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ABSTRACT 

Both formation damage and stimulation effects have been experienced during 

carbon dioxide field and laboratory tests in the USA. While the stimu- 

lation effects have been attributed to dissolution of the reservoir rocks 

by carbon dioxide enriched flood water (carbonated water), no work has 

been done to identify and quantify this phenomenon. Nor has any estab- 

lished theory for the formation damage been identified, although it seems 

likely that in some instances formation damage may be caused by formation 
a 

I 

fines, released by dissolution and subsequently migrating into pore throats. 

The present study was undertaken to investigate the dissolution effect of 

carbonated water on formation carbonate minerals under CO 2 flood condi- 

tions. The design and operation of experimental equipment for flowing 

CO 2 -water solutions through linear rock cores are described, together with 

the analytical methods used to assess changes in core characteristics. 

A series of flow tests were conducted on a variety of sandstones covering 

a range of permeabilities and carbonate contents. Carbonated water was 

injected through the cores at constant rate, and the permeability as a 

function of time together with a chemical analysis of the core effluent 

monitored to measure the dissolution effect. For the most part, the 

results indicate that the removal of carbonate mineral gives rise to a 

dramatic permeability increase, which travels as a front through the linear 

core. The magnitude of permeability increase and the rate of frontal 

advance were found to be controlled largely by rock mineralogy and inhomo- 

geneities present. 

xiii 



Allied to the obtained experimental results, predictive mathematical 

modelling of carbonate dissolution in carbonated floodwater is discussed 

but concluded difficult for the majority of rock types, owing to the 

problem of describing inhomogeneouS or preferential dissolution effects. 
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NOMENCLATURE 

A Cross-sectional area of a pore 

Ac Acid capacity number, dimensionless 

C Acid concentration 

CD Dimensionless acid concentration 

CM Lumped concentration of all minerals other than quartz in 
sandstone 

CMD Dimensionless dissolvable mineral concentration 

C MO Initial dissolvable mineral concentration 

C Ml Irreducible dissolvable mineral concentration 

C0 Initial acid concentration 

Da Damkohler number, dimensionless 

K Permeability 

Ka Average permeability 

K0 Initial permeability 

kr Reaction rate constant 

L Core length 

I Mean pore length 

N Number of pores 

Q Flow rate 

Rs Heterogeneous reaction rate of acid with rock 

ra Reaction rate of lumped dissolvable minerals 

t Time 

tD Dimensionless time 

V Superficial velocity in core 

x Distance in axial direction 

xD Dimensionless distance 

-1 

xv 



Characteristic constant in permeability - porosity 
relationship 

Pore size distribution function 

'JU 
Viscosity 

A0 Porosity change 

Zý Omax Maxi'mum porosity change 

0 Porosity 

00 Initial porosity 

u Pore growth function 

W Average lumped stoichiometric: coefficient 
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CHAPTER I 

INTRODUCTION 

1.1 General Introduction 

1.2 Carbonate Dissolution in Reservoir Rock 
1.3 Introductory Literature 

Laboratory Studies 

1.3.2 Field Evidence 

1.4 Study Outline 



1.1 General Introduction 

In the past decade carbon dioxide flooding has become recognised as 

an important enhanced oil recovery technique. Carbon dioxide (C02) 

has several favourable characteristics which enable it to recover 

oil unrecoverable by conventional methods. Of these perhaps the 

most important is its ability to extract hydrocarbons from reservoir 
I oils and attain miscibility. In addition, however, it is also 

highly soluble in crude oil causing large reductions in oil viscO- 

sity and appreciable swelling at high pressure. 

A principal problem in C02 flooding, is the low Viscosity of C02 

compared to that of crude oil. At reservoir conditions C02 visco- 

sity is in the order of one tenth that of most low viscosity crude 

oils (1). At these unfavourable viscosity ratios, C02 tends to 

finger its way through the oil and even ahead of it, thereby redu- 

cing volumetric contact of the reservoir. Heterogeneities in the 

formation accentuate this fingering process. To the extent that 

fingering occurs, recovery efficiency is reduced, and an economi- 

cally profitable operation becomes difficult to achieve. 

In an effort to reduce fingering, the technique of injecting water 

in conjunction with C02 has been developed (2,3). The water 

interferes with the flow of carbon dioxide, causing the C02 to behave 

as if it has a higher viscosity. To date the most satisfactory 

results have been obtained by alternate injection of slugs of CO 2 

and water (Figure 1-1) (4). 
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Although investigators do not agree completely, it seems that C02 

slugs between 2% and 5% of the formation pore volume, followed by 

0.5% to 3% pore volume slugs of water effect maximum recovery. 

After 15% to 30% of the pore volume of C02 has been injected, normal 

injection of water is used to drive the slugs through the reservoir. 

However, where carbon dioxide is expensive and scarce in supply, 

a CO 2 injection regime may be governed by cost and availability 

factors. 

Besides the problems of viscous fingering, field experience (Mostly 

since 1972 in the United States) has been sufficient to identify a 

number'of other major problems with the carbon dioxide technique. 

One of the problems is that of reduced injectivity experienced in 

some reservoirs on injecting carbon dioxide. While many have 

reported this to be due to the deposition of high molecular weight 

materials upon mixing of crude and carbon dioxide (5,6,7), insitu 

plugging tests have not proved the occurrence of this type of preci- 

pitation (8). Observed reductions in injectivity can probably 

therefore be attributed to other mechanisms, one of which may be the 

disintegration of carbonate cements in the reservoir rock, and move- 

ment of particulate matter into the throats of interstitial pores. 

Conversely, increases in injectivity have also been experienced in 

the course of carbon dioxide field tests (9). These were in turn 

attributed to dissolution of carbonate minerals in carbon dioxide 

enriched flood water (carbonated water), causing increased permea- 

bility. 
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A recent economic feasibility study (10) concludes that carbon 

dioxide flooding is the most promising enhanced oil recovery tech- 

nique for many of the fields in the North Sea basin. However, 

little is known of the conditions required for miscibility, injec- 

tivity of carbon dioxide, and total availability of carbon dioxide. 

Considerable basic study and inforniation is therefore essential if 

required expertise is to be gained. .1 

In view of the lack of data and uncertainty in the published results 

relating to carbonate dissolution on carbon dioxide flooding, a 

research programme has been initiated to study the phenomenon. The 

objectives of the programme are to evaluate the dissolution effects 

of carbonated water on formation carbonates, and to determine how 

formation permeability characteristics are likely to be altered 

during a carbon dioxide flood. This thesis presents the first 

phase of the study, the development and operation of apparatus for 

flowing C02-water mixtures through linear rock cores, together with 

the results of experiments undertaken to establish the mechanism(s) 

of carbonate dissolution in porous media. It is intended that the 

experimental results be correlated with mathematical predictions 

in the next phase of the study. 

To test the susceptibility of-North Sea reservoir rocks to carbonate 

dissolution, core material from both the Southern and Northern North 

Sea areas were included in the study. 
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1.2 Carbonate Dissolution in Reservoir Rock 

Many producing formations contain carbonates in some form. In the 

case of limestone and dolomite reservoirs, carbonates constitute 

the bulk-of the formation rock. In sandstones, carbonates are 

commonly found as pore filling and replacement cements consol-id- 

ating the sand grains, although varying, but usually minor amounts 

of detrital carbonate grains may also be present. Since the cemen- 

ting material in sandstone is located between sand grains adjacent 

to flow channels, a relatively small change in the pore framework 

due to carbonate dissolution may significantly affect the total 

permeability. 

Upon injection, carbon dioxide, mixing with either injection water 

or connate water, will form carbonic acid: 

H CO H+ HCO Co 2+H20233 

One characteristic of carbonic acid is that at very low carbon 

dioxide partial pressure, the pH is reduced considerably (11), as 

shown in Table I-1. Thus, carbonated water will retain its acid 

nature with very little carbon dioxide in solution. 

CO. 
- 

Pressure (bars) Solution pH 

1 3.7 

1.7 3.5 

2.5 3.4 

5.4 3.3 

33.3 3.3 

TABLE I-1. EFFECT OF C02 ON pH OF WATER AT 25C 
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Published data (11,12) on the solubility of carbon dioxide in 

water as a function of pressure, temperature and water salinity 

are presented in Figure 1-2 and 1-3. In general these results 

indicate that carbon dioxide solubility decreases with increasing 

temperature and salt concentration, but increases with increasing 

pressure, for temperatures to 1000C and pressures to 300 bars. 

I 

The carbon. ates most commonly found in reservoir rocks are those 

of calcium (calcite), combinations of calcium and magnesium (dolo- 

mite), and iron (siderite). These minerals have a low solubility 

in pure water at atmospheric conditions, but become increasingly 

soluble with increasing water carbonation (or C02 concentration) 

and pressure. The carbonate form is converted to that of the 

soluble bicarbonate, the following equation representing the chemical 

reaction for calcium carbonate: 

H 2co 3+ CaCO 3 . 60P. - 
Ca(HCO 3)2 

-00, 

Similar chemical reactions take place with the other carbonates. 

The solubility trends of calcium carbonate in carbonated water as 

a function or pressure and temperature are presented in Figure 1-4. 

Although no work has been carried out in the OOC to 1000C temper- 

ature range at pressures above 100 bars, indications from other 

studies (13 - 18) are that calcite solubility: 

(1) increases with increasing temperature at constant total 

pressure and C02 concentration, 
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(2) increases with total pressure at constant temperature and 

C02 concentration, 

and 

(3) increases up to a maximum at five weight percent C02 concen- 

tration before gradually falling again. at higher C02 concen- 

trations, at constant temperature and total pressure. 
t 

1.3 

Carbonated water, formed upon injection of carbon dioxide into a 

well, will react with the carbonate minerals in the rock and trans- 

port the dissolved products through the reservoir. This dissolution 

effect will be more pronounced in the vicinity of the wellbore since 

the carbonated water solution will approach total bicarbonate satu- 

ration as the water moves away from the well. However, whether the 

reaction effects a reduction in permeability in the reservoir by 

releasing particles which then migrate and plug flow channels, or 

an increase in permeability, is not apparent from tests undertaken 

to date. 

Introductory Literature 

Numerous carbon dioxide flooding review publications have included 

stimulation by carbonated water as one of the advantages of the C02 

flood (11,19-23), yet other authors have attributed injectivity 

decline problems on carbon dioxide flooding to rock-fluid inter- 

action (8,24). Certainly, empirical data on the subject is scant 

to say the least. 

Perhaps the issue is best summed by William Conner who concluded in 
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a report, published after a year of pilot CO 2 injection in the 

Granny's Creek Field, Appalachia (25). "That much more basic 

research concerning the interaction of CO 2 and rock characteristics 

of the reservoir is necessary before accurate predictions as to 

reservoir response can be made". 

1.3.1 Laboratory Studies .1 

J-W. Martin (26) was first to report on the use of carbon 

dioxide as a recovery agent. He recorded both improved oil 

recovery and fluid injectivity from carbonated water displace- 

ment tests in linear sandstone cores. The increased injec- 

tivity was attributed to dissolution of calcium carbonate 

from passageways between sand grains. 

Holm (27) observed through periodic checks during carbon 

dioxide slug flooding experiments, that the permeability of 

carbonate containing cores increased with the amount of CO 2 

passing through the core. For example, one dolomite core 

showed a threefold increase in permeability. 

Other early workers (28) also observed permeability increases 

during carbon dioxide core tests, though no quantitative 

measurements were given. 

However, both Reed (29) and Mungan (30) in separate studies, 

measured significant permeability impairment on flowing salt 

10 



solutions through rock cores. In each case plugging by 

fines, released by dissolution of carbonate cementing mate- 

rial, was shown to be a dominant permeability damage mech- 

anism. 

1.3.2 Field Evidence 

I 
Following the encouraging results from carbonated water labor- 

atory tests in the early 1950's (26,28) a number of proJects 

were initiated to determine the effectiveness of carbonated 

water as a recovery agent in the field (31-33). However, 

although the ability of carbonated water to dissolve formation 

carbonates and thereby improve injectivity was clearly estab- 

lished, the oil recovery levels obtained were well below those 

originally predicted from lab and theoretical data (34,35). 

The low recoveries were attributed to 1) unfavourable mob- 

ility (viscosity) ratios between the carbonated water and the 

crudes (36), and 2) poor sweep efficiencies resulting from 

permeability variations and vertical fissures. 

These projects led to the abandoning of carbonated water 

flooding as a workable, economic enhanced recovery process* 

and to the emergence of "pure" C02 flooding as the principal 

carbon dioxide type process (37). Successful laboratory 

tests with C02 slugs and continuous C02 injection (2,27, 

38-42), in turn led to a series of field trials and commer- 

cial floods being started in the early to mid 1970's (43). 
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However, only a few of these tests have been completed, and 

these were small-scale pilot projects, thus only limited 

data as to the success of the carbon dioxide process is 

currently available. 

Evidence'of rock-fluid interaction is also somewhat limitedo 

although carbon dioxide-water injection has clearly stimu- 

lated injection wells in the SACROC Unit, the major part of 

the Kelly Snyder Field in Texas (9). Dissolution of the 

carbonate reservoir rock has increased injectivity by 10% to 

as much as 50% in some wells. 

On the other hand, decreased injectivity was reported in the 

Crosset flood, Texas, where carbon dioxide was injected 

i 

continuously (44). One explanation for the declining injec- 

tivity was that some type of corrosion inhibitor had been 

carried into and deposited as a paraffin-like substance in 

the siliceous carbonate formation. However, Harvey et al 

(45), whilst examining decreased injectivity (enriched gas 

miscible flood) in another Texas field with similar lithology, 

found minute particles of dolomite on the pore surfaces. 

