SmartRPS Data Acquisition Software

4.6 Filling the Floating Piston Accumulator

i. Open V20, V31, and V29 and start the air supply to the diaphragm pump to 

introduce the drilling fluid into the accumulator through the V30 moving piston 

toward its left end. (Note: MUD FILL VALVE of the recirculation system and 

V I4 must be closed.) Once 2.5 liter of mud is pumped, stop the diaphragm pump 

and close V I7.

ii. If the piston accumulator has been filled by earlier drilling fluid, or to change it, 

operate the ISCO 500DX pump through V I4 (with V I3, V30, V31, MUD FILL 

VALVE closed) in constant pressure mode to push the drilling fluid out through 

mud drain valve (placed near MUD FILL VALVE of the recirculation system)

Reset Position |

Recirculation Pump

4 i

E X I T
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until constant pressure builds up. This may require several refilling cycles for the 

ISCO pump.

4.7 Dynamic Filtration with Overbalance Drilling Condition

4.7.1 Setting Overbalance Pressure in the Circulation Loop

With V I6 closed, operate the diaphragm pump to fill the circulation loop through 

V12 and V I1. Since the in-house air supply is at 80 psi, the diaphragm pump will apply 

the same pressure in the circulation loop with drilling fluid. Once the whole loop is filled 

with drilling fluid, the air supply to the diaphragm pump can be stopped and V30 can be 

closed.

The same ISCO pump that is used to apply overburden pressure can be diverted at 

desired overbalance pressure to the left side of the accumulator through V14, V29. Make 

sure V9, V I3 and V31 are closed at this time. Operate the ISCO pump in steps to reach 

the desired overbalance pressure (100 or 200 psi in present case) to push more drilling 

fluid into the loop through V29 and MUD FILL VALVE of the recirculation system. The 

overbalance pressure reached can be seen in CHANNEL-3 of the Validyne demodulator 

or in the pressure gauge beside V30.

4.7.2 Starting Dynamic Filtration

i. Select mud flow direction in the SmartRPS program, and set the circulation flow 

rate.

ii. Switch on HV-15KGV Balance-2, tare the weight and start Winct AND weighing

balance RSCOM software (COM PORT 14) ( 4.4). Make sure it is online

and ready to log the data.

iii. Enter the desired flow rate for the drilling fluid and start drilling fluid circulation 

through the SmartRPS program. Open V I6, V6 and V I0 so that leak-off fluid will 

enter into G-L separator 2.
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Figure 4.4: Winct AND 15-KGV Weighing Balance RSCOM Software

4.7.3 Leak-off Measurement

During the recirculation of drilling fluids across the face, fluid will leak off 

through the core holders. The system is designed to measure this leak-off volume during 

the test. The Balance-2 can be used to collect and measure liquid volume at overbalance 

conditions. The data logger RSCOM will allow plotting the filtration curve, giving the 

mass o f drilling fluid collected in the gas-liquid separator with time. The cumulative 

liquid volume collected at atmospheric conditions can be converted into the cumulative 

fluid volume at reservoir conditions using the formation volume factor. (FVF = volume 

of gas-containing reservoir fluid at core temperature and pressure divided by volume of 

dead liquid at atmospheric conditions).
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4.8 Damaged Permeability Measurement from Wellbore to Reservoir

i. Stop drilling fluid circulation through SmartRPS software. Note elapsed time, 

flow rate set and volume pumped. Switch OFF the power supply to the control 

panel of the recirculation system.

ii. Stop RSCOM data logger for HV-15KGV Balance-2. Save the data in a notepad 

file which can be imported into the Excel program to plot the filtration curve.

iii. Stop the overbalance ISCO pump and Close V I1, V12 and V I4. Drain drilling 

fluid from the face of the core sample. Open V31 so that water from the left side 

of the accumulator would drain and pressure in the circulation loop would 

decrease pushing piston in left direction.

iv. Start I/O Terminal Communication Aalborg Version 1.03 software for GFM1 

(COM PORT 12), bring the instrument online, designate notepad file for data 

logging, and start autosignal.

