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Abstract 

It is increasingly thought that knowing a reservoir's wettability is ,essential for 
establishing the Special Core Analysis procedures in order to estimate Swi and So, 
However, the conditions (T, P, kind of oil) under which this parameter is evaluated can 
have an important influence on the measurement result, and contradictory results on this 
subject are found in the literature. This affects the viability of the extrapolation to reservoir 
conditions h m  results obtained in the laboratory under different conditions. 

The most reliable way to evaluate the wettability of reservoir rock is to reproduce 
reservoir conditions; however, no description of satisfactory apparatus for making this 
kind of measurement can be found in the literature. 

This paper describes the first apparatus which can carry out the Amott-Harvey test under 
reservoir conditions. The influence of the conditions selected for the wettability 
measurements (T, P, kind of oil) on the wettability index obtained is studied for four 
reservoirs (three sandstone and one carbonate). For sandstone, it is demonstrated that an 
increase in temperature often (but not always) increases the rock's affinity for water, but 
this increase strongly depends on the reservoir rock considered. For the carbonate, no 
influence of thermodynamic conditions has been observed. 

Finally, it is shown that, currently, it is impossible to predict the change in wettability that 
occurs when the previously considered conditions vary. Each reservoir is unique, and 
assessing wettability under reservoir conditions remains the most reliable and strongly 
recommended option. 

Introduction 

Fifty years ago, most reservoir engineers believed that all oil reservoirs were water wet. 
At the time, Special Core Analysis programs could even be occasionally canied out, in 
good faith, using cleaned samples (typically made water wet), refined oil instead of crude 
oil, and operating under room temperature and pressure conditions [I]. Since that time, 
these "certainties" have changed. Some authors [2-51 now think that more than half of all 
reservoirs are not strongly water wet. This tendency is doubtless even more pronounced 
in the case of carbonate reservoirs. The importance of the "wettability" parameter for 
capillarity, electrical properties, and fluid/fluid displacement characteristics, for a 
particular rockjfluids system, has also been demonstrated [I, 5, 61. 

A consequence of this change is that many researchers, such as Verma [7], believe that 
knowledge of a reservoir rock's wettability (including knowledge of lateral or depth- 
related variations) is necessary for establishing the SCAL procedures necessary to 
determine Swi and Sop 
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No in-situ measuring method is really accepted as yet by the oil industry. This implies that 
the laboratory should have samples available whose surface conditions are representative 
of those of the in-situ rock, and that valid measuring methods and conditions should be 
selected. The solution to the first problem, that is, how to provide representative samples, 
may be found by preserving or restoring their surface conditions [ 5 ] .  However, there are 
still some doubtful cases. It is also useful to sample one or more reservoir zones 
depending on its heterogeneity. The second problem concerns measuring methods and 
conditions. Numerous measuring methods have been proposed. The two most frequently 
used, and which are considered the most satisfactory, are described below. 

The Amott test consists of calculating an index based on spontaneous and forced 
displacements of oil by water and of water by oil. It relies on imbibition and displacement 
experiments using a centrifuge or imposing a pressure gradient or flow rate. Different 
indices can be calculated (cf. Figure 1): the water wettability index IW and the oil 
wettability index 10. The difference IAH = IW - b, which varies from -1 to +I ,  is often 
used to quantitatively evaluate wettability. 

The USBM test consists of obtaining, by centrifuging for example [a], the capillary 
pressure curves for imbibition and drainage. The wettability index proposed is the 
logarithm of the ratio of the area under the secondary drainage curve to that under the 
imbibition curve (cf. Figure 1). Different ways of calculating this index are possible, 
depending on whether or not the spontaneous drainage and spontaneous imbibition parts 
are included. 

The conditions for measuring wettability using these two tests vary from one laboratory to 
another: native, preserved or restored reservoir rock (preservation and restoration 
conditions may be particular to each laboratory); reservoir brine, possibly reconstituted, 
or brine chosen arbitrarily; refined oil or crude oil; various pressures and temperatures. 