It is possible, therefore, that the movement of such small 

particles to pore throats causing plugging, may have accounted 

significantly for the unforeseen injectivity problems in both 

projects. 
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1.4 Study Outline 

In view of the lack of data and uncertainty in the published results 

relating to carbonate dissolution on carbon dioxide flooding, this 

research programme was undertaken to develop an experimental under- 

standing of the phenomenon. Experimental apparatus was designed 

and constructed for flowing C02-water mixtures through linear rock 

cores. The apparatus flow system and operating procedures are I 

discussed in Chapter II. 

The following were considered important to the apparatus design: 

1) The likely pressure range for North Sea crude oil-carbon 

dioxide miscibility is 2,000 psi to 5,000 psi. 

2) The average North Sea reservoir temperature is around 800C. 

Average reservoir displacement velocities of around 2 feet 

per day have been found to maximise CO 2 flood coverage and 

recovery by restricting viscous fingering (2,4). 

4) Virtually pure C02 is used in the miscible displacement 

process. Relatively small amounts of methane or nitrogen 

in carbon dioxide can increase substantially the pressure 

required for miscibility (43). 

Consequently, the core flood apparatus was designed to operate at 

high pressures and temperatures under low flow rate conditions. 

In addition, only pure carbon dioxide was used for preparation of 

the carbonated water flooding medium. 
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To fully evaluate carbonate dissolution effects, a complete series 

of core floods with simulated carbonated injection water, from 

initial CO 2 concentration to full CO 2 saturation, were made over a 

range of pressures and temperatures. A series of sandstone core 

materials with varying carbonate contents and permeabilities were 

used in the study. 
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2.1 Introduction 

The purpose of this chapter is to present and. discuss the carbonated 

water core flooding apparatus and operating procedures. The permea- 

bility determination will also be discussed in this chapter, since 

the overall core permeabilities were determined as part of the flow 

experiments. 

2.2 Permeability Determination 

Core permeability was determined continuously during water and carbon- 

ated water flooding by employing Darcy's Law for a linear flow 

system. To apply Darcy's Law to determine the permeabilitYs the 

fluid flow rate through the core, the resulting pressure drop across 

the core, and the viscosity of the fluid flowing through the core 

must be known. 

The fluid flow rate was determined in all cases by employing an 

Eldex Precision Pump. This positive displacement pump delivers a 

steady flow that can be varied from 0 to 4.5 cc per minute. The 

flow rate within this range is adjusted by a micrometer screw on the 

pump, which sets the length of stroke. 

A0 to 50 psi differential pressure transducer was used to measure 

the pressure drop across the core. It was connected to strip chart 

recorder to provide a continuous record of the pressure differential 

data. 
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Although required brine viscosity data was obtained from the liter- 

ature (46), no data on carbonated water is reported. Consequently, 

an "in-line" capillary tube viscometer was incorporated in the flow 

apparatus to enable liquid viscosity measurements to be made under 

test conditions. The general arrangement of the viscometer is 

shown diagrammatically in Figure 11-2. The main elements are: 

a 20 cm length of 0.2 mm precision bore stainless steel tube 

(secured by epofix resin inside a length of support tubing) 

and 

2.3 

a differential pressure transducer. 

From the capillary tube dimensions and measurement of the pressure 

drop across the tube at known constant flow rate, the required 

carbonated water viscosities were calculated from the Hagen-Poiseu- 

ille Equation. The viscosity data as a function of temperature 

and carbonation pressure are presented in Figure 11-1. 

Description of Core Flooding_Apparatus 

A high pressure, high temperature permeameter was designed and 

constructed to permit examination of carbonated water dissolution 

effects. The apparatus shown in Plates 11-1,11-2,11-3, and 11-4, 

is capable of operation in moderately corrosive liquid environments 

under controlled conditions of temperature, pressure and flow rate. 

The working limits for core overburden/confining pressure and injec- 

tion pressure are 10,000 psi and 5.000 psi respectively. Those 
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PLATE 11-1. FRONT VIEW OF CARBONATED WATER PERMEAMETER 

PLATE 11-2. CLOSE-UP OF CONTROL PANEL 
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equipment parts contacted by carbonated water are constructed of 

316 stainless steel. 

A process flow scheme of the core flooding apparatus is presented 

in Figure 11-2. It consists of: 

1) 20 litre capacity, NaCI solution preparation vessel, 

2) Millipore filter holder to filter inlet brine, 

3) -B. O. C. 0 to 150 psi CO 2 regulator, 

4) CO 2 cylinder, 

5) 20 psi relief valve to protect the perspex brine reservoir, 

6) 6 litre capacity, perspex brine reservoir, 

7) Budenberg vacuum gauge (-I to 0 bar), 

8) Vacuum system comprising pump, vapour trap and drain, 

9) B. O. C. 0 to 2,000 psi CO 2 regulator, 

10) CO 2 cylinder, 

11) Regulated compressed air supply to drive the gas booster, 

12) Budenberg pressure gauge (0 to IO. bar) to monitor the air 

supply pressure to the gas booster, 

13) SC Hydraulic Engineering Corp. high pressure gas booster, 

14) SE Labs 0 to 5,000 psi absolute pressure transducer connected 

to an Analogic digital display unit, to monitor the transfer 

barrier pressure, 

15) Millipore high pressure filter holder to filter the core 

flood liquid, 

16) 10 psi relief valve to enable gas escape whilst filling the 

transfer barrier, 



17) Hydrotrole transfer barrier unit, 

18) Rocking assembly for the transfer barrier unit, 

19) Kopp variable speed motor to drive the rocking assembly, 

20) Whitey non-return valve to protect the Eldex pump, 

21) Eldex high pressure precision pump, 

22) Nupro in-line filter for filtering the hydraulic oil pump 

supply liquid, 

23) 6 litre capacity, hydraulic oil reservoir, 

24) Millipore high pressure filter holder to filter fluid 

entering the capillary tube viscometer, 

25) 20 cm length of capillary tube, 

26) SE Labs 0 to 50 psi differential pressure transducer 

connected to a Bryans strip chart recorder, to measure and 

record differential pressure across either the core or 

viscometer, I 
27) Core holder cell, 

28) HIP safety head fitted with rupture disc to prevent over- 

pressuring of the core holder beyond the designed safety 

limit, 

29) Budenberg pressure gauge (0 to 600 bar) to monitor the core 

holder pressure, 

30) Hydraulic water pump to supply the core pressure and the 

system back pressure, 

31) Wika test pressure gauge (0 to 400 bar) to monitor the 

system back pressure, 

32) Tescom back pressure regulator, 
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33) Perspex gas-liquid separator, 

34) Wet type gas meter to monitor the gas discharge from the 

core effluent, 

35) Five-way ball-valve, 

36) Stoppered flasks for effluent liquid collection. 

Small bore stainless steel tubing (J" O. D., 1/16" I. D. ) was used in 

most of the high pressure flow lines to minimise liquid hold-up. 

Other lines were V O. D. stainless steel, I" O. D. copper in the air 

supply line to the gas boosters and nylon or polythene in low press- 

ure lines where visibility was important. The principal units of 

the apparatus are: 

a) a core holder system, 

b) a transfer barrier/mixing vessel, 

C) an intensified carbon dioxide source, 

d) a mechanism to oscillate the transfer barrier for gas-liquid 

mi xi ng, 

e) a displacement system for the core flood liquids, 

f) a pressure measurement and control system, 

g) a temperature measurement and control system, 

h) an effluent sampling and measurement system. 

2.3.1 Core Holder 

The core holder cell was designed for high pressure core 

flooding in corrosive liquid environments. It consists of 

a thick walled stainless steel outer cylinder with removable 

lid, fitted internally with a sleeve core holding assembly. 
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PLATE 11-5. CORE HOLDER WITH HEATING JACKET 
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It is shown schematically in Figure 11-3, and in Plates 11-5 

and 11-6. 

The sleeved core is secured between the cell lid/inlet end 

plate and the outlet end plate by three tie rods. The end 

plates serve as distributor'and receptor respectively for 

the fluid flowing through the core. Both end plates are 

scored with lines radiating from. the centre and also with 

concentric circles about the centre. These lines allow 

even fluid and pressure distribution across the ends of a 

core. The outlet end plate can be precisely adjusted on 

the tie rods to enable short cores (down to 1.5 cm long) to 

be fitted in the cell. The cylindrical shell has four 

entry ports or taps, one in the side-wall for the core sleeve 

confining pressure and the others in the lid; one each for 

the core influent, the core effluent and a thermocouple 

probe. The cell lid is secured to the base by twenty high 

tensile bolts and sealed by an O-ring. Water from a hydrau- 

lic pump is used. to supply the core sleeve confining pressure. 

2.3.2 Transfer Barrier 

The transfer barrier unit is a fluid pressure transfer device, 

comprising an open-ended rubber bladder or membrane enclosed 

in a5 litre capacity cylindrical steel pressure vessel. 

It serves as a mixing vessel during carbonated water prepa- 

ration and as a fluid separator in which pressure and volume 

changes between the drive fluid (hydraulic oil) and the core 
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flooding fluid (brine or carbonated brine) are transmitted 

through the flexible rubber membrane. 

s 

The complete design data and dimensions of the vessel are 

presented in Table II-1. 

Dimensions 

Capacity 

Mass 

Fabrication 

Maximum 
Working 
Pressure 

Connections 

TABLE II-1 

Length 

Outside Diameter 

Inside Diameter 

5 litres 

35 Kg 

a) CO ide of 
un? ts 

485 mm 

178 mm 

127 mm 

I 

b) oil side of 
uni t 

5,000 psi 

All V' NPT 

316 stainless 
steel & nitrile 
rubber 

carbon steel & 
nitrile rubber 

TRANSFER BARRIER SPECIFICATIONS 

2.3.3 Intensified Carbon Dioxide Supply 

Carbon dioxide pressures greater than cylinder pressure 

(830 psi) were obtained using a gas booster. Intensi- 

fication is obtained by a large area reciprocating piston 

pushing a small CO 2 compression piston, with a ratio of 

100 to I between the piston areas. A compressed air drive 
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hydraulic pump drives the large area piston. A simplified 

sketch of the apparatus, manufactured by Staffordshire 

Hydraulic Services, is shown in Figure 11-4. 

2.3.4 Transfer Barrier Rocking Mechanism 

To enable efficient and rapid preparation of equilibrium 

solutions of carbon dioxide in water, a rocking mechanism 

was attached to the transfer barrier. The drive for the 

mechanism is supplied by a Kopp variable speed motor, conn- 

ected as shown in Plates 11-7 and 11-8, through a drive arm 

and couplings to a steel cradle holder bolted to the transfer 

barrier. The drive arm length was fixed to give a rocking 

angle of 30 degrees, and the rocking rate from 15 to 90 

cycles per minute, was controlled by a remotely controlled 

adjustor from the variable speed motor. 

The fluid lines to and from the transfer barrier are spiralled 

around the axis of rocking. The spirals help, maintain the 

integrity of the various connections, by offering resistance 

to the jerks caused by the rocking mechanism. 

2.3.5 Displacement System 

A non-corrosive fluid (Tellus R10 hydraulic oil) was used 

as a drive fluid to displace the core flood liquid from the 

membrane in the transfer barrier. The drive oil was drawn 

from a perspex reservoir by the Eldex Precision Pump and 
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pumped at constant volume through a non-return valve into 

the base of the transfer barrier. The pump is capable of 

del i very pressures up to 5,000 Psi - 

As a safety precaution a float switch connected to the pump 

was fitted in the hydraulic oil reservoir to provide cut-off 

on delivery of the desired volume of oil to the transfer 

barrier. 

2.3.6 Pressure Measurement System 

As shown in Figure 11-2, the flow apparatus is equipped with 

six pressure gauges and two pressure transducers. 

A gauge is used to monitor the supply pressure from each of 

the carbon dioxide cylinders. The other four gauges are as 

f ol I ows: 

1) 0 to -1.0 bar vacuum gauge, connected in the line to 

the vacuum pump - used during initial vessel and pipe- 

work evacuation. 

2) 0 to 10 bar gauge, connected in the compressed air supply 

line to the gas booster - to monitor the air pressure 

to the gas booster and hence the level of gas intensi- 

f icati on. 
3) 0 to 600 bar gauge, connected to the core sleeve con- 

fining pressure line - to monitor core sleeve pressure. 
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4) 0 to 400 bar precision gauge with a stainless steel 

measuring element, connected immediately upstream of 

the back pressure regulator - to monitor system back 

pressure. 

Both pressure transducers are S. E. Labs 21/V models: 

1) 0 to 5,000 psi absolute pressure transducer, connected, 

to the transfer barrier to measure the system "upstream" 

pressure. It is electrically connected to an Analogic 

digital unit for visual observation. 

2) 0 to 50 psi differential pressure transducer, connected 

across the core holder and viscosity measurement capi- 

llary tube. It is linked to a strip chart recorder 

to provide a continuous record of the pressure differ- 

ential data. 

2.3.7 Temperature Control System 

The temperature control system consists of three indpendent 

sub-systems: 

1) to heat the contents of the transfer barrier, 

2) to maintain the core and fluids entering the core at 

the desired temperature level, 

3) to maintain the viscometer temperature. 

Heat to the transfer barrier and core holder is supplied 

electrically by close fitting mesh elements and controlled 
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in each case within (ý l'C) by a thermostat/thermocouple 

controller. Insulation for the vessels is provided by 

4 cm thick layers of rock wool encased in aluminised glass 

cloth jackets. To ensure that all fluid entering the core 

is at test temperature, the fluid line immediately upstream 

of the core holder is coiled tightly around the core cell 

lid. The capillary tube viscometer is enclosed in a water 

bath where it is maintained at the de4ired temperature by 

hot water circulation. 

A series of chromel-alumel thermocouples are used to monitor 

temperature throughout the flow system. These are linked 

via a selector unit to a digital thermometer for visual 

display and recording. 