v. Open VI, V9, V I5, V17. After closing V I6, V I8, start reservoir gas flow at 

desired pressure from tank and start logging data in the software. (Note that 

desired reservoir pressure has to be greater than that is set for BPR-520 

(CHANNEL-4) in order to have flow through core sample. Also note that BPR- 

520 pressure is assumed to be kept the same as that used during dynamic filtration 

for drilling fluid)

vi. Make sure the CHANNEL-1 reading of the Validyne demodulator matches with 

set reservoir fluid pressure.

vii. As soon as the Omega reservoir flow inlet flow meter and Aalborg GFM1 flow 

meter readings stabilize and match, note down the stabilized flow rate, and 

CHANNEL-1, 3 pressure readings, which will be used to calculate absolute 

permeability in Darcy’s equation.

viii. Stop the reservoir fluid flow, its logging in I/O Terminal Communication software 

and allow gas into the exhaust line by opening V22.



96

ix. The damaged permeability can also be measured with water by operating the 

ISCO pump. The positions of the valves will be same as in measurement with gas. 

V3 should be closed to bypass the flow through V1,V15,V17, V8 and V9.

4.9 Return Permeability Measurement from Reservoir to Wellbore

Return permeability for reservoir fluid (gas/liquid) can be measured in a similar 

way as the damaged permeability measurement, but with V I5, V I7 closed and V I6, V I8 

open.
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CHAPTER FIVE 

RESULTS AND DISCUSSION

5.1 Drilling Fluids Rheology

The choice of drilling fluids is based on the formulation used in drilling the 

JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research well in the Mackenzie Delta, 

Northwest Territories, Canada. Quickgel, finely ground, premium grade, high yielding 

Wyoming sodium bentonite and barite in water-based drilling fluid, would act as the 

viscosifier. Sodium sulfite (Na2S0 3 ) is a moderately strong reducing agent yielding 

sodium sulfate on oxidation. It removes oxygen, preventing corrosion. Potassium 

chloride which is used as a shale inhibitor in the second mud formulation, will allow us to 

analyze the flocculated dispersed colloidal system such as clay. The analysis with Dextrid 

LT, modified potato starch, would provide filtration control properties of the flocculated 

mud with minimum viscosity. Since Ferrochrome Lignosulfonate, Q-Broxin, can be used 

in all dispersed water-based systems and it functions well in dispersed fresh water fluids 

or saturated salt water based fluids, its analysis would test its role as a thinner or filtration 

control agent. The relationship between shear stress and shear rate can be established 

using a Fann-VG viscometer. Traditionally, water based drilling fluids are known to 

follow a power law model. The rheology of the drilling fluid samples selected for this 

analysis is given in Table 5.1.
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Table 5.1: Water-Based Drilling Fluids Compositions and Properties

Compositions

Power

Law

Index

n+

Consistency 

Factor; k 

lbf.sec"/100 

ft2

Plastic 

Viscosity; 

PV cp

Apparent 

Viscosity; 

AV cp

Yield

Point;

Yp

lb/100

ft2

Density; 

Pmud PPg

BP: 1 liter 

water + 0.3 gm 

Na2S 03 + 0.3 

gm Barite + 

0.5 gm KOH + 

3gm Quickgel

0.6777 0.03653 1.5 2.25 1 8.3

BP + 50 gm 

KC1
0.5142 0.1417 1.5 3 2 8.5

BP + 50 gm 

KC1 + 15 gm 

Dextrid

0.7365 0.04555 3 4.125 1.5 8.6

BP + 3 gm KC1 

+ 50 gm Q- 

Broxin

0.7365 0.03037 3 2.75 1.5 8.6

+ Non-newtonian fluids are typically classified into time independent (Power law and Bingham plastic) and 
time independent (thixotropic and rheopectic). Bingham plastic fluids follow a straight line relationship: 
Shear stress = Plastic viscosity x Shear rate + Yield point; whereas Power law fluids follow x = k. /  with 
Pseudoplastic (n < 1), Dilatent (n > 1) as further classification. Power index, n is a measure of the degree of 
deviation of fluids from Newtonian properties. Consistency factor, k is a measure of internal resistance to 
flow due to solid content within fluids. Generally, n and k are determined in the laboratory at different rpm 
settings of viscometers and using n = 3.32.1og(06OO/03oo); k (lbf.sec11/ 100ft2) = 06OO/(lO22n) = 03Oo/(51 l n).
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5.2 Drilling Fluid Flow Conditions: Calculation of Flow Rate to Obtain Desired 