Experimental Conditions and Wettability: Literature Review 

A review of the literature shows that the equilibrium conditions of the rock/fluids system 
and/or of the wettability measurement can influence the results. As for temperature, 
numerous studies have shown that there is a tendency to increase the affinity for water (or 
to decrease that for oil) as temperature increases [9 - 171. Thus Hjelmeland [9] 
demonstrated that a strongly oil wet system at room temperature becomes water wet at a 
higher temperature (60°C). Rivas 1171 observed that the effect of temperature depends on 
the initial wettability condition: thus, a system which is partially or totally oil wet at low 
temperature becomes more water wet at high temperature. On the other hand, for a system 
which is water wet at low temperature, the change is slight or non-existent. According to 
Anderson [lo], two temperature effects can be envisaged that explain this behavior. First, 
the solubility of compounds which are liable to be fixed to the mineral surfaces increases 
with temperature. Some of these compounds can thus be desorbed from the surface, and 
increase the affinity of the rock for water. Otherwise, interfacial tension and contact angle 
(measured in the water) diminish as temperature increases independent of the presence of 
adsorbable compounds. If considered in terms of contact angle, the affinity for water is 
thus increased. 

However, other results can be found which show the opposite tendency: that water 
wettability dminishes when temperature increases [18-221. Thus, in recent studies, 
Jadhunandan [21-221 has demonstrated that Berea sandstone aged with various crude oils 
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becomes more oleophilic when the aging temperature of the rocklfluids system increases. 
These researchers realize that this result is difficult to interpret, as the adsorption of polar 
compounds of oils should decrease with an increase in temperature. Other studies have 
nonetheless shown that adsorption can increase with temperature [23,24]. To explain the 
result, reference is made to the potential for a change in the stability, the solubility or the 
dispersal of asphaltenes in the oil phase, as well as to the influence of temperature on the 
stability of water films. 

These variations in behavior must be due to the fact that several kirids of phenomena 
intervene in mineral/water/oil interactions (adsorption across a water film, transition of a 
water film from existing to non-existing conditions, appearance of asphaltene deposits 
etc.). An improvement in basic understanding of these phenomena should help reconcile 
the diverse results found in the literature. 

As regards the effects of pressure on wettability, little is found in the literature. The 
studies show that, in general, pressure has little or no influence on wettability 
[lo, 16, 251. One recent study [26] shows that operating under reservoir pressure 
during the process of wettability restoration leads to a decrease in oil wettability 
(compared to a restoration at a lower pressure). 

As for the role of dissolved gas, Hjelmeland [9] has shown that for a 
carbonate/brine/crude oil system, the use of stock-tank oil instead of live oil (for identical 
T and P) leaves the value of the contact angle virtually unchanged. 

The use of refined oil instead of stock-tank oil in the case of preserved (native) or restored 
samples had been advised in the past, as it was thought [27] that the time required to 
modify wettability due to the desorption of products fixed on the rocks would be long 
compared to the duration of experiments performed in the laboratory. Since then, Wendel 
(cf. page 1139 in Ref. 10) has verified that this sort of oil exchange could modify 
wettability (reducing oil wettability). In a study where pressure, temperature and the kind 
of oil changed simultaneously, Kyte et al. [1 l ]  have shown that a rock/fluids system of 
intermediate wettability under normal T and P conditions becomes water wet under 
reservoir temperature and pressure conditions and with dissolved gas added to the oil. 

Finally, the current state of knowledge regarding the influence that temperature, pressure 
and the presence of a dissolved gas have on wettability is insufficient to predict the 
influence of these parameters for a particular reservoir. Consequently, when evaluating 
the wettability of a reservoir rocklfluids system, it is best to match the particular 
reservoir's conditions as closely as possible (even when establishing the equilibrium). 
Until now, little work has been done to design equipment for measuring wettability under 
reservoir conditions. 

Olsen et al. [I51 modified a centrifuge to carry out the USBM test at reservoir 
temperatures (Tmm = 177°C or 350°F) and at a maximum pressure of 35 bar (500 psi). 
This is an improvement over room temperature and pressure conditions, but does not 
always permit operating under reservoir pressures nor, above all, allow the use of 
recombined oil. Wiley [28] recently proposed an apparatus to carry out imbibition 
experiments under reservoir conditions. Since 1961, Kyte et al. [1 11 have also described 
apparatus for performing, on the one hand, imbibition experiments in water, and on the 
other, displacements, under reservoir conditions. However, these systems cannot carry 
out the four stages of the Amott-Harvey test while constantly maintaining reservoir 
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conditions; a release of pressure and a reduction in temperature are needed to move from 
one apparatus to another. 