2.3.8 Effluent Collection and Measurement System 

Core effluent, reduced to atmospheric pressure on discharge 

from the back pressure regulator, enters the gas/liquid 

separator. The separator is a sealed perspex cylinder with 

a capacity of 300 ccs. It has an inlet for the core effl- 

uent near the top and outlets in the lid and base for the 

separated gas and liquid respectively. The volume of carbon 

dioxide produced is measured by a wet-type volumetric meter 

connected directly to the gas outlet from the separator. 

The meter is a precision device provided with a 150 mm dial of 

100 divisions and a six digit revolution counter form of 
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totaliser. Liquid from the base of the separator flows 

via a five-way selector valve to sealed glass collection 

vessels for measurement and analysis. 

2.4 Experimental Procedure 

Initial testing consists of flowing base water (i. e. brine or 

distilled water) through the core to establish the initial or 

reference (stabilised) permeability. Subsequently brine, carbon- 

ated to the desired level inside the rubber membrane of the mixing 

vessel, is injected into the core at constant rate by hydraulic 

oil displacement. The carbonated water and core temperatures are 

carefully controlled, generally at around 800C, to represent reser- 

voir conditions. A back pressure above the carbonation pressure 

is maintained throughout the test to ensure that only liquid phase 

exists at all points in the flow system. 

The permeability of the core is measured as a function of time, and 

all effluent liquid is collected for chemical analysis. From the 

permeability profile and ion concentrations in the core effluent, 

the progress of the core flood can be accurately followed. 

Step by step details of the experimental procedure are outlined in 

Appendix 1. 
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3.1 Introduction 

The peripheral experimental apparatus, together with the materials 

used in the flow tests and their methods of analyses are the subject 

of this chapter. 

3.2 Sandstone Core Material 
I 

The porous formation rock, sandstone, consists of a compacteo mass 

of mineral grains of widely different size and composition. Quartz 

is the main mineral constituent of sandstone but considerable amounts 

of other minerals such as felspars, clays and carbonates may be 

present. 

To enable study of the carbonated water - carbonate mineral reaction 

without interference from other effects such as clay or mica alter- 

ation, it was necessary to choose material with a relatively simple 

mineralogical composition. Thus a relatively pure quartz-carbonate 

sandstone, a calcareous grit, was chosen for the initial stage of 

the study. The selection of this particular sandstone, from a 

quarry in the Yorkshire Jurassic, was also partly based on its high 

carbonate content. 

However, to gain a more complete understanding of the reaction 

effect of carbonated water on carbonate mineral in sandstone, a 

variety of other sandstones, including some specific North Sea 

reservoir material were also tested in the study. These sandstones, 

listed in Table III-1, and described more fully in Appendix 2, 
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generally have much lower carbonate concentrations than the York- 

shire material. Also, during the latter stages of the investi- 

gation, a test was carried out on a fossiliferous limestone by way 

of comparison with the sandstone results. 

3.3 

Con I siderable time was spent searching for and obtaining the above 

rock materials. Initially, difficulty was experienced in locating, 

suitable, permeable carbonate cemented sandstone from onshore sources, 

the carbonate cementation almost invariably rendering the materials 

collected impermeable. This led to an intensive nationwide survey, 

involving various geological groups, being made before the required 

materials were obtained. In addition there was difficulty securing 

valuable reservoir core from operating companies. 

Core Preparation 

For each series of experiments a number of 2.5 cm diameter cylind- 

rical cores were diamond drilled, parallel to the bedding from the 

same block or core of sandstone, so that variation in the properties 

would be kept to a minimum. As a precaution against collapse on 

dissolution, the cores were coated on the cylindrical surface with 

epoxy resin. The cores were then trimmed, generally to a length 

of 7.5 cm, dried in a humidity controlled oven and stored in a dessi- 

cator until required. As the rock materials used were for the most 

part free from clays, no special coring or cutting fluids were nece- 

ssary. The core cuttings were used for other phases of the study, 

including porosity measurement, carbonate staining and the prepa- 

ration of petrographic thin sections (Section 3.4). Any portion 
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of the samples left over were stored for future checking and study. 

3.4 

Cores extracted from reservoir material containing crude oil were 

normally cleaned, prior to epoxy resin coating, in a solvent 

immersion apparatus. Toluene. followed by a chloroform-methanol 

mixture were used as solvents. As it was found that prolonged 

cleaning led to a weakening of some cores, the cleaning process was, 

kept as short as possible. 

Sandstone Analysis 

Detailed analyses of the sandstone material were made both before 

and after flow experiments. Analytical procedures used included: 

Petrographic Analysis. In this form of analysis, the rock 

was impregnated with epofix resin, slabbed, mounted on a 

glass slide and ground to a thickness of 30 microns. It 

was then studied using polarised light on a petrographic 

microscope. This technique is the best and most accurate 

way to assess sandstone composition, general aspects of pore 

geometry and overall mineral distribution. 

2) Carbonate Staining. Because of their similar physical 

characteristics, carbonate minerals such as calcite, ferroan 

calcite, dolomite and ferroan dolomite are difficult to distin- 

guish under the microscope. Thus a standard differential 

dye staining procedure (Dickson 1966,47) was used to estab- 
lish the identity of the carbonate minerals in the sandstones 

under study. 
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The staining technique used was completed in three stages 

3) 

4) 

(for details see Appendix 3). First polished thin sections 

of the sandstones were prepared, washed and partially etched 

in dilute hydrochloric acid. The sections were then stained 
in a solution mixture of potassium ferricyanide and alizarin 

red-S, before imersion in alizarin red-S alone for colour 

intensification. I 
Besides their use in identifying carbonate minerals, the 

stained sections were useful in estimating the percentage 

of carbonate present in a sandstone and in grain fabric 

analyses. 

Scanning Electron Microscope Analysis. This form of analysis 

was used for determination of the size of pore throats, 

crystal structure of many fine grained pore-fill cements and 

details of pore wall geometry. It has advantages over thin 

section petrography of depth of focus and high magnification, 

but is generally not as good when used for gross pore geometry 

studies. 

Porosity Measurement. Porosity was determined rapidly and 

accurately from two measurements: 1) the sample bulk volume, 

and 2) the sample grain volume. 

The bulk volume was found by displacement of mercury at atmos- 

pheric pressure in a Ruska Universal Porometer, while the 

grain volume was determined using a helium gas expansion 

porosimeter. The helium porosimeter utilises the principles 
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of gas expansion, whereby a known reference volume of helium 

at known pressure is expanded into an unknown system volume. 

From measurement of the resultant equilibrium pressure the 

unknown system volume is calculated from Boyle's Law. 

With the bulk volume and the grain volume known, the porosity 

was determined using the equation: I 

vb 

5) 

6) 

where V9 is the sample grain volume and Vb is the sample bulk 

volume. 

Permeability Measurement. Routine permeability measurements 

on core cuttings and segments of flooded core material were 

made using a precision gas permeameter. Gas permeabilities 

were then corrected to equivalent liquid permeabilities by 

applying Klinkenberg factors. 

Pore Size distribution Analysis. Sample pore size distri- 

butions were determined using a Micrometics Mercury Pene- 

tration Porosimeter. The measurement technique involved 

placing the test sample in the porosimeter high pressure cell, 

evacuating air from the sample and then allowing mercury to 

cover it by filling the cell. The pressure in the cell was 

then raised in small increments, and the volume of mercury 

injected into the sample at each pressure recorded. 

Since mercury penetrates the pores in proportion to their 

size and the pressure applied to the mercury, a pore size 
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distribution curve is obtained directly from a plot of the 

applied pressure versus the cumulative volume of mercury 

which has entered the sample. 

3.5 

3.6 

Core Fluids 

A3 weight % sodium chloride solution in distilled water was used 

as a standard throughout the work. It was used as a core saturatiýn 

and permeability fluid in the initial stage of core testing, and 

subsequently with C02 gas in the carbonated water preparation stage. 

The carbon dioxide used was from standard gaseous CO 2 cylinders 

(British Oxygen Co., commercial grade, 99.9% purity). 

In the artificial residual oil saturation of cores, crude oil from 

Forties Field was used (Section 3.7). 

Liquid Analysis 

Analysis of core effluent liquid was governed largely by the miner- 

alogy of the rock under test. Where the only carbonate present 

was calcite, analyses for calcium were sufficient, but where dolomite 

was present analyses for both calcium and magnesium were necessary. 

The required concentrations were determined by EDTA titration (proce- 

dures outlined in Appendix 4) and found to be in very close agreement 

with those obtained using a Techmation plasma emission spectrometer. 

In a few cases analyses for iron using a phenanthroline colourometric 

method (48) were undertaken, but the concentrations found to be suffi- 

ciently low to be neglected. 

1.1 



Core effluent analyses also made possible the computation of porosity 

I 
change in a core during a carbonated water flood. This was achieved 

simply by recalculating the dissolved mass of carbonate and dividing 

where appropriate by the average density of calcite (2.71 g/cc) or 

dolomite (2.8 - 2.9 g/cc), to give the total rock volume change. 

3.7 Crude Oil Saturation Apparatus I 

In addition to carrying out tests on clean and natural oil cokaining 

sandstones, a series of experiments (Chapter IV) were also undertaken 

on core materials containing artificial residual oil saturations. 

Preparation of the artificially saturated cores was performed in four 

stages using the specially designed apparatus shown in Plate III-1 

and schematically in Figure III-1: 

1) A clean, dry core was mounted in the core holder and evacuated. 

2) The core was saturated with deaerated brine using gas chroma- 

tography pump Number 1. 

3) The brine in the core was displaced with crude oil to connate 

water saturation using gas chromatography pump Number 2. 

Crude oil was pumped through the core for several days in this 

stage. 

4) Finally, the core was again brine flooded to reduce the oil 

saturation level. 

Although clearly limited in terms of reproducing reservoir rock- 

fluid equilibrium conditions, using this preparation method it was 

hoped to approximate within a core, water-wet conditions in a 

11 watered-out" reservoir. To evaluate the water and oil saturation 
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PLATE 111-1. CRUDE OIL SAIURATION APPARAIUS 
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levels through the procedure stages the core was weighed initially 

and then subsequently following the second, third and last stages. 

From measurements of the brine and crude oil specific gravities 

the core saturations were then calculated. Typically, final resi- 

dual oil saturations of around 20% were obtained. 
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CHAPTER IV 

RESULTS AND DISCUSSION OF RESULTS 

4.1 Introduction 

4.2 Yorkshire Jurassic Sandstone 

4.3 Fife Carboniferous Sandstone (A) 

4.4 Fife Carboniferous Sandstone (B) 

4.5 Rotliegende Sandstone from Southern North Sea 

4.6 Jurassic Sandstone from Northern North Sea 

4.7 Rotliegende Sandstone from Indefatigable Field 

4.8 Oxfordshire Jurassic Limestone 

4.9 Summary of Results 
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4.1 

4.2 

Introduction 

Most of the results of the carbonated water core tests that were 

performed are presented in this chapter. Of primary interest 

were the changes in core physical properties and changes in core 

effluent chemical conceptrations. The data collected during the 

early stages of the investigation, before apparatus and techniques 

were standardised, have been purposely omitted. 

The results are presented, in sequence, under the different rock 

types used in the study (see Section 3.2). Details of the flow 

rates used are presented for completeness in Appendix 5. 

Yorkshire Jurassic Sandstone 

The initial series of experiments were carried out with distilled 

water and brine (no carbonation) as core flood liquids. These 

tests, at 1,000 psi pressure and 200C temperature, were aimed at 

establishing a stabilised or reference permeability prior to any 

carbonated water flood. The results of two such tests are pres- 

ented in Figures IV-1 and IV-2. 

Significant linear increases in permeability were obtained in both 

tests, with no apparent levelling off in the rate of increase and 

attainment of a reference value upon injection of 2,100 ccs or 300 

pore volumes. Analyses of the core effluents for calcium indi- 

cated that the obtained permeability increases were attributable 

to the dissolution of calcite in the flood liquids. Although 
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difficult to compare the order of the permeability increases 

between the distilled water and brine tests, due to the large 

difference in initial core permeabilities, comparison of the 

effluent calcium concentrations showed the volume of calcite 

dissolved in each test to be similar. That the calcium levels 

in both tests remained virtually constant throughout, indicates 

that the calcium bicarbonate concentrations in the flowing liquids 

had increased to the saturation level within the cores. The 

higher level of calcium in the brine flood effluent was simply due 

to the greater solubility of calcite in salt solution than distilled 

water (13). 

As a comparison with the C02 free, base liquid experiments, a series 

of tests were then carried out with fully carbonated water. The 

result of the first of these, also at 1,000 psi and 20 0 C, is presented 

in Figure IV-3. A much greater permeability increase was obtained, 

from 60 mD to 770 mD, although again there was little indication of 

any fall in the rate of increase as the test progressed. 

Examination of the retrieved, flooded core revealed that a3 mm thick 

band had been preferentially dissolved over the length of the core, 

forming a well defined flow channel. This channel appeared to 

develop within a poorly cemented, quartz rich (sandy) layer within 

the sandstone. 

Thin section comparisons of the sandstone from before and after the 

test are presented in Plates IV-1, IV-2 and IV-3. Plate IV-1 shows 
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PLATE JV-1 

PLAiL IV-2. 

I Iffl) I Ot"ll CRU(J. "A PIi; ( k0 ý') 1 1) N 11 L0ý I-) I X, Mf%( , N11 ](, Ai 10N. 
THE APPARENI HOMOGENEOUS FRAMEWORK OF QUARTZ AND CAI CIIEIN 
YORKS JURASSIC SANDSTONE 

P HO I OM I CROGR A PH; CROSSED NICOLS, X2 MAGNIFICAIJON. SHOWS 
1HE DISSOIVED FLOW CHANNEL FORMED IN YORKS JURASSIC SAND- 
SIONE DURING 1000 PSI, 20"C CARBONAILD WAIER FLOOD 
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PLATE IV-3. PHOJOMICROGRAPH; CROSSED NICOLS X4 MAGNIFICATION. CLOSE-- 
UP OF FLOW CHANNEL (SHOWN IN PLA11 IV-2) SHOWING AtMOSI 
COMPLETE DISSOLUTION OF CALCITE 

.- We- 
ý v? I". 