Shear Rate

The industry-accepted standard equation for shear rate at the wall in annular flow is:

Y*
0.8(2 + -).v  0.8(2+ - )v  0.8(2+ -)v
______ n  ______ n   n

D H ~  Do 2(rH ~ ro)
(10)

where

Yw

n

v

Dh

Do

Th

ro

Gap

Shear rate at wall, sec'1 

the power law index

Linear velocity (average velocity in annular cross section), ft/min 

Inner diameter of drilled hole (or outer pipe or casing), inch 

Outer diameter of pipe, inch

Inner radius of drilled hole (or outer pipe or casing), inch 

Outer radius of pipe, inch 

fH -  ro; radial clearance, inch

By converting the above equation to metric units, and assuming the flow across the face 

of the core in the dynamic filtration core holder is a small segment of the above annular 

flow situation, we obtain the equation below for shear rate across the core face:

2 1 0  
r* = (— )■( 2 + 1 ).(- rpGap n 60 .Ga) (11)

where,

Gap = Flow-through core holder gap (at core face), cm 

The gap required for obtaining the desired shear rate across the core face can be found 

using the following equation.
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(12)

where,

Gap

Q

Yw

Flow-through core holder gap (at core face), cm 

Recirculation pump flow rate, ml/min 

Shear rate across core face, sec'1

Width of flow-through area of core holder (at core face), cm 

Power law index

w

n

The linear velocity and the flow rate required to obtain the desired shear rate across the 

core face are calculated using the following equation and shown in Table 5.2. In the 

present analysis, the core holder as described in more details in chapter three, has a 

specific, constant flow-through gap at the core face and width of flow through area. 

Hence, knowing the power law index of drilling fluid, the flow rate can be determined for 

intended shear rate. Since, typical formation damage studies in the past have been carried 

out at 30,40, and 80 sec 1 shear rate of drilling mud at core face, we prefer the same shear 

rates in our analysis.

n

where,

Q = Recirculation pump flow rate, ml/min

Yw = Shear rate across core face, sec'1

Gap = Flow-through core holder gap (at core face), cm

w = Width of flow-through area of core holder (at core face), cm

n = Power law index
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Table 5.2: Water-Based Drilling Fluids Compositions and Flow Rates for Desired

Shear Rates

Composition n

k

lbf.secn/100

ft2

PV

cp

Shear Rate 

sec'1

Flow

Rate

gpm

Linear

Velocity

ft/min
BP: 1 liter 

water +0.3 

gm Na2S0 3  

+ 0.3 gm 

Barite + 0.5 

gm KOH

0.6777 0.03653 1.5

30 0.3503 10.8794

40 0.4671 14.3859

80 0.9342 28.7718

BP + 50 gm 

KC1
0.5142 0.1417 1.5

30 0.3087 9.5069

40 0.4116 12.6759

80 0.8231 25.3518
BP + 50 gm 

+ 15 gm 

Dextrid

0.7365 0.04555 3

30 0.3626 11.1683

40 0.4835 14.8911

80 0.9671 29.7822
BP + 50 gm 

+ 50 gm Q- 

Broxin

0.7365 0.03037 2

30 0.3626 11.1683

40 0.4835 14.8911

80 0.9671 29.7822

5.3 Initial, Damaged and Return Absolute/Effective Permeability Calculations

If horizontal linear flow of incompressible fluid (water) is established through a 

core sample of length L and cross-section A, then the governing fluid flow equation is 

defined as:
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kA dp
^ p  dL

qjdL  = ~ —  \dp
0

kA{px -  p 2
M-L

where,

q = flow rate through porous medium, ml/sec

A = cross-sectional area across which flow occurs, cm'

k = permeability, Darcy’s

P = viscosity of flowing fluid, cp

L = length of the core, cm

Pi = inlet (upstream) pressure, atm

P2 = outlet (downstream) pressure, atm

(14)

The measurement of the permeability should be restricted to the low (laminar/viscous) 

flow rate region, where the pressure remains proportional to the flow rate within the 

experimental error. For high flow rates, Darcy’s equation is inappropriate to describe the 

relationship of flow rate and pressure drop.