This paper describes a new apparatus which overcomes these difficulties. Then, it 
presents experimental results that attempt to evaluate the influence of operating conditions 
(T, P, kind of oil) on the results of the wettability test, for different reservoirs. These 
experiments were carried out as part of different studies and in different contexts. 
However, in spite of some variations in experimental conditions, we thought it useful to 
present the combined results to the petroleum scientific community. 

Experimental 
Program 

The Amott-Harvey test was used to measure the wettability of the reservoirs considered 
under three types of conditions (room temperature and pressure, intermediate, and 
reservoir), as indicated in Tables 1 to 4. The study was carried out using reservoir rock 
samples which had previously been cleaned by sweeping with a series of solvents (whose 
efficacy had been previously determined). Synthetic brine from each reservoir was always 
used The oil used (stock-tank oil, topped stock-tank oil, recombined oil) for establishing 
initial saturations, for aging and for the wettability test is specified in Tables 1 to 4. 

Four reservoirs were studied: three clayey-sandstone, and one carbonate, all of which 
exhibited mixed wettability in previous core analysis studies (that is, with the potential for 
spontaneous displacement of oil by water and water by oil). Imbibition experiments were 
pursued until a recovery plateau was obtained. The experiments lasted several weeks. 

Equipment 
For the experiments under room temperature and pressure conditions (20°C and 
atmospheric pressure), standard glass equipment was used for the imbibitions, and 
Hassler-type cells for the displacements. For the experiments carried out under reservoir 
conditions, a new apparatus was designed and built that operates at pressures of up to 450 
bar (6520 psi) and a maximum temperature of 170°C (338OF). It is described in Appendix 
1 and Figure 2. For the experiments carried out under "intermediate" conditions, a new 
apparatus was built using the same principle as above. It can operate at pressures of up to 
25 bar (360 psi) and a maximum temperature of 80°C (1 76OF) (see App. 1 and Fig. 3). 

Procedures (see Appendix 2)  

Results and discussion 

* Clayey sandstone No. 1 (Table 1) 
An Algerian sandstone. with low porosity and permeability was used, whose facies 
considered contained about 6% clay [29]. The three wettability tests were carried out on 
three different samples from the same well that were taken at depths several meters apart. 

It was observed that in spite of long imbibition periods, only small volumes of oil or 
water are generally recovered. The wettability test carried out under room temperature and 
pressure conditions showed a slight preferential oil wettability, while, the other two tests 
showed mixed wettability (spontaneous displacement ia both directions), that was 
preferential on the whole to water under intermediate conditions, and preferential on the 
whole to oil under reservoir conditions. No continuous trend was observed for recovered 



1995 SCA Conference Paper Number 9529 

volumes during imbibitions in water and in oil, or for the value of the wettability index 
IAH when going fiom room temperature and pressure conditions to reservoir conditions. 

When comparing tests carried out under room temperature and pressure conditions to 
those performed under intermediate conditions, in which only the wettability temperature 
measurement changes, the affinity for water is observed to increase with temperature. 
Another notable result is the significant increase in spontaneous displacement of water by 
oil under reservoir conditions when compared to the other two tests. However, this result 
cannot be interpreted, as the temperature, pressure and kind of oil changed. 
The fact that,the sample tested under intermediate conditions has a higher Soi than the 
other two samples implies some limitations to the previous interpretation of the results. 

* Clayey sandstone No. 2 (Table 2) 
This sandstone from the North Sea contains a few percent of clay, mostly kaolinite, illite, 
chlorite and trace amounts of pyrite. The tests were carried out on three samples taken one 
after the other from the midst of the same core sample (adjacent depths). Significant 
differences are observed for porosity and permeability for the sample tested under 
intermediate conditions. The difference observed for Soi for the other two samples 
(5.3%) is probably linked to the differences in experimental conditions for establishing 
Soi. 

The test under room temperature and pressure conditions was carried out twice in 
succession. That is, the first test was performed after the rock/fluids system had aged 12 
days, and the second test after an additional aging period of 55 days at 20°C which 
corresponded to the duration of the fmt test It was observed that the rock tended to be oil 
wet in both cases. A slight increase of this character was noted from one test to the other, 
but it stayed at a low level. When thermodynamic conditions are modified, an increase in 
the affinity for water is noted (cf. oil volumes displaced during imbibition in water) as is a 
decrease in the affinity for oil (cf. water volumes displaced during imbibition in oil). 