PLATE IV-4. CROSS-SEC11ONAL VIEW OF YORKS JURASSIC SANDSIONE CORIS 
BEFORE (LEFT) AND AFTER (RIGHT) 1000 PSI, 80"C CARBONAIII) 
WATER FLOOD. THE FLOODED CORE SHOWS UN II ORM f) I 'ý', M 111 1 ON 
OF CARBONAIE. 



the apparent homogeneous nature of the sandstone prior to the 

carbonated water flood, while Plates IV-2 and IV-3 show, at diffe- 

rent magnifications, the preferentially dissolved flow channel 

formed during the test. 

As expected, the calcium concentration in'the core effluent from 

this test was very much higher than in the base liquid tests, indi- 

cating increased calcite dissolution. Initially it was highest as 

fairly substantial dissolution took place. in the early stages of the 

test, but steadily fell, presumably as the channel formed and the 

bulk of the liquid flowed through a zone gradually depleted of calcite. 

The second carbonated water flood was also carried out at 1,000 psi 

pressure, but the system temperature raised to 80*C, a more realistic 

reservoir temperature, to investigate the heating effect on dissol- 

ution. The result is presented in Figure IV-4. 

Although a similar order of permeability increase to that from the 

200C test was obtained, there was a marked difference in the calcium 

effluent concentration profile. A lower and far more constant 

concentration was obtained. Examination of the flooded core showed 

the constant level of calcium concentration was due to a much more 

uniform dissolution of carbonate (as shown in Plate IV-4), as opposed 

to any channel effect, having taken place. The lower levPl was 

expected in that calcite solubility decreases with increasing temper- 

ature at constant pressure. 

so 
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At this stage in order to determine whether the flowing carbon- 

ated water solution was reaching chemical equilibrium with the 

calcite in the core, the mass of calcite dissolved in this test 

was calculated from the calcium effluent concentrations. The 

mass dissolved per volume of carbonated water injected was found 

to agree almost identically with published data on calcite solubi- 

lity in carbonated water (13), thus indicating that complete equili- 

brium was being maint. ained at the order of flow rates being used. 

This result further verifies data published by Sippel and Glover 

(49), who found equilibrium between calcite and carbonated water to 

be maintained for flow rates as high as 400 ml/hour. Also, accor- 

ding to Weylls theory of calcite solution kinetics (50). equilibrium 

should be attained for flow rates in excess of 760 ml/hour, three 

times the maximum used in this study. 

To gain an understanding of the variation in permeability along the 

length of core, the cores from the first four tests were retrieved 

after flooding and cut into three 2.5 cm long segments. The permea- 

bility of each segment was then measured and plotted, as a ratio of 

the original whole-core permeability, against axial position in the 

core. 

The plots for the brine test and the low temperature carbonated brine 

test are compared in Figure IV-5. The profiles clearly show the 

effect of carbonation of the brine on the core permeability increases, 

but more importantly demonstrate the characteristic shape of axial 

permeability variation profile obtained throughout this investigation. 
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The location of a profile is simply determined by the volume of 

carbonated water injected through a core, or for identical core 

flood volumes (as in Figure IV-5), by the carbonation level of the 

brine. 

The typical profile shape, indicating a progressively lower stimu- 

lation effect from inlet to outlet core faces, implies that a zone 

or front of increasing permeability was moving through the cores 

during testing. Similar, though more dramatic results, were 

obtained by Lund (51) in linear core flood acidisation experiments. 

The porosity and pore size distribution of each of the 2.5 cm long 

core segments were also measured, and compared to initial whole-core 

values. Generally, it was found that although large increases in 

the permeability had occurred, the porosity had changed little. 

This result illustrates that the main mechanism for the increase in 

permeability was probably not the uniform dissolution of carbonate 

cement but rather the removal of constrictions between the larger 

pores. This is confirmed by the mercury porosimeter pore size 

distribution results, which show that it was primarily the diameters 

of the larger pores (as shown for the low temperature carbonated 

water flood in Figure IV-6) that were increased during the tests. 

To more realistically evaluate dissolution effects under C02 flood 

conditions two flood tests were then carried out at 3,000 psi carbon- 

ation pressure and 80*C. In the first clean core material was used, 

while in the second the core contained an artificial residual oil 
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saturation (Section 3.7). The results are presented in Figures 

IV-7 and IV-8, an obvious difference from the 1,000 psi results 

being the levelling off in the rate of permeability increases 

obtained. 

In both Figures the permeability and calcium effluent concentration 

profiles are seen to be very closely related. The profiles show 

that in the early stages of the tests, ýhe permeabilities rose 

gradually as the readily available calcite was dissolved. Then, 

when the carbonated water had dissolved most of the calcite flow 

constrictions, the permeabilities increased rapidly. In the latter 

test stages, there was a fall in the rate of permeability increase 

as readily dissolvable calcite became less available for extraction, 

with in the case of the oil containing core, the permeability 

levelling off completely. 

The cores from both tests showed evidence of channel dissolution. 

In particular one main flow channel was formed over the length of 

the core in each test, as shown by the divided core segments in 

Plates IV-5 and IV-6. Although some of the voids in the core seg- 

ments were formed by disintegration of uncemented material during 

cutting, they represent areas of preferential dissolution. The 

uncemented quartz grains around the flow channel are clearly visible 

in Plate IV-7, a close up of the void and surrounds in the fifth 

segment from the clean core. 
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PLATE IV-ý. CORE SEGMENTS FROM 3000 PSI, 80"C CARBONATE[) WAlER FLOODS 
FROM INLET FACE (RIGHT) TO OUTLET FACE REI-1). 'THE 101' 
ROW OF SEGMENTS ARE FROM lHE CLEAN CORE AND lfil BOTIOM 
ROW FROM THE OIL CONIAINING CORE 
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PLATE IV-6. CLOSE-UP OF THE FIRST 1HRI-I SEGMENIS fROM Iff CILAN CORE 
SHOWN IN PLATE IV-5 
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PLATE IV-7. CLOSE-UP OF FLOW CHANNEL IN CORE ýEGIMINJ FIVE FROM 3000 PSI, 
80"C CARBONATED WATER FLOOD ON CLEAN YORKS JURASSIC SAND- 
STONE CORE. THE CHANNEL IS SURROUNDED BY UNCEMENIED QUARTZ 
GRAINS 

PLATE IV-8. PHOIOMICROGRAPH; CROSSED Nl( , 01S, X 2.5 MAGNIIJCAIJ0N. 
SUPPLEMENTARY FLOW CHANNELS FORMED DURING 3000 PSI, 80"C 
CARBONATED WATER FLOOD ON CLEAN YORKS JURASSIC SANDSIONL 
CORE 
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The effluent calcium concentration from the test on the oil 

containing core was initially very much lower than in the clean 

core test. This was presumably due to an oil "screening" effect 

on calcite dissolution. The transfer of C02 from the carbonated 

water to the crude oil, leading to the displacement (by viscosity 

reduction) of the crude, meant little calcite dissolution occurred 

in the early test stages. On removal of the crude oil, the channel 

dissolution mentioned previously took place, leading to attainment 

of constant permeability upon injection of only 900 ccs of carbon- 

ated water. 

Further thin section analyses of the flooded cores revealed that in 

addition to the major channel formed in both experiments, a series 

of supplementary minor channels had begun to form In the clean core 

(Plate IV-S) but not in the oil containing core. This suggests 

that the continuing slow rise in permeability laterally in the clean 

core test was due to secondary channel formation. Also, in the oil 

containing core test, the complete levelling off in the permeability 

indicates that dissolution was effectively complete with the permea- 

bility front having "broken-through" to the outlet core face. In 

the latter stages of the test, the bulk of the flow must have occu- 

rred through the formed calcite depleted channel. 

4.3 Fife Carboniferous Sandstone (A) 

The second series of core flood tests were carried out on a sand- 

stone from the Fife Carboniferous containing 10% dolomite cement. 

Fully carbonated water was used throughout. The permeability 
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profiles for two of the tests are presented in Figure IV-9. 

The very slow reaction rate of dolomite under ambient temperature 

conditions meant virtually no dissolution effects were observed 

in a low temperature run at 1,000 psi pressure. An almost constant 

permeability was maintained throughout the test. Analyses of the 

core effluent for calcium and magnesium revealed that only a minimal, 

amount of dolomite had been dissolved. 

On the other hand, in a test carried out under more realistic CO 2 
flood conditions (2,500 psi, 800C), a significant permeability 

increase was obtained. This result was expected in that the rate 

of dolomite dissolution in carbonated water rapidly increases with 

increasing temperature. 

Evidence for permeability front migration was again obtained from 

permeability measurements on the flooded core segments (Figure 

IV-10). However, the continued permeability increase in the latter 

stages of the test showed that permeability front breakthrough did 

not occur, and that continued dissolution was taking place. The 

constant levels of calcium and magnesium in the core effluent, 

together with microscopic analyses of the flooded core, further 

indicated that the dolomite dissolution taking place was relatively 

uniform. 

Porosity and pore size distribution analyses of the flooded core 

segments were again made, and found similar to the results obtained 
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from the Yorks Jurassic Sandstone tests. Only small increases in 

porosity were obtained, while again it was the larger pores that 

were selectively increased in diameter. The pore size distribution 

result for the first core segment as compared to that from unflooded 

material is presented in Figure IV-11. 

4.4 Fife Carboniferous Sandstone (B) 

A test with fully carbonated water at 3,500 psi and 800C was carried 

out on a second sandstone from the Fife Carboniferous. This material, 

containing 3% dolomite cement, was considered more representative of 

reservoir sandstone in carbonate content. It was hoped to be poss- 

ible to dissolve out all of the dolomite and obtain breakthrough of 

a permeability front. 

However, although thin section comparisons of the unflooded and 

flooded material (Plates IV-9 and IV-10) show that virtually total 

dissolution of the dolomite took place in the test, the expected 

increase in permeability was not obtained. Rather a small decrease 

in permeability, from 17.6 mD to 16.7 mD was measured upon injection 

of 2,600 ccs or 370 pore volumes. However, this was assumed insig- 

nificant as error is often incurred calculating permeabilities from 

the differential pressure trace on the chart recorder. 

Considering the mass of dolomite dissolved this result was somewhat 

surprising in that no permeability increase at all was obtained. 

It was probably attributable to the uniformly scattered occurrence 
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PLATE IV-9. PHOTOMICROGRAPH; CROSSED COLS, X4 MAGNIFICATION. FIFE 
CARBONIFEROUS SANDSIONE (BW 

P[ IN II IV -10. I'llo ! w"'i (A\10ý11Jd1i -, 1, ki (()I 1ý , X4 Nl IN (JI, 11 1(A Ill uN. 1 11 1 
CARBONIFEROUS SANDSTONE (B) A[ ILR 3500 PSI 

, 80"C CARBONAll 1) 
WATER FLOOD 
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of the dolomite crystals in the sandstone. Had the dolomite been 

concentrated in a particular band or area, dissolution would have 

been expected to create additional flow channels and thereby increase 

permeability. As it was, removal of the scattered crystals had 

little stimulation effect. 

4.5 Rotliegende Sandstone from Southern North Sea 

Having obtained a variety of often unpredictable types of dissolution 

effect from core floods on sandstones collected from outcrop and 

quarries, a series of experiments were then initiated on reservoir 

sandstones. For the first of these Rotliegende material from a 

Southern North Sea gas field was used. 

A number of tests over a range of carbonation pressure conditions 

were undertaken, all with similar results. The poorly consolidated, 

friable nature of the sandstone caused core disintegration/collapse 

to occur in each of the tests. Even at low pressure conditions it 

was impossible to complete a core flood. Core collapse, identified 

by a sharp rise in differential pressure across the core with a sudden 

drop in flow rate, was found to cause a complete barrier to flow. 

One of the collapsed cores is shown in Plate IV-11, a mudcake blanket 

of disaggregated sand grains having formed over the outlet end plate 

of the core holder. The cause of the collapse was uncertain. it 

may simply have been due to disintegration under confining pressure, 

or to dissolution of calcite cement causing weakening, but a combin- 

ation of both effects seems more likely. 
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PLATE IV-11. COLLAPSED ROTLIEGENDE SANDSTONE CORE WIIH MUDCAKE ON OL11LE1 
END PLATE OF CORE HOLDER 
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4.6 Jurassic Sandstone from Northern North Sea 

Four core tests were carried out on a reservoir sandstone from the 

Northern North Sea. As with the earlier Rotliegende material, the 

sandstone was poorly consolidated (Plate A 2-8) and so the test 

pressures were kept below 1,000 psi in an attempt to avoid core 

collapse. However, again it was found impossible to prevent coll- 

apse, although care was taken in simultaneously increasing the 

confining pressure and core pressure in a bid to ývoid such an occurr- 

ence. Each test was abandoned in turn as the differential pressure 

across the core rose above the range of instrumentation. 

4.7 Rotlieqende Sandstone from Indefatiqable Field 

Following the series of core collapses obtained with poorly consoli- 

dated reservoir sandstone materials, a hard compact material from 

Indefatigable Field was obtained for testing. Although it was only 

possible to drill 5 cm long plugs from the core material, it was 

found to be much more durable, enabling a series of experiments to 

be completed. Fully carbonated water at 80*C was used throughout 

to try and maximise dissolution effects at reservoir temperature 

conditions. 

For the first experiment a core was selected from the gas zone of 

the reservoir. It did not show any signs of oil presence and there- 

fore was not cleaned. As the cores in previous tests had readily 

disintegrated, a low carbonation pressure of 1,000 psi was chosen. 
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The result is presented in Figure IV-12. 