During effective permeability measurement with dry gas through a water- 

saturated core, the gas volumetric flow rate q varies with pressure because the gas is a 

highly compressible fluid. Because the gas expands as the pressure drops, the velocity is 

greater at the downstream end than at the upstream end, and consequently the pressure 

gradient increases toward the downstream end. Therefore, the value of q at the average 

pressure in the core must be used in Darcy’s equation. The linear compressible fluid flow, 

where the pressure is p, may be expressed in terms of the flow in standard cubic feet per 

day by substituting the definition of the gas formation volume factor:

qB =
qPsc-Tz

5 .6157> (15)
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Substituting in Darcy’s law:

-.001127 (16)
5.6l5Tscp ft dL '

Separating variables and integrating;

(5.615)(0.001 \21)kT;cAc ‘ J fa  2 

Hence,

kz =
2qpscT

(5.615X0.001127 )TSCAC( m(Pl) -  m(p2)) 0.0003164TSCAC m (p ,) -  /n(/>2))

(18)
where,

kg = gas permeability, md

Tsc = standard temperature, 520°R

gas flow rate, MSCF/day 

cross-sectional area, ft2

pseudo pressure at inlet pressure value, psi2/cp 

pseudo pressure at outlet pressure value, psi2/cp 

standard pressure, 14.7 psia 

temperature, °R

Converting the above equation on reservoir and laboratory scale,

2 4 c m' l s -L cm - P s c atmx W 0 Q

q =
Ac = 

m(pl) = 

m(p2) =

Psc

T =

kmd = (19)
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The average porosity of five Berea sandstone samples from the same slab was found to 

be 17.88%. The initial absolute permeability for water through the core was found to be 

on the order of 105 to 145 md.

5.4 Mackenzie Delta Base Mud

5.4.1 Effect of Shear Rate

The deposition of mud particles on the sand face to initiate the formation of a mud 

cake is controlled by the hydrodynamic forces acting on particles in the mud. The fluid 

loss into the formation is the driving force pushing the particle towards the core face. The 

shear stress exerted by the mud on the core is the force tending to entrain the particle in 

the flow loop. When the fluid loss to the formation is small (low overbalance pressure, 

low permeability) the hydrodynamic force tending to push the mud colloids onto the 

formation is insufficient and all the mud solids are entrained.

Figure 5.1 is a plot of cumulative filtrate volume versus cumulative time at different 

shear rates or annular velocities for Mackenzie Delta base mud (BM) on Berea sandstone. 

It is clearly seen that at early times, the filtration rate is high. As the cake builds up, 

filtration rate decreases until an equilibrium filtration rate has been attained. During cake 

build-up under dynamic filtration conditions, the force preventing particle deposition on 

the surface is proportional to the shear rate. Therefore, at higher shear rates, the cake 

formed is thin and the filtration rate is high. Because no cake is present during the spurt 

loss period, the shear rate does not affect spurt loss, which can be seen in the figure. 

Figure 5.2 indicates the permeability impairment at various shear rates of base mud. At 

higher shear rates solid particles near the core face experience the higher entraining force 

into the flow loop and hence the return permeability is more than that obtained at lower 

shear rates.
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5.4.2 Effect of Overbalance

Figures 5.3, 5.4 illustrate the effect of overbalance pressure on the dynamic filtration 

and permeability damage at the same shear rate. The overbalance pressure of 200 psi led 

to higher dynamic fluid leak-off and significant damage to the core, resulting in 20% 

return permeability of the initial permeability.

350

O 50

= 100 
E

o 200 >

g 300

|  250

0
0 100 200 300 400 500 600

Cumulative Time, min

—♦— 100 psi —■— 200 psi

Figure 5.3: Effect of Overbalance Pressure on Dynamic Filtration of Base Mud

at 40 sec"1 Shear Rate
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1.0
>.

□ Damaged ■ Return

Figure 5.4: Effect of Overbalance Pressure on Permeability Impairment with Base

Mud at 40 sec"1 Shear Rate

5.4.3 Static and Dynamic Filtration with Base Mud

Figure 5.5 compares the filtration results for BM at the same overbalance pressure. 