A gradual increase in permeability from 4.5 mD to 12.4 mD was 

obtained in conjunction with a steady fall in effluent calcium and 

magnesium concentrations. The rate of permeability increaýe in 

the latter stages of the test gradually declined, with a constant 

permeability value being attained upon injection of 2.0 litres. 

Attainment of constant permeability, together with the rapidly 

falling effluent ion concentrations, suggested that dissolution was 

complete either through depletion of dolomite or channel formation. 

As shown in Plates IV-12 and IV-13 the former proved to be the case. 

In Plate IV-12 the sandstone prior to flooding is seen to contain 

isolated areas fully cemented by large dolomite crystals together 

with uniformly distributed smaller dolomite crystals. Plate IV-13 

shows that on completion of the test the readily dissolvable finer 

dolomite had been removed while the large crystals remained unaffected. 

It is also apparent from Plate IV-13 that any further dolomite 

dissolution would have been very small. 

Prior to the preparation of thin sections, the core was divided into 

three, equal length segments and the permeability of each measured, 

as before, to examine local permeability variation. From the 

result in Figure IV-13, it can be seen that the increase in permea- 

bility obtained was uniform over the length of the core, indicating 

that breakthrough of a permeability front had occurred. 

74 



EFFLUENT CONCENTRATION (mg/1) 

CD C) C) WD C-i CD m r- co 
CD 
IIT 

>1 

.0uu (a CC 
a) 00 
E-= 

06. C-) 

< 013 

Ln 

(Oul) AIMIGUMAd 3803 

CD 
Co 
V- csj 

C: ) ci 
CD f- 
00 V) 

Mä 

CO 
«c 
cm 

Ul LA- 

cz 
= 0-% 
9-4 tj 

0 
ix ci 
CD Co 

C: ) C: ) 
CD ti 
CD 
C%i 

w CD C) 
CL. az XM 
>C, 29 i C: ) cz gi u 

ci LAJ c2. 
C: ) 
-i -i CD 

CD ti- LA. (D 
C: ) LA- C: ) 
c2) W LAJ 

ct 
C) cm 
w 2'Z .m 9w 

6-4 4A 
La. c3 
CD -M 
CK 

C: ) 
C: ) 
UD 

-i Z: 
6-4 CD 
cm -. i W: r CD 
tli c2 

ce bk 
w Ln 
Cl. 

CD 
C) 
M 

ae 

C: ) LA- 

75 



PLATE IV-12. PHOTOMICROGRAPH; CROSSED NICOLS, X2.5MAGNIFICAIION. 
INDEFATIGABLE SANDSTONE PRIOR 10 1000 PSI, 80"C CARBON- 
ATED WATER FLOOD. THE DOLOMITE OCCURS AS LARGE CRYSTALS 
AND MORE UNIFORMLY AS FINE PORE FILL 

kl(Ol iliul i 
INULFAIIGABLE SANDSTONE AFTER 1000 PSI, 80-C CARHONAILD 
WAIER FLOOD, SHOWING TOTAL DISSOLU11ON OF IINE DOLOMIJE 
CRYSTALS 
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The second test on Indefatigable material was carried out on a core 
I 
from slightly higher up in the reservoir gas zone. The core 

contained a well defined 8 mm thick, coarse band running through 

the centre. It was considered that preferential dissolution would 

occur w. ithin this apparently permeable zone. The result of the 

test, carried out at an increased carbonation press . ure of 2,000 psi. 

is presented in Figure IV-14. 

Initially, the permeability rose steeply and the effluent ion concen- 

trations were high as rapid dissolution took place. A steadily 

reduced dissolution effect, as indicated by the levelling of the 

permeability and ion concentration profiles, was then observed until 

breakthrough of a permeability front was reached on flowing 1,500 ccs. 

Examination of the flooded core showed that, as expected, preferential 

dissolution of the coarser band had occurred, being the likely 

explanation for early front breakthrough. Plates IV-14 and IV-15 

were taken of the inlet core face prior to, and on completion of the 

test. In Plate IV-14 the coarse band is hardly visible, whereas 

upon preferential dissolution, in Plate IV-15 it is clearly defined. 

Also, thin section comparisons of unflooded and flooded material 

(Plates IV-16 and IV-17) identify the preferential dissolution 

mechanism. The mass of crystalline dolomite cement in the fine 

layer on the left of the Plates is seen to be unaffected by dissol- 

ution, while as with the first test, in the coarse band the finer 

dolomite was removed and the large crystals left undissolved. 
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PLATE IV-14. UOSE-UP OF INI. El CORE FACE PRIOR 10 ? (loo PS), 80"C 
CARBONATED WAIER FLOOD ON INILRI. AYERII) INDLF-All(; Alill 
SANDS10NE 

I'l AIL IV -I',. IN IIII A(A Mi Lk' '000 PM, BO' C( AkIMNIA I I[) wfý IIJ, ý I I()()! ) 
ON IN I ERLAYERE D IN DLF AII GABLE SANDS ION L, '-AlOW ING HI AR IY 
DH ]NED, PRLI I RENI IAI-i. Y DISSOI. VLI), COARSE I AYF R 
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PLATE IV-16. PHOTOMICROGRAPH; CROSSED NICOLS, X4 MA(; NIfICAlI0N. INllk'- 
LAYERED INDLFAIIGABLE SANDSTONE PRIOR TO 2000 PSI, 80'( 
CARBONATED WATER FLOOD. THE DOLOMITE OCCURS Aý A UNII ORM 
PORE FILL IN THE FINE LAYER AND MORE SPOkADICAILY AS SMAIL. 
AND LARGE CRYSTALS IN THE COARSE LAYER 

PLATE IV-17. PHOTOMICROGRAPH; CROSSFD NICOLS, X4 MAGNIII(, AIION. INII-R- 
LAYERED INDEFATIGABLE SANDSTONE AIIER ? 000 PSI, 80"C 
CARBONAIED WAIER FLOOD, SHOWING SFILCIIVE REMOVA[ OF WIL 
DOLOMIlE CRYSTALS [ROM IHE COARSE VAYER 

81 



For the third test on Indefatigable sandstone, core material from 

the base of the gas zone was selected and the carbonation pressure 

further increased to 3,000 psi. A similar shape of permeability 

profile to those from the first two tests was obtained (Figure 

IV-15), although a somewhat larger increase in permeability from 

11.7 to 39.6 mD, was measured. Levelling off in the rate of permea- 

bility increase, or front breakthrough, was obtained upon injection 

of 2,300 ccs of parbonated water. 

The core disintegrated on removal from the core holders suggesting 

that weakening due to dissolution under the higher pressure condit- 

ions had occurred. This limited analyses of the flooded core to 

porosity and pore size distribution measurements on one i inch core 

section left in tact. As with the previous rock types used in the 

study, there was found to be little change in porosity between 

unflooded and flooded material, while again it was shown that selec- 

tive enlargement of the large diameter pores (Figure IV-16) took 

place in the test. 

Three tests on identical Indefatigable core materialss at 2,000 psi 

carbonation pressure, were then undertaken to investigate the 

presence of residual oil on dissolution. The aim was to determine 

how dissolution would progress in a poorly swept reservoir, or 

portion of a reservoir. The cores for these tests were extracted 

from the same piece of core, part of a gas condensate zone of the 

Indefatigable reservoir. 
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For the first test a core was cleaned by solvent immersion to 

enable the dissolution mechanism under oil free conditions to be 

ascertained. Then for the second test the core was left containing 

natural gas condensate, while for the third a cleaned core, artifi- 

cially saturated with crude oil to residual water-flood level, was 

used. The results for the clean core test are presented in Figure 

IV-17, the condensate con, taining core in Figure IV-18, and the oil 

containing core in Figure IV-19. Although difficult to make exact 

comparisons due to the differing initial permeabilities of the three 

cores, there are obvious similarities and differences between the 

results obtained. 

In all three tests the permeability profile was found to increase 

and then level off as breakthrough of a permeability front occurred. 

Thin section comparisons of the sandstone cores before and after 

testing (Plates IV-18 and IV-19) showed that breakthrough in each 

case was due to total dissolution of dolomite. However, the core 

flood volume required to achieve breakthrough was considerably 

different for each test. In the clean core test breakthrough was 

obtained upon injection of only 1,400 ccs, while in the cores 

containing condensate and crude oil, 4,000 ccs and 2,500 ccs were 

required respectively. This, together with the low effluent calcium 

and magnesium concentrations measured in the early stage of the 

condensate and oil containing core tests, indicates that the presence 

of oil initially screens dissolution. On removal of the oil, presu- 

mably by CO 2 transfer and viscosity reduction, dissolution proceeded 

as normal. 
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PLATE IV-18. PHOTOMICROGRAPH; CROSSED NICOLS, X4 MAGNIFICA110N. C[. EANI[) 
SANDSTONE FROM GAS CONDENSATE ZONE OF INULf-AIIGABLE FI[I. D. 
ABUNDANT DOLOMIlE OCCUkS MAINLY AS FINE CRYSIALS BUl ALSO 
AS SCATTERED LARGER CRYSTALS 

PLAIL IV-19. PHO I OM I CRO(jRAPH; CPO', ') IDNH 01 S, X4 I[ 
CLEANED SANDSIONL FROM GAS CONDLNSAIF ZONL 
FIELD AFIER 2000 PSI, 80"C CARBONAlED WAIER 
COMPLEIE DISSOLU11ON OF DO[-OM]I[ 

1 (A 11 oN. 
OF- INDIJAIIGAlil 

rt ()0[. ), SHOWING 
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The slower breakthrough in the condensate containing core than in 

the artificially oil saturated core was considered due to the wetta- 

bility difference between the two. In the uncleaned core the 

condensate appeared very viscous, adhering to the sandstone minerals, 

while the oil containing core was purposely prepared water wet. 

It would appear that the condensate was more "resistant" to the 

carbonated flood water. 

4.8 Oxfordshire Jurassic Limestone 

A single core test at 1,500 psi carbonation pressure and 80*C was 

run on a fossiliferous limestone from the Oxfordshire Jurassic, the 

permeability profile of which is presented in Figure IV-20. A 

t 

very dramatic increase in permeability was obtained, with the differ- 

ential pressure across the core falling to almost zero at maximum 

flow rate, upon injection of only 300 ccs or 50 pore volumes. 

Examination of the flooded core revealed that the rapid permeability 

increase was due to the formation of two large "wormholes" of roughly 

circular cross section. One of the wormholes, varying in diameter 

from 0.5 mm to 1.5 mm, was found to be continuous over the length 

of the core, while the other was smaller and appeared to taper out 

half-way along the core. In Plate IV-20 a typical limestone core; 

together with the divided flooded core containing wormholes is shown. 

An additional photograph, taken through a camera bellows attachment, 

of. the larger wormhole (Plate IV-21), shows that the material surr- 

ounding the main channel had become very porous and would almost 
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PLATE IV-20. UNFLOODED LIMESTONE CORE ON LEFT WITH DIVIDFD, WORMHOt 1-1) 
LIMESTONE CORE ON RIGHT 
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PLATE IV-21. CLOSE-UP OF LARGE WORMHOLE AND FRIABLE SURROUNDS FORM[D 
IN OXFORDS JURASSIC LIMESTONE DURING 1500 PSI, 80"C 
CARBONATED WATER FLOOD 

I 
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PLATE IV-22. PHOIOMICROGRAPH; CkOSý1-1) NICOLS, X10 MAGNII ICAi 10N. will 
DEFINED SMALL WORMHOLE FORMED IN OXFORDS JURASSIC [IM1', l0N1 
DURING 1500 PSI , 80"C CARBONATED WAI ER FLOOD 
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certainly have collapsed had the test been continued. On the other 

hand, the smaller wormhole, as shown in thin section in Plate IV-22, 

appeared to be very well defined. 

Flow channels in carbonate rocks generally exist as factures or vugs, 

with the result that wormholing is a common phenomenon in acidisation 

of carbonates. The result of the carbonated water flood, although' 

very dramatic, was therefore not unexpected and suggests that disso- 

lution would be a substantial aid to recovery in C02 flooding of 

carbonate rocks. 

4.9 Summary of Results 

1) For the most part large increases in core permeability due 

to carbonate dissolution were obtained in the experiments, 

with as expected, the more dramatic results from the high 

pressure runs. However, no conclusive results were obtained 

from tests on unconsolidated materials, where fines migration 

and plugging on dissolution would have been a possibility. 

2) Where increases in permeability were experienceds a charac- 

teristic permeability profile was obtained if the test 

continued long enough. Typically, a rise in permeability 

followed by levelling off and attainment of a constant value 

was obtained, as depletion of carbonate or channel formation 

progressed to completion. 

3) Five types of dissolution effect were identified in the tests: 
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a) uniform dissolution, 

b) single channel dissolution, 

C) multiple channel dissolution,, 

d) selective dissolution of smaller carbonate crystals, 

e) a combination of b) and d) 

The type obtained was largely dependent on the mineralogical- 

framework within the sandstone core under test. Where miner- 

alogical inhomogeneities were present, channel or selective 

dissolution effects were generally experienceds while in more 

homogeneous cores, uniform effects were. normal. 

4) Permeability measurements on flooded core segments showed 

that dissolution of carbonate from cores produced a change 

in local permeability which travelled as a front through the 

cylindrical core. 

5) The small change in porosity between unflooded and flooded 

cores, in conjunction with pore size distribution comparisons. 

showed that the dramatic increase in permeability of a core 

during a carbonated water flood was probably due to the removal 

of constrictions and selective dissolution of the larger pores. 

6) The presýnce of residual oil was found to initially screen 

dissolution and delay permeability front migration. 