The dynamic filtration rate declines continuously with time until equilibrium is reached, 

whereas static filtration rate was found to be constant. Less fluid leak-off resulted 

commensurate with the increased cake thickness, which occurs in the absence o f erosion.
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Figure 5.5: Comparison of Static and Dynamic Filtration (40 sec'1) of BM

at 100 psi Overbalance

5.5 Flocculated Mud System Dynamic Filtration: Effect of Particle Size

5.5.1 Effect of Shear Rate

Figures 5.6, 5 . 7 ,  5.8 illustrate the effect of particle size on the dynamic filtration rate

and the corresponding formation damage. In these experiments, NaCl is acting as a 

flocculent. Since it is impossible to measure particle size distribution in concentrated 

suspensions, the actual particle size distribution data are not available. However, it is 

anticipated that the particle size in the NaCl containing mud is larger than that in 

deflocculated mud. The complete Brownian motion for all dispersed particles would be 

extremely rare and undesirable in a drilling fluid. As the degree o f flocculation o f the 

mud increases, so does the degree of flocculation of the filter-cake solids. Figure 5.6 

shows the effect of shear rate on the dynamic filtration, giving increased fluid leak-off 

due a to a more permeable filter-cake, on the order of 700 to 900 ml, unlike the 150 to 

250 ml in the case of base mud.

The permeability reduction for flocculated mud is small and the return permeabilities 

are on the order of 66, 83 and 95% of original permeability for 30, 40 and 80 sec'1 shear

1
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rates, respectively, as shown in Figure5.7. These are much higher than those observed in 

the case o f base mud. This can be clearly seen in Figure 5.8, for both muds at 30 sec'1 

shear rate and 100 psi overbalance pressure condition. This indicates that the mud 

particles in case of flocculated mud do not invade to a greater depth, giving higher return 

permeability.

Figure 5.6: Effect of Shear Rate on the Dynamic Filtration of Flocculated Mud

at 100 psi Overbalance
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Figure 5.7: Effect of Shear Rate on Permeability Impairment with Flocculated Mud

at 100 psi Overbalance
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Figure 5.8: Effect of Flocculent on Permeability Impairment at 40 sec"1 Shear Rate

and 100 psi Overbalance
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5.5.2 Effect of Overbalance

Figure 5.9 indicates a difference of 700 ml in the dynamic fluid leak of both muds at 

80 sec"1 shear rate and 100 psi overbalance. This difference increases about 1000 ml at 

200 psi overbalance pressure and 40 sec'1 shear rate, as shown in Figure 5.10. Moreover, 

as the overbalance pressure conditions become high, the damage becomes more severe, 

giving return permeability of 65% at 200 psi as shown in Figure

There are two mechanisms that cause permeability impairment in these fresh water 

muds; (a) fresh water filtrate causes fines release and migration and (b) clay particle 

invasion. In the case of flocculated mud, near the core face, both clay invasion and fines 

migration may play a role. But since the fines release is significantly reduced by the high 

salinity filtrate, this mechanism is expected to be insignificant at a higher core depth in a 

flocculated mud system. Comparison of Figures 5.6, 5.2, 5.7 reveals that the higher 

dynamic filtration rate does not always imply higher damage. The filtrate volume of the 

BM-NaCl mud is twice as large as that of the base mud, but the permeability reduction is 

less and the return permeability is higher for BM-NaCl mud. As explained above, higher 

salinity filtrates inhibit fines release and migration and therefore cause significantly less 

damage. The comprehensive summary of the experiments with base mud and that with 

NaCl has been presented in Table 5.3 and 5.4.
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Figure 5.9: Effect of Flocculent on the Dynamic Filtration at 100 psi Overbalance

and 80 sec'1 Shear Rate

Figure 5.10: Effect of Flocculent on the Dynamic Filtration at 200 psi Overbalance

and 40 sec'1 Shear Rate
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Figure 5.11: Effect of Overbalance Pressure on Permeability Impairment with 