95 



CHAPTER V 

THEORETICAL CONSIDERATIONS 

5.1 Introduction 

5.2 Schechter-Gidley Model 

5.3 Lund-Fogler-McCune Model 

5.4 Discussion of the Two Models and Their Applicability 
to Carbonate Dissolution in Carbonated Water 

5.5 Dissolution Rate Data Requirements 



5.1 Introduction 

It was shown in Chapter IV that the movements of dissolution permea- 

bility fronts through cores are seldom governed by uniform carbonate 

dissolution, but rather are more often determined by inhomogeneities 

in the rock framewoýk. As a result predictive mathematical model- 

ling of carbonate dissolution in carbonated water is likely to be 

very difficult and of little practical value for most rock types. 

At present there are only two primary models that describe the disso- 

lution of a porous matrix by a flowing medium: the Schechter-Gidley 

Acidisation Model and the Lund-Fogler-McCune Acidisation Model. 

Both suppose that a uniform dissolution occurs over the entire rock 

framework during stimulation, which is probably valid for high concen- 

tration acidisation, but as has been demonstrated is rare during a 

carbonated water flood. Such factors as mineralogical layering, 

local carbonate concentrations and the preferential dissolution of 

fine grained material (outlined in Chapter IV), which generally 

control the rate of permeability front migration in a carbonated 

water flood, cannot be accounted for with either model. Thus, 

applicability of predictive modelling to carbonated water flooding 

is effectively limited to homogeneous rocks with uniform grain size 

and mineral distribution. 

Although clearly very restricted in their use, the Schechter-Gidley 

and Lund-Fogler-McCune models, together with their applicability 

to carbonate dissolution in carbonated flood water are discussed in 

subsequent sections of this chapter. 
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5.2 Schechter-Gidley Model 

Schechter, Gidley and co-workers (52-56) have developed a "micro- 

scopic" model for the process of matrix acidisation. in which the 

porous matrix is represented by a collection of randomly distri- 

buted capillaries possessing a variety of cross-sectional areas. 

In this so-called capillary model the cylindrical pores in the 

matrix are assumed to be interconnected so that fluid can flow 

through the matrix under the influence of a pressure gradient. 
I 

The pore structure is characterised by a pore size distribution 

function g(A, x, t) where g(A, x, t)dA is defined as the number of 

pores per unit volume, with cross-sectional areas between A and 

I 

A+ dA. From this function it can be seen that the number of pores 

at any point, 

N=T g(A, x, t)dA (5.1) 

and the porosity is 

1 SiA9(A, x, t)dA (5.2) 

or SýAq(A, x. t)dA (5.3) 
, ýo Al (A, x, 0) dA 

where 1 is the average length of a pore. 

The Schechter-Gidley model also takes Darcy's Law into account 

giving the permeability ratio, on simplifying, as: 
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KA 2n(A, 
xt)dA 

v0 
AZ9(A, x, O)dA 

(5.4) 

where Ko is the initial permeability of the porous matrix and 

K is the permeability at any time during or after acidisation. 

Now, the distribution function 9 will change as the acid reacts 

within the matrix and the pores increase in size. There are 

two fundamental processes that cause a change in the pore size: 

1) reaction with the walls of a pore, and 

2) interconnection for collision) or pores when the 

solid separating the flow channels is dissolved. 

An equation, called the evolution equation, describing the 

behaviour of the pore size distribution function based on the 

theory of capillary growth with collision has been derived and 

is as follows: 

6n 
+ 

Mun) 
1 

[, 
(ý g(A-Al, x, t)q(Al, x, t)u(Al. x, t)dAl c OA w 

- ý: [ u(A, x, t)+ U(A', X, t) ] n(A, x, t)q(Al, x, t)dA'] (5.5) 

where A is the cross-sectional area of a pore, n(A, x, t) is the 

pore size distribution function and u(A, x, t) is the pore growth 

function, defined as: 

u(A, x, t) 
dA 
af (5.6) 
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The quantity u represents the rate of growth of the area of a 

single pore having an area A, and is thus largely dependent upon 

the nature of the dissolution reaction within that pore. The 

overall rate of reaction is in turn determined by both the rate 

of mass transfer and the rate of surface reaction, so that pore 

geometry, flow rate and many other factors enter into the deter- 

mination of u. Reaction rate data for use in this theory were 

obtained from experiments where. acid was injected through short 

cores and effluent concentration measured using an ionometric 

electrode technique (57). In addition, however, an approximate 

kinetic-hydrodynamic model was developed to theoretically evaluate 

the growth function reaction rate data. The model is fully 

discussed in a Ph. D. thesis by Guin (53) and is not presented here. 

Equations 5.3 and-5.4 relate the porosity and permeability to 

integrals of the pore size distribution. Thus, by solving 

Equation 5.5 for the pore size distribution as a function of time, 

the changes in permeability and porosity may be calculated. 

In summary, the pore growth function contains the reaction rate 

and determines the change in the distribution function n with 

respect to time and position. The pore size distribution in turn 

determines the local porosity and permeability. 

5.3 Lund-Fogler-McCune Model. 

More recently Lund, Fogler, McCune and co-workers (51,58,59) 

have developed a "macroscopic" model for sandstone acidisation. 
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The model combines information about the geometry, the flow and 

the reactions within a sandstone matrix, to predict the movements 

of acid and permeability fronts through linear cores as a function 

of acid concentration and flow rate. 

The assumption is made that the main mineral constituent of sand- 

stone, quartz, is unreactive and acts only as a supporting matrix 

for the more soluble minerals. , 
The reactivity of the acid soluble 

minerals (mainly felspars and clays) for their parts is assumed to 

be approximated by a single rate law and a single overall relation- 

ship, W, the stoichiometric coefficient (the number of moles of acid 

required to dissolve 1 mole of minerals combined as a single reactive 

species). 

The formulation of the fundamental model equations is based on two 

differential material balance equations; one for the acid flowing 

axially through the core and another for the minerals in the core. 

A mass balance on the acid yields the equation: 

a(oc) 
+V 

ýc 
Rs 

at ax 
(5.7) 

where 0= porosity 

C= acid concentration, 

V= superficial velocity, 

x= axial distance along core 

t- time, 

Rs = heterogeneous reaction 
rate of acid with rock. 

Similarly a differential mass balance for the solid phase yields: 

ra (5.8) 
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where CM= lumped concentration of all minerals other than 

quartz in sandstone 

ra = reaction rate of lumped dissolvable minerals 

The heterogeneous reaction rate of the liquid phase acid and the 

reaction rate of the minerals are interconnected by the stoichio- 

metric coefficient, so that: 

Rs Wra (5.9) 

Assuming the lumped dissolvable minerals to obey a single reaction 

equation (60), then the rate law for their dissolution may be 

expressed as: 

Rs =kr C(C M- c MI) 

where kr reaction rate constant 

C irreducible dissolvable mineral concentration Ml 

If it is further assumed that the porosity change in the sand- 

stone during acidisation is small and slow compared to the 

change in acid concentration (61,62), Equations 5.7 and 5.8 

can be simplified, by letting 0= 00, the initial porosity. 

Then by substituting the stoichiometric coefficient and the rate 

law into Equations 5.7 and 5.8. these equations can be solved 

(51) to yield the acid concentration and dissolvable mineral 

distributions in the core during acidisation. For simplifi- 

cation the resulting equations are expressed in terms of the 

following dimensionless groups: 

I 

N 
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time, t tv 
D n- 

0 
(5.11) 

axial distance, x X, 
Dr 

acid concentration, CC D0 IC 
0 

dissolvable mineral CMD r' CMC MI (5.14) 
content, 

MO MI 

Damkohler number, Da =kr 
(CMO C MI )L 

V 

(ratio of the rate at which the acid reacts 

to the rate at which the acid moves through 

the sandstone) 

Acid*capacity number, Ac = 
ooco (5.16) 

W(I-00) (CMO-CMI) 

(molar ratio of acid present in pore space to 

the acid required to dissolve all the mineral 

accessible to reaction) 

where L core length 

CO initial acid concentration 

CM0 initial dissolvable mineral concentration 

The resulting equations are: 

cD=I- EXP IDaAc(x D-tD)l (5.17) 
1+ EXP [DaAc ( (I +I /Ac) xD-tD 

c MD 
+ EXP [-DaAc 

1M+ 
I/Ac)x D-tD)l 

- EXP [-DaxD] (5.18) 
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. -Although the porosity change was assumed minimal to solve the 

mass balance differential equations, it can now be computed 

through the relation: 

AO =0- 00 = (1-CMD)&Omax (5.19) 

where AO porosity increase when all dissolvable 
max 

minerals accessible to reaction have 

been consumed. 

Also the local permeability K of a sandstone undergoing 

acidisation can be expressed as a function of the porosity 

change (58), as: 

110 ý 
where experim 

depends 

Ko initial 

EXP I= EXP [B(l (5.20) 
1 

ýýLomax] -CMD)l 

entally determined parameter which 

'on sandstone type 

core permeability 

Now by integrating the local permeability over the length of 

the core, the overall (or average) permeability can be 

determined: 

Ka 
11-0 CL dx 

where Ka = average core permeability 

Provided the dimensionless groups Da and Ac are known, Equations 

5.19 and 5.20 can be substituted into Equation 5.21 to provide 

the overall permeability as a function of acid injection time. 
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For accuracy it is best that Da and Ac are determined experimentally 

from measurements during core flood experiments. However, if an 

adequately sized sample of the sandstone in question is not avail- 

able, then Da and Ac can be estimated from a porosity and a mineral- 

ogical content analysis on the sandstone (63). 

In summary, the solutions to the differential mass balance equations 

(i. e. Equations 5.17 and 5.18) together with Equations 5.19 and 5.20 

describe the change in acid concentration, porosity and permeability 

as a function of the axial position in the core and the acid injec- 

tion time. 

5.4 Discussion of the Two Models and Their Applicability_ to Carbonate 
Dissolution in Carbonated Water 

It is feasible that for a homogeneous porous matrix, both the 

Schechter-Gidley and the Lund-Fogler-McCune models could be used to 

model carbonate dissolution in carbonated water. Both have proved 

reasonably successful in predicting results of core flood acidis- 

ation experiments (59,64), and could quite easily be used to model 

a carbonated water flood, providing appropriate dissolution rate 

data were to be obtained. 

The basic problem of the capillary model lies in the description of 

the pore geometry. It is assumed that the length to diameter ratio 

of the pores is large, that the pores all have a similar geometric 

shape, and that this shape does not change during stimulation. 

Furthermore, a one dimensional pore size distribution function is 

104 



used to describe the complex geometry of a three dimensional porous 

media pore space. Clearly these assumptions have limited validity, 

effectively restricting any correlation between the evolution of the 

model matrix and the changes in an actual porous medium. For 

example, it would not be possible to predict the absolute value of 

some property of a real porous medium from some other property 

using the model.. Thus, use of the Schechter-Gidley capillary model 

is somewhat limited in that all quantities of interest have to be 

taken in the form of ratios. 

The Lund-Fogler-McCune model has advantages over the capillary model 

in this respect, in that it forgoes any attempt to relate macro- 

scopic and microscopic properties. However, it tends to be less 

widely applicable than the capillary model. This is due to the 

assumption being made that the porosity change during stimulation 

is negligible (to enable solution of the mass balance equations), 

preventing extension of the model to sandstones having large carbon- 

ate contents or a greater percentage of dissolvable material than 

inert material . 

As mentioned earlier, both the Lund et al and Schechter-Gidley models 

have produced reasonably good predictive results for core flood 

acidisation tests. The capillary model was developed using well 

ordered porous media with a narrow pore size distribution (manufac- 

tured porous material) while the microscopic model was developed 

using one particular sandstone type (a felspathic quartzite). It 

was generally found that although the models worked well in predic- 
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ting minor experimental variations, error was obtained as the 

experimental variables were made to differ. This behaviour 

suggests that the models may have to be refined in order to handle 

more divergent problems. 

As far as dissolution in sandstone reservoir rocks during a CO 2 

flood is concerned, it is safe to assume that the only mineral 

constituents likely to be significantly altered will be the carbon- 

ates. Therefore, it is unlikely that there would be any drastic 

change in the pore framework as there often is in matrix acidis- 

ation. For a homogeneous matrix, both the'Schechter-Gidley and the 

Lund-Fogler-McCune models should then be effective in predicting 

the comparatively minor stimulation results obtained from carbonate 

dissolution in carbonated flood water. 

Use of the Lund et al model would, however, be preferable in that 

it has been tested successfully on natural sandstone. As was shown 

in Chapter IV, dissolution of carbonate in carbonated water from 

typical reservoir sandstone may give rise to fairly dramatic incre- 

ases in permeability, although only minimal increases in porosity 

are normal. Thus, there should be no difficulty neglecting poro- 

sity increase in use of the macroscopic model. If however, predic- 

tive calculations were required for sandstones with fairly high 

carbonate contents, where large porosity increases would be likely, 

then only the Schechter-Gidley capillary model could be used. 
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5.5 Dissolution Rate Data Requirements 

Before either the capillary or macroscopic models can be applied 

to carbonate dissolution in carbonated water, the dissolution rates 

of the individual carbonate minerals in the rock must be known. 

At present, only limited information on carbonate reaction ýates is 

available, making further kinetic studies imperative if any useful 

modelling is to be carried out. Moreover, the required rate data 

must be obtained under C02 flood field conditions if the model is 

to be fully representative. 

The rate of dissolution of any mineral is dependent upon: 1) the 

rate of transport of reactants and products between the mineral 

surface and the bulk solution, 2) the rate of heterogeneous reac- 

tion at the mineral surface, and possibly 3) the rates of homogen- 

eous reactions within the solvent with the products from the hetero- 

geneous reaction (65). Depending upon the fluid flow and chemical 

characteristics of the environment, one or all of these processes 

may be important in determining the dissolution rate. If the 

reaction rate far exceeds the transport rate, the net rate of disso- 

lution is virtually controlled by diffusive and convective transport 

processes between a near-saturated fluid surface layer and a subsat- 

urated bulk solution. If any reaction rate is slow relative to 

transport processes, then the rate of dissolution is essentially 

reaction controlled. 

The system CaCO 3-H20 is of considerable scientific interest and 

has therefore been subject to extensive reaction rate studies in the 
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past. In a series of experimental studies at low pressures and 

temperatures it has been shown that transport processes play an 

important role in the rate of dissolution of calcite in solutions 

of carbonic acid in which the pH is less than 4 (50,66,67). 

Above pH 4, dissolution is thought to be primarily determined by 

the kinetics of surface reaction (65,67-70). Dissolution rate 

expressions for calcite, related to the various hydrodynamic and 

chemical parameters under study are presented in most of the above 

works. 

Outside the comparatively limited pressure and temperature ranges 

of these studies, there appears to be a complete lack of dissolution 

rate data for calcite. In addition, there is little data on impure 

forms of calcite (such as iron or magnesium calcite) and dolomite. 

It is clear, therefore, that if realistic modelling of carbonate 

dissolution in different sandstones during CO 2 flooding is to be 

undertaken, comprehensive reaction rate studies will have to be made. 

These will have to be made over quite a wide range of pressure and 

temperature conditions, as it is possible that dissolution proceeds 

by different mechanisms as the conditions vary. 

The tests most often used for determining mineral reaction rates 

are: 

1) the static reaction rate test, in which a mineral sample is 

contacted with unstirred solvent at a known ratio of mineral 

surface area to solvent volume (71). 
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2) flow experiments where solvent is flowed between parallel 

plates of mineral (72,73), 

and 

3) dynamic tests where mineral specimens are rotated through an 

agitated solvent solution (69,74). 

The progress of the reaction in these tests is followed by chemical, 

analysis of regylarly taken liquid samples. In general, the tests 

model some aspects of the reaction process such as area to volume 

ratio, or solvent flow velocity, but do not accurately model all 

field conditions. For example, it has been demonstrated that under 

static conditions, mass transfer to and from the mineral surface 

tends to mask the functionally of the reaction rate at the mineral 

surface. 

For the purpose of determining carbonate dissolution rate data 

under C02 flood conditions, either flow or dynamic experiments 

could be used. Flow experiments would, however, be preferable at 

this stage as they could be carried out with little modification to 

the carbonated water permeameter already in operation. If a 

dynamic set-up were to be used, completely new apparatus would have 

to be designed and constructed. 

Reaction rate studies are to be undertaken in the next phase of the 

research programme (75), so full discussion of the "pros and cons" 

of flow and dynamic type measurement systems will be deferred until 

then. Suffice to say for the present, that the most important 
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aspect of reaction rate work is to develop mechanistic explanations 

for dissolution over a complete range of pressure, temperature and 

hydrodynamic conditions (76). Only when the mechanisms of disso- 

lution are known can rate expressions be obtained to fit in predic- 

tive models. 
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6.1 Conclusions 

6.2 Recommendations 



6.1 Conclusions 

The following conclusions were drawn from the results of this 

investigation: 

The high pressure, high temperature carbonated water permea- 

meter constructed to investigate carbonate dissolution 

effects on carbon dioxide flooding was successful in providing 

new insight into the variables that control the dissolution 

process. 

2. No significant reduction in permeability or evidence for fines 

migration was obtained in any of the experiments, although 

it was found impossible to flood friable reservoir material 

using the present core holder set-up. Thus, carbonate 

dissolution is not envisaged as providing any well injectivity 

decline problems for a CO 2 flood in a competent reservoir 

formation. 

3. Substantial increases in permeability due to carbonate disso- 

lution were experienced in most rock types tested. More- 

over, a zone or front of increasing permeability was found to 

travel through the core from inlet to outlet face, suggesting 

that in a CO 2 flood situation, a permeability front would 

also be produced and move forward into the reservoir from the 

injection well. The velocity and continuity of front mig- 

ration would depend on numerous factors. Reservoir proper- 

ties such as temperature, permeability, rock homogeneity and 

the composition-concentration-distribution of carbonate 

minerals, together with the CO 2 flood characteristics such as 

slug regime and flow rate, would all contribute. 
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4. Cores containing mineralogical inhomogeneities or permeable 

zones were found to promote selective dissolution and channel 

formation. In a reservoir situation such an occurrence 

would clearly enhance imhomogeneities already present and 

further their associated problems. A major problem could 

be carbonated water breaking'through the CO 2 slugs. 

5. The presence of residual oil was found to initially inhibit 

carbonate dissolution owing to transfer of C02 from the carbon- 

ated water to the oil. This may be significant in a poorly 

swept reservoir with high residual oil content, in reducing 

or eliminating any expected stimulation effect. 

6. Existing mathematical models are unlikely to prove successful 

for most rock types in predicting carbonated water - carbonate 

mineral dissolution effects. 

6.2 Recommendations 

The following recommendations are made for future studies: 

Further carbonated water floods should be carried out on 

unconsolidated reservoir sandstones to determine whether 

fines release and plugging is at all likely. To prevent 

core collapse the cores should be encased in thick resin, 

rather than mounted in a rubber sleeve, requiring that a new 

core holder be designed and constructed. In addition, if 

a series of differential pressure tappings could be connected 

at various points along the core, the advance rate of any 

I 
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2. 

3. 

4. 

5. 

permeability front would be rapidly discernible. This 

would avoid having to carry out time consuming core seg- 

ment permeability analyses, but would require extra pressure 

transducers and recording facilities. 

A piston displacement cell would be preferable to the transfer 

barrier, in that the barrier rubber membranes were found to 

last fairly limited periods before bursting. Both nitrile 

and butyl rubber membranes in contact with C02 were found 

unsatisfactory in terms of "life expectancy". 

A better and more accurately controllable back pressure regu- 

lator is required to combat the fluctuations in differential 

pressure obtained in the core tests. The present regulator 

was found to generate system pressure build up followed by 

sudden release, causing a wave pattern to the core differen- 

tial pressure trace. A dome load regulator as opposed to 

the present spring load type is recommended. 

Tests on cores longer than three inches should be carried out 

to more fully evaluate permeability front advance phenomena. 

This may not, however, be possible with typically four inch 

diameter reservoir core. 

Dissolution reaction rate data for carbonate minerals in 

carbonated water should be determined to enable mathematical 

predictions at least to be attempted. The data would also 

be useful in determining whether dissolution was likely to 

occur in or immediately adjacent to the injection wellbore, 

or if it was to occur less intensively over a wider radius. 
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APPENDICES 



APPENDIX 1 

CARBONATED WAiER CORE FLOODING PROCEDURE 



CARBONATED WATER CORE FLOODING PROCEDURE 

To eliminate possible error at high pressure each of the valves on the 

permeameter were numbered (Figure Al-1) and an ordered experimental proce- 

dure adhered to. The procedure is outlined in subýequent sections. 

AM Core Mounting 

The core is first mounted inside a rubber sleeve in the core holder 

cell and a selected confining pressure (generally 50 percent greater 

than the test injection pressure) then applied to the core by pres- 

suring the rubber sleeve with water. Valve 28 is opened, the 

system purged of air through valve 27, and the desired water pressure, 

as shown by the 0-600 bar gauge, obtained via a manual hydraulic 

pump system. Valve 28 is then closed. 

For unconsolidated core materials the confining pressure and core 

pressure have to be raised simultaneously to prevent core collapse. 

The core pressure is applied by the CO 2 gas booster in this oper- 

ation, whilst the hydraulic pump is used to generate the confining 

pressure. 

Al. 2 Temperature Control. 

At this stage the transfer barrier and core holder heaters are 

switched on and adjusted to establish constant system temperature. 

The time required to produce the desired operating temperature may 

be as long as five hours, due to the large thermal capacities of 

the systems and consequent slow response. 
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Whilst heating is in progress, evacuation, core saturation and 

transfer barrier charging are carried out. 

Al .3 Evacuation 

A possible variation in the dissolved salts content with an unknown 

effect on CO 2 solubility was eliminated by using synthetic sea 

water in all experiments. The desired quantity of brine is mixed 
in a preparation vessel, then driven by carbon dioxid& pressure 

through a 0.25 micron filter and valve 2 to the brine reservoir in 

the permeameter. 

The laboratory vacuum pump is then switched on and evacuation of the 

flow system conducted by the following procedure: 

1. With valves 2 and 4 closed, valve 3 is opened to deaerate the 

brine in the brine reservoir. Valve 3 is then closed. 

2. With the transfer barrier in the vertical position, valve 9 

is opened to evacuate the inside of the rubber membrane. 

Valve 9 is then closed. 

3. Valves 16,18,19,22,23,24,25 and 26 are opened to evacuate 
the core, viscometer and the lines to the differential pressure 

transducer. Valve 5 is then closed and the vacuum pump 

switched off. 

AIA Core Saturation and Transfer Barrier Charging 

1. Air is removed from the lines to the low pressure carbon 

dioxide supply by breaking the tube fittings upstream of valves 
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4 and 7. and purging with CO 2* The fittings are then 

reassembled. 

2. The brine reservoir is pressurised through valve 4 by 10 to 

20 psi carbon dioxide pressure. Valve 6 is opened and the 

core, viscometer and lines to the differential pressure satu- 

rated with deaerated brine. Valves 16,19,22 and 26 are 

then closed. 

3. Valves 9 and 13 are opened and the rubber membrane in the 

transfer barrier filled with brine. Valves 4g 69 9 and 13 

are then closed. 

4. The Eldex pump is started and valves 10 and 12 opened to purge 

residual air from the oil circuit. Completion of purging 

is judged visually by observing oil return to the top of the 

oil reservoir. Valve 12 is then closed. 

5. Valves 14 and 17 are opened to purge the oil line to the 0- 

5,000 psi transducer. Valve 17 is then closed and the pump 

switched off. 

Al. 5 Back Pressuring 

Valve 29 and purge valve 30 are opened, and water from the hydraulic 

pump forced through the back pressure regulator. Valve 30 is then 

closed and the pressure set to the desired level by hand adjustment 

of the control on the regulator. The pressure is read from the 

0- 400 bar precision gauge on the instrument panel. Valve 29 is 

then closed. 
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Al. 6 Brine Flooding 

1. The pump is started and the pressure in the transfer barrier 

raised to the flow test level (slightly below the system back 

pressure). The pressure is read from the digital display 

connected to the'O - 5,000 psi transducer. 

2. Valves 9 and 16 are opened and the pressure again raised to 

the test level. 

3. Valve 21 is opened to equalise the system pressure, and valve 

24 carefully closed to initiate flow of brine through the 

core. The differential pressure across the core is continu- 

ously monitored on the strip chart recorder. 

4. The temperatures of the core and the brine throughout the flow 

system are periodically checked and recorded. 

5. Liquid effluent from the separator is collected in flasks from 

the start of core flooding. It is directed by way of valve 

31 to one of four different outlets. 

6. Brine flooding is carried out until such a time as a reference 

(stabilised) permeability value is attained. 

7. The pump is switched off, valve 24 opened, and valves 16.18. 

21,23 and 25 closed. 

8. Valve 12 is slowly opened to reduce the pressure in the transfer 

barrier to atmospheric. 

9. Valves 9,10 and 14 are then closed. 

A1.7 Recharging 

Valve 7 is opened and the membrane in the transfer barrier 

reshaped by low pressure C02 gas. Valves 7 and 12 are then 

closed. 
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2. Valves 4,6,9 and 13 are opened and the rubber membrane in 

the transfer barrier filled with brine. Valves 4,6 and 13 

are then closed and the low pressure C02 supply turned off. 

Al. 8 CO, Pressuring and Equilibrium Attainment 

Carbon dioxide gas is introduced periodically from the gas intensi- 

fier to the brine on the inside of the membrane in the transfer 

barrier. Equilibýium between the gas and liquid phases is obtained 

by bringing them into intimate contact by oscillation of the transfer 

barrier vessel . In the early stages the gas pressure has to be 

increased by the addition of more C02, to compensate for the pressure 

decrease caused by the gas going into solution. Equilibrium is deter- 

mined by observing no pressure change for a considerable time. 

The precise procedure is as follows: 

1. The 0-2,000 psi C02 regulator is opened and set to around 

20 psi. 

2. Air is purged from the high pressure C02 line from the gas 
booster by breaking the tube fittings upstream of valve 8. 

The fittings are then reassembled. 

3. Valves 8,15 and 17 are opened to purge oil from the lines to 

the 0 -. 5,000 psi pressure transducer. Valve 17 is then 

cl osed. 

4. The 0-2,000 psi CO 2 regulator is slowly opened to around 

600 psi (gas booster supply pressure must exceed 500 psi). 
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5. The mechanical rocking assembly is engaged and started. 

Its appropriate cycle is adjusted by the manual control from 

the Kopp variator. 

6. The gas booster is started and the CO 2 discharge pressure 

adjusted via the compressed air supply regulator. 

7. The brine in the transfer barrier is pressurised periodically 

by opening and closing valve 9. It takes 4 to 8 hours to 

bring the carbonated water solution to equilibrium, depending 

upon the temperature and the desired equilibrium pressure. 

When equilibrium is attained, agitation of the transfer barrier 

vessel is stopped, valve 8 is closed and the C02 gas and air 

supplies turned off. 

8. The transfer barrier is disengaged from the rocking mechanism 

and set in the vertical position. 

9. Valve 15 is closed and valve 17 slOwlY opened to reduce the 

CO 2 pressure in the lines to the 0-5,000 psi transducer to 

atmospheric. 

A1.9 Gas Flow and Viscosity Determination 

1. The pump is started and valve 14 opened to oil purge all air 

and CO 2 from the lines to the 0-5,000 psi transducer. 