Flocculated Mud at 40 sec'1 Shear Rate

5.6 Role of Filtration Control Additive: Mackenzie Delta Drilling Fluid

5.6.1 Effect of Shear Rate

Dextrid is used as a filtration control additive in water-based drilling fluids. In 

this analysis, 50 gm o f a commercial Dextrid was added to the base mud with 50 gm 

potassium chloride. The results in Figure clearly show that spurt loss was

significantly reduced. The increase in shear rate has opposite effect on cumulative leak 

off. This indicates that with Dextrid mudcake, permeability is lower and the mudcake, 

which can resist the shear rate applied by the flowing the mud stream, is thinner and with 

higher strength. The lower mudcake permeability can also be inferred from the damaged 

permeability values in Figure 5.13. With Dextrid, there is adequate supply o f bridging 

material in the form o f barites and cake filtration is controlling the filtration process. The 

effect of controlling particulate deposition and cake properties has a greater influence on
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fluid loss than shear thinning effects upon filtrate viscosity. The return permeability at 

higher shear rate is of the order of 80-90%.

a>
E3
O>
o>
JS3
E

0 100 200 300 400 500

Cumulative Time, min (Shear Rate, sec’1)

600

30 Shear Rate 40 Shear Rate 80 Shear Rate

Figure 5.12: Effect of Shear Rate on Dynamic Filtration of Mackenzie Mud

at 100 psi Overbalance

Figure 5.13: Effect of Shear Rate and Overbalance on Permeability Impairment of

Mackenzie Mud
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5.6.2 Effect of Overbalance

The effect of overbalance pressure at 200 psi is found to cause more cumulative 

leak-off {Figure 5.14) and severe damage {Figure 5.13), entraining more solids into the 

core sample. The static filtration rate at 100 psi overbalance is found to be negligible as 

compared to that in the dynamic case {Figure 5.15). The experimental conditions and 

summary of the results with Mackenzie mud are given in Table 5.5.

Figure 5.14: Effect of Overbalance on Dynamic Filtration of Mackenzie Mud

at 40 sec"1 Shear Rate
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Figure 5.15: Comparison of Static and Dynamic (30 sec'1) Filtration of Mackenzie

Mud at 100 psi Overbalance

5.7 Dispersed Mud System: Effect of Mud Additive

5.7.1 Effect of Shear Rate

Q-Broxin (chrome lignosulfonate) lowers the filtration against flocculated mud 

primarily through deflocculation, but can act as a colloidal bridging and plugging agent if 

it is present in sufficient quantity. Filter cakes from highly deflocculated muds are known 

to show reduced compressibility, owing to the close packing o f solids, which lowers 

filtration rates as shown in Figure 5.16 but often decreases cake lubricity.
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Figure 5.16: Effect of Shear Rate on Dynamic Filtration of Dispersed Mud

For Q-Broxin added mud, the permeability impairment {Figure 5.17) is more 

severe than that in the flocculated mud system, especially at higher shear rates. Since the 

mud particles are dispersed and therefore smaller, it is to be expected that the probability 

of capturing the smaller particles is lower than that of the bigger particles. Since smaller 

particles penetrate deeper before being captured, they cause permanent damage. It is 

important to note that there is no mud cake on the core after 10 hours of mud circulation 

for Q-Broxin mud.

Comparison o f this severe permeability damage with a flocculated mud system 

reveals that the higher dynamic filtration rate does not always imply higher damage. The 

filtrate volume o f flocculated drilling mud was higher, but the permeability reduction was 

less and the return permeability was higher. As discussed earlier, this may pertain to the 

fact that higher salinity filtrates inhibit fines release and migration, and therefore cause 
significantly less damage.



118
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□ Damaged ■ Return

Figure 5.17: Effect of Shear Rate and Overbalance on Permeability Impairment

with Dispersed Mud

5.7.2 Effect of Overbalance and Static Filtration

Figure 5.18 shows the effect of overbalance pressure on cumulative leak-off o f 

dispersed mud. The permeability impairment with respect to higher overbalance pressure 

conditions is shown in Figure 5.17. The permeability damage at higher overbalance 

pressure is much more severe. The cumulative leak off at static conditions is higher than 

that observed at a moderate shear rate of 30 sec'1. The summary of the experimental 

conditions and results with dispersed mud is given in Table 5.6.
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Figure 5.18: Effect of Overbalance Pressure on Dynamic Filtration 

(40 sec'1) of Dispersed Mud
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Figure 5.19: Comparison of Static and Dynamic (80 sec"1) Filtration with Dispersed

Mud at 100 psi Overbalance



Table 5.3 Summary of the Experimental Parameters and Results with Base Mud

Sample

#

Mud

Composition
n k PV YP

Shear

rate

Flow

rate
Velocity

lbf.sec11/100ft2 cp lb/100ft2 sec'1 gpm ft/min

1 BM 0.6777 0.03653 1.5 1

30 0.3503 10.7896

40 0.4671 14.3861

80 0.9343 28.7722

40 0.4671 14.3861

Core

diameter

Core

length

Core c/s 

area

Overbalance

P

Damaged

k/ko

Return

k/ko
Filtrate

Projected

invasion

Volume

circulated
inch inch inch2 psi ml ft liter
1.469 2.028 1.694 100 0.2826 0.5761 139.1018 2.2325 795.6421
1.469 2.024 1.694 100 0.1347 0.7959 218.9143 3.5135 1060.8561
1.465 2.028 1.685 100 0.2212 0.8138 255.4 4.1211 2121.7122
1.461 1.937 1.676 200 0.0856 0.2126 305.5679 4.9572 1060.8561



Table 5.4: Summary of the Experimental Parameters and Results with Base Mud with NaCl

Sample

#

Mud

Composition
n k PV YP

Shear

rate

Flow

rate
Velocity

lbf.secn/100ft2 cp lb/100ft2 sec'1 gpm ft/min

30 0.3087 9.5068

2
BM + 50 gm

0.51426 0.14167 1.5 2
40 0.4116 12.6757

KC1 80 0.8232 25.3515

40 0.4116 12.6757

Core

diameter

Core

length

Core c/s 

area

Overbalance

P

Damaged

k/ko

Return

k/ko
Filtrate

Projected

invasion

Volume

circulated
inch inch inch2 psi ml ft liter
1.457 2.067 1.667 100 0.1461 0.4597 701.411 11.4406 701.0490
1.465 2.067 1.685 100 0.2668 0.8358 904.9449 14.6021 934.7320
1.449 1.937 1.649 100 0.5198 0.9532 953.028 15.7141 1869.4640
1.457 2.028 1.667 200 0.0946 0.6859 1358.288 22.1548 934.7320



Table 5.5: Summary of the Experimental Parameters and Results with Mackenzie Mud

Sample

#

Mud

Composition
n k PV YP

Shear

rate

Flow

rate
Velocity

lbf.secn/100ft2 cp lb/100ft2 sec'1 gpm ft/min

BM + 50 gm 

KC1+15 gm 

Dextrid

30 0.362659 11.1687

2 0.7366 0.0455 3 1.5
40 0.483546 14.8916

80 0.967092 29.7833

40 0.483546 14.8916

Core

diameter

Core

length

Core c/s 

area

Overbalance

P

Damaged

k/ko

Return

k/ko
Filtrate

Projected

invasion

Volume

circulated

inch inch inch2 psi ml ft liter

1.437 2.051 1.622 100 0.1837 0.7448 151.4157 2.5378 823.6020

1.398 2.004 1.535 100 0.0825 0.8154 139.9715 2.4801 1098.1360

1.457 1.996 1.6672 100 0.0765 0.9422 132.9289 2.1682 2196.2721

1.398 1.976 1.535 200 0.0425 0.6700 221.8416 3.9307 1098.1360



Table 5.6: Summary of the Experimental Parameters and Results with Deflocculated Mud

Sample

#

Mud

Composition
n k PV YP

Shear

rate

Flow

rate
Velocity

Ibf.sec7l00ft2 cp lb/100ft2 sec'1 gpm ft/min

BM + 50 gm 30 0.362659 11.1687

2 KC1+ 50 gm 0.7366 0.0455 3 1.5
40 0.483546 14.8916

Q-Broxin 80 0.967092 29.7833

40 0.483546 14.8916

Core

diameter

Core

length

Core c/s 

area

Overbalance

P

Damaged

k/ko

Return

k/ko
Filtrate

Projected

invasion

Volume

circulated
inch inch inch2 psi ml ft liter

1.457 2.016 1.667 100 0.23077 0.39615 149.65 2.4409 823.6020
1.398 2.028 1.535 100 0.24895 0.83000 239.448 4.2426 1098.1360
1.437 2.016 1.622 100 0.47999 0.87995 430.478 7.2151 2196.2721
1.429 2.024 1.605 200 0.04889 0.30174 662.88 11.2331 1098.1360
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions

Using the apparatus for formation damage testing, with leak-off through a core at in- 

situ conditions of pressure and temperature, KCl/polymer water-based drilling fluids at 

overbalance pressure were analyzed for static and dynamic filtration and return/damaged 

permeability through Berea sandstone. At the confining pressure of 1500 psi, chilled 

drilling fluids at 41-50°F are circulated across the core for 10 hours in a dynamic 

filtration core holder. The Mackenzie Delta base mud, flocculated mud, flocculated mud 

with starch based filtration control material and dispersed mud are tested at 30, 40, 80 

sec 1 and 100/200 psi overbalance to draw the following conclusions on the effect of 

individual components, their amounts in drilling fluids, particle size, and filtrate amount 

on permeability impairment.

1. Annular fluid velocity or shear rate or flow rate has a pronounced effect on 

dynamic fluid loss. Mackenzie Delta base mud, and flocculated and deflocculated 

drilling fluid systems exhibit increasing cumulative leak-off with shear rate. 

However, the addition of a filtration control agent gives the reverse trend.

2. The extent of overbalance was found to be a very important parameter, with 

greater overbalance causing more fluid leak-off and more damage. The damage at 

the highest investigated overbalance pressures of 200 psi was severe. Hence, the 

critical overbalance drilling pressure, below which no filter cake will be formed 

on formations with permeability on the order of 103 md, may not be as high as 

200 psi. However, according to previous investigations, for low permeability 

formations (K<lmd) maintaining the drilling at unreasonably high overbalance 

pressure just above critical pressure (thus ensuring cake formation) can be 

difficult unless the annular velocity is low.

3. The dynamic filtration mud leak-off amount is found to be much more than that in 

static filtration, with all drilling fluid formulations and same overbalance pressure



125

conditions. Dynamic filtration conditions, even at moderate shear rate (30 sec'1) 

always give higher spurt loss and filtration rates than static conditions. This 

underlines the importance of this research at representative borehole conditions.

4. Formation damage due to fines release and migration controlled by high salinity 

filtrate can be significant as far as cumulative leak-off amount is concerned. The 

flocculated drilling fluid with salt results in more cumulative leak-off. This 

emphasizes the necessity of salt concentration higher than the critical salt 

concentration required to prevent the fines’ release and migration. However the 

return permeability values are found to be high, indicating the higher cumulative 

leak-off does not necessarily mean higher damage, especially when it is compared 

with that of a deflocculated mud system.

5. The permeability impairment is strongly dependent on the state of dispersion of 

mud. The deflocculated mud with lignosulfonate causes more damage, by 

invading deeper with smaller particles. The flocculated mud gives poor quality 

filter cake, with more filtrate loss into the formation. The drilling fluid 

formulation giving a low permeability, high strength external mud cake would be 

ideal to minimize formation damage.

6. The presence of 50 gms of filtration control agent, Dextrid (starch based 

material), in a liter of water reduces the spurt loss and subsequent filtration rates 

significantly. The return permeability is found to be 94% after mud circulation at 

80 sec'1 shear rate.

6.2 Recommendations for Future Work

Further work recommended to extend this experimental analysis includes:

1. As one of the attempts to assess formation damage with representative reservoir 

conditions, the gas hydrates can be formed in porous media. The present dynamic 

filtration core holder accepts cores of 1-1/2-inch diameter, of 2-inch length with a 

flow-through gap (at core face) of 0.5 inch and width of flow-through area of 1.25 

inch. The Berea sandstone with porosity 18% provides a pore volume of 10 cm3.
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Several gas hydrate studies in the literature involved pore volumes on the order of 

160-200 ml. Hence the DFCH, which can hold a core 8 inches long and 1.5 inch 

in diameter, can be utilized to form methane hydrates, study the dynamic filtration 

and analyze dissociation of methane hydrates.

2. The core holder, with its adjustable flow-through gap and width of flow through 

area, can also be useful to overcome the limitations of a recirculation system to 

apply higher shear rate values across the core face.

3. An analysis with more hydrate reservoir drilling fluids, such as 70% by wt 

aqueous solution of potassium formate, 0.6% by wt polyvinylcaprolactam, or 

water-based fluid with starch, xanvis, or polyanionic cellulose would provide 

comparative measurements to decide the ideal composition from a return 

permeability perspective.

I

L
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