2. Valve 17 is closed and the oil pressure raised to a level 

slightly above the transfer barrier pressure. 

3. Valves 10,16,19,22,26 and 20 are opened in turn and all 

excess C02 gas pumped through the viscometer. The CO 2 flows 

through the wet gas meter, saturating the water in the meter, 

to vent. 
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4. As soon as continuous flow of carbonated water into the gas- 

liquid separator is observed, valve 24 is closed and the 

carbonated water viscosity measurement carried out. Valve 

24 is then reopened and valves 19,20,22 and 26 closed. 

A1.10 Carbonated Water Core Flooding 

Valves 18,21,23 and 25 are opened, valve 24 slowly closed 

and carbonated water flowed through the core. The differential 

pressure across the core is continuously monitored on the strip 

chart recorder. 

2. Temperatures throughout the flow system are periodically 

checked and recorded. 

3. Liquid effluent from the separator is collected in flasks from 

the start of core flooding, and the volume of C02 gas produced 

from the core effluent solution is measured by the revolution 

counter on the wet gas meter. 

A1.11 ri, c, nnwn 

After the desired volume of carbonated water has been pumped 

through the core and collected, the pump is switched off and 

valves 8,19 and 24 opened. The back pressure regulator is 

then slowly adjusted to reduce the flow system pressure to 

atmospheric. Valve 8 is then closed. 

2. The heating systems are switched off. 
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Valve 9 is closed. valves 7 and 12 opened, and the rubber 

membrane in the transfer barrier reshaped by low presssure 

C02* Valves 7 and 12 are then closed. 

4. Valve 21 is closed, valve 5 opened and the vacuum pump switched 

on to evacuate the core and associated pipework. Evacuation 

is continued for two to three hours during cooling. Valve 5 

is then closed and the vacuum pump switched off. 

5. The core sleeve confining pressure is reduced by slowly opening 

valve 27, and the sleeved core removed from the core holder 

cell . 
6. All liquid flow lines are flushed clean. The lines upstream 

of the core holder are flushed with distilled water while the 

downstream lines are flushed with citric acid to remove any 

carbonate preciPitate. 

A1.12 Analyses 

Following a core test a series of different analyses are performed 

on the core, and the effluent analysis for calcium and magnesium 

is completed. The core is divided into segments, and the permea- 

bility, porosity, pore size distribution and concentration of 

minerals in the core segments are then measured (Chapter III). 
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APPENDIX 2 

PETROGRAPHIC DESCRIPTIONS AND 
PHOTOMICROGRAPHS OF ROCKS USED IN CORE TESTS 



A2.1 Yorkshire Jurassic Sandstone 

Calcarenaceous sandstone consisting of subrounded detrital quartz 

and detrital carbonate debris cemented by micritic ferroan calcite 

(Plate A2-1). The detrital carbonate comprises for the most part 

of elongate fibrous calcite shell fragments (Plate A2-2), often 

with a central pocket of sparry calcite cavity-fill crystals, and 

scattered large twinned calcite intraclasts. The shell fragments 

are orientated parallel to the bedding in an inteHayered quartz 

(sandy) and carbonate (limey) framework. 

Plates A2-3 and A2-4 show S. E. M. views of the sandstone. With the 

advantages over light microscopy of depth of focus and high magnifi- 

cation, the shape and contacts between the quartz grains are clearly 

visible. Also apparent are the micritic calcite cement, seen in 

Plate A2-4 coating a quartz grain, and some relatively large diameter 

pores. 

Sand Grain Shape: subrounded 

Coarseness: fine (average quartz grain 
diameter 0.25mm with shell 
fragment lengths up to 7 mm) 

Sorting: good 

Grain Contact: point to short line 
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PLATE A2-1. PHOIOMICROGRAPH, CROSSLD NICOLS, X4 MAGNIf ICAlION. YORKS JURASSIC SANDSTONE SHOWJNG QUARTZ GRAINS (WHIIL, GREY AND BLACK) AND SHELL FRAGMENTS (DARK. BROWN) CEMIN11D BY CA[(, 'Ili (LIGHI BROWN) 
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PLATE A2-3. S. E. M. VIEW OF YORKS JURASSIC SANDSIONF. (X l, "t' MAGNII I(Al 
SHOWING DLlRIlAl. QUARTZ GRAINS WIIH MlC, RIlIC CAIL111, PL)kl 
i it L 
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A2.2 Fife Carboniferous Sandstone (A) 

Dolomitic submature/mature quartzarenite composed for the most part 

subangular to rounded quartz grains partially cemented by secon- 

dary ferroan dolomite (Plate A2-5). The dolomite is relatively 

, evenly distributed in a compacted detrital matrix, occurring as 

'rhomb 
shaped crystals and less commonly as crystalline masses in the 

voids between sand grains (Plate A2-6). The size of the dolomite 

rhombs is closely related to the size of the detrital grains and 

hence to the resulting pore spaces. 

Coarseness: fine (average quartz grain 
diameter 0.2mm) 

Sorting: moderate 

Grain Contact: line to concave-convex 
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PLATE A? -! ). 11HOTOMICROGRAPH, CROSSED NICOLS, X4 MAGNI[ICA110N. 1111 
CARBONIFEROUS SANDS10NE (A) COMPOSED 01 DLIRITAI QUAR11 
GRAINS, PARI IALLY CEMENTED BY SECONDARY DOLOMI IL ( YH I ()W; " 
ORANGE) 
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A2.3 Fife Carboniferous Sandstone (B) 

Dolomitic submature quartzarenite composed of tightly packed sub- 

rounded quartz grains with minor amounts of interstitial dolomite 

and clay. Compaction was well advanced prior to carbonate preci- 

pitatio'n, limiting the dolomite occurrence to scattered crystals 

and aggregates, often filling two or three adjacent pores (Plate 

IV-9). 

Coarseness very fine (average quartz 
grain diameter 0.08 mm) 

Sorting : moderate 

Grain Contact : long line to concave-convex 
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A2.4 Rotliegende Sandstone from Southern North Sei 

Poorly consolidated, calcitic, submature quartzarenite consisting 

of subrounded grains and rock fragments partially cemented by 

calcite (Plate A2-7). The calcite occurs as large scattered 

crystals approaching the size of the detrital grains while many 

of the quartz grains have thin clay coatings. 

Coarseness : very fine to medium 

Sorting : poor 

Grain Contact point to point. 

PLAIE A? -7. PHOMMICROGRAPH; (, Nl(()11), X: i 1(, [61n. 
R011-1[GFNDE SANDSIONE FROM SOUIHERN NOR'IH SLA COMPOSIO 
OF DElRITAL QUARTZ GRAINS (WHIJL, GRLY, BIACK) W111i 
PARTIAL CALCITE PORE FILL OIGHT RROWN) 



A2.5 Jurassic Sandstone from Northern North Sei 

Very poorly consolidated, dolomitic, submature subarkose composed 

of angular to subangular quartz and felspar grains cemented by 

dolomite. A photomicrograph of typical material is presented in 

Plate A2-8. The dolomite occurs as small crystals of the Same 

order of size as the sand grains. Cementation clearly took place 

prior to any significant compaction of the detrital matrix. 

Coarseness medium (average sand grain 
diameter 0.3 nim) 

Sorting : poor 

Grain Contact short line to point 

PLAIL A2-8. IIHO]OMICROGRAI'li; CROSSLD NJ(. 01-S, X4 MAGNII I(AlION. 
JURASSIC SANDSTONE FROM NORllil-. -. RN NORIH SEA SHOWING POORI Y 
CONSOL I DATED DEI RII AL GRA 1 NS (I MLN I 11) BY II NF IY CRYS IN- 
LINE DOLOMIIE 
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A2.6 Jurassic Sandstone from Indefatigable Field 

Dolomitic submature quartzarenite composed mostly of subangular to 

subrounded quartz grains and rock fragments partially cemented by 

dolomite. Small amounts of detrital and pore-fill clay are also 

present, the pore-fill appearing to have formed by recrystallis- 

ation of the detrital material. The dolomite occurs as scattered 

crystalline masses totally cementing the detrital grains, and more 

uýiformly as finely crystalline pore-fill (Plate A2-9). In areas 

that are totally cemented the detrital grains are held by single 

dolomite crystals, obliterating porosity. 

Although for the most part the sandstone is relatively homogeneous, 

some horizons contain interlayered coarser and finer bands as shown 

in Plate IV-16. 

Coarseness: very fine to medium 
(average sand grain 
diameter 0.1 Mm) 

Sorting: very poor 

Grain Contact: short line to concave-convex 
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PLATE A2-9. PHOTOMICROGRAPH; CROSSED NICOLS, X4 MAGNIFICATION. 
INDEFATIGABLE FIELD SANDSTONE 
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Poorly washed biosparite composed of shell fragments and ooliths 

cemented by calcite spar (Plate A2-10). Minor amounts of intraclasts 

and subrounded detrital quartz grains are also present. 'The shell 

fragments are normally elongate (generally in the order of 0.4 mill 

long but up to 1.5 cm), orientated parallel to the bedding. IhUy, 

along with the quartz grains, often have a superficial oolitic 

envelope. 

Some minor interlayering of tightly packed carbonate detritus wit-h 

only a small proportion of cement, and less consolidated mOterijil 

with a much higher proportion of cement, occurs in an otherwise 

homogeneous framework. 

PLATE A2-10. PHO-10MICROGkAPH; CROSSED NICOI-S, X2 MAGNIFICA110N. 
OXFORDS JURASSIC LIMESTONE SHOWING SHELL FRAGMINIS, 
OOLITHS AND QUARTZ GRAINS CEMENTED BY CALCII[ SPAR, 
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APPENDIX 3 

STAINING PROCEDURE FOR CARBONATE 
MINERAL IDENTIFICATION 



CARBONATE STAINING PROCEDURE 

The following three organic dye staining solutions were used: 

a) Solution of 0.2 g alizarin red S dissolved in 100 ml 1.5% hydro- 

chloric acid. 

b) Solution of 2g potassium ferricyanide dissolved in 100 ml 1.5% 

hydrochloric acid. 

C) Mixture of 3 parts 6) to 2 parts (b). 

The. complete procedure for preparing stained thin sections was as follows: 

1. Prepare a finely polished thin section. 

2. Etch section in 1.5% HCI for 30 seconds. 

3. Stain section for 60 seconds in the staining solution. 

4. Wash section quickly in distilled water. 

5. Dry section and then cover slip. 

The stain colours produced are given below in Table A3-1. 

CARBONATE 
MINERAL 

Calcite 

ALIZARIN 
RED S 

pink 
to red 

POTASSIUM 
FERRICYANIDE 

Ferroan pink blue 
Calcite to red 

Dolomite 

Ferroan blue 
Dolomite 

TABLE A3-1- CARBONATE MINERAL STAIN COLONS 

MIXTURE 

pink 
to red 

mauve 
to blue 

turquoise 

I 
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APPENDIX 4 

DETERMINATION PROCEDURES FOR CALCIUM 
AND MAGNESIUM ION CONCENTRATIONS 

BY EDTA TITRATION 



ANALYSIS FOR CALCIUM AND MAGNESIUM BY EDTA TITRATION 

HHSNNA indicator permits the determination of calcium ion concentration in 

the presence of magnesium ions. It produces a sharp colour change from 

wine red to pure blue when calcium is titrated with EDTA at pH values above 

10 (77). 1 

I 

For the joint determination of calcium and magnesium Eriochrome Black T is 

generally used as an indicator (78). On titration with EDTA at pH 10 the 

red colour of the indicator changes sharply to blue at the end point. 

AM Procedure for Calcium 

1. Pipette two 25 ml portions of the mixed solution into two separate 

conical flasks and dilute each with 25 ml of distilled water. 

2. Acidify each sample with a few drops of hydrochloric acid to ensure 

solution of all carbonate. 

3. To the first flask add 4 ml of 8M-potassium hydroxide solution and 

allow to stand for 3-5 minutes with occasional swirling. This 

brings the pH of the solution up into the required range. 

4. Add 30 mg each of potassium cyanide and hydroxylammonium chloride 

and swirl the contents of the flask until the crystals dissolve. 

These additives mask the effects of interfering elements on the 

titration. 
5. Add 0.2 g of HHSNNA indicator and titrate with 0.01M-EDTA Solution 

until the colour changes from red to blue. The volume of titre 

(x ml) is noted. 
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6. To the second flask run x-I ml of the EDTA solution. 

7. Add 4 ml of 8M-potassium hydroxide, then 30 mg each of potassium 

cyanide and hydroxIammonium chloride. Swirl the flask until the 

crystals dissolve. 

B. Add 0.2 g of HHSNNA indicator and complete the titration. Note 

the volume of titre (Y ml). 

9. From the relation: I 

1 ml 0. OIM-EDTA - 0.4008 mg Ca 

the calcium ion concentration (Ca 2+ ) is computed as: 

Ca 2+ yx0.4008 x 1000 
mg/l 2b. U 

A4.2 Procedure for Total Calcium and Magnesium 

Pipette 25 ml of the mixed solution into a conical flask and dilute 

with 25 ml of distilled water. 

2. Acidify the sample with a few drops of hydrochloric acid. 

3. Buffer the solution to pH 10 by adding 5 ml of monoethanolamine- 

hydrochloric acid and mixing. 

4. Add 30 mg each of potassium cyanide and hydroxylammonium chloride 

and swirl the contents of the flask until the crystals dissolve. 

5. Add 0.2 g of Eriochrome Black T indicator and titrate with O. OIM-EDTA 

to a pure blue end point. The volume of titre (z ml) is noted. 

6. From the relation: 

1 ml 0. OIM-EDTA - 0.2432 mg Mg 
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the magnesium ion concentration (Mg 2+ ) is computed as: 

Mg2+ z- y) 0.2432 x 1000 
mg/l 25.0 
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APPENDIX 5 

CORE FLOOD FLOW RATES 
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