Finally, the wettability index goes from about -0.75 under room temperature and pressure 
conditions to +0.24 under intermediate conditions and +0.42 under reservoir conditions. 
Thus, an increase in affinity for water and a decrease in affinity for oil is noted when 
operating under reservoir conditions. Moreover, wettability becomes mixed as soon as 
there is a deviation from room temperature and pressure conditions. The behavior of this 
sandstone differs from that of the preceding one when going from intermediate to 
reservoir conditions. 

* Clayey sandstone No. 3 (Table 3) 
This North Sea sandstone contains approximately 10% clay (essentially kaolinite and a 
little illite). Two neighboring samples (from the same core, and taken one next to the 
other, that is, at the same depth) were used to evaluate wettability under room temperature 
and pressure and under intermediate conditions. Observations pointed once again to the 
existence of mixed wettability with a tendency for lower oil wettability when temperature 
and pressure' are increased. Measurements under reservoir conditions were not made. 

* Carbonate (from the Middle East - Table 4) 
The tests under room temperature and pressure conditions and intermediate conditions 
were carried out on the same sample; the test under reservoir conditions was carried out 
on a neighboring sample [30]. 
The high value for Soi for the latter sample was probably caused by sweeping with 
viscous oil before introducing the reservoir oil. Regardless of which conditions are 
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adopted, there is a slight spontaneous displacement of oil by water and of water by oil that 
is noted. There is thus a mixed-type wettability with a barely perceptible preference for 
one fluid over the other. The wettability indices are in all cases close to 0. 

Finally, it can be inferred that the wettability of this carbonate is affected neither by the 
kind of oil used (refined oil; stock-tank oil, recombined oil), nor by thermodynamic 
conditions (20°, 85' or 12I0C, atmospheric pressure or 204 bars). The adsorption 
phenomena whose equilibrium conditions are sensitive to thermodynamic conditions do 
not seem to explain the surface properties of this rock after restoration. It is the mineral 
surface that is at issue. The neutral wettability obtained after cleaning this rock with a 
complex series of solvents supports this hypothesis. This neutral wettability could come 
from several sources: hydrophobic materials contained in the remains of organisms which 
make up the mineral, fixation of molecules (organic acids?) found in the waters before 
migration [31], heavy products (asphaltenes, for example) of crude oil which are 
irreversibly fixed (and not completely removed by the cleaning procedure). 

The evolution of the wettability index when going from one set of conditions to another 
for the four reservoir rocks has been drawn on Table 5. For the carbonate the results are 
independent of measurement conditions. For sandstone, when going from room 
temperature and pressure conditions to intermediate conditions, it is observed that IAH 
increases slightly to strongly in all three cases. Temperature is the parameter that changes 
the most between the two sets of conditions (from 20' to 70' or 75OC, while pressure 
remains constant in one case, or goes from atmospheric pressure to 7 bars in the other 
two); it can be surmised that the evolution of IAH is principally caused by an increase in 
temperature. When passing from intermediate to reservoir conditions, an increase in IAH 
is noted for one of the sandstones, and a decrease is noted for the other. This behavior 
difference is not easy to interpret. 

Finally, it seems that depending on the reservoir, the wettability index measurement is or 
is-not affected by the measurement conditions, without it being possible to predict the 
influence. This confirms' the opinion, widely held in petroleum laboratories, that each 
reservoir is unique. Additional work needs to be done to better understand the influence 
of temperature, pressure, and dissolved gas on the wettability of the reservoir mk/fluids 
system. Meanwhile, as the result of the wettability test can depend heavily on the 
operating conditions, if a realistic extrapolation of results to the in-situ reservoir rock is 
desired, reservoir conditions should be matched as closely as possible when assessing 
wettability . 

Conclusions 
1 .  A new apparatus for evaluating wettability by means of the Amott-Harvey test, under 

reservoir conditions, has been designed and built. 
2. For a carbonate reservoir, it has been observed that thermodynamic conditions have no 

significant influence on wettability. 
3.  For the three sandstone reservoirs, when temperature was the sole or principal parameter 

modified, the trend most often observed was that water wettability increases with 
temperature, but the reverse can also be observed. 

4. Our results nonetheless confirm that each reservoir is unique and that is it currently 
impossible to predict the influence of a change in thermodynamic conditions (T, P, kind 
of oil) on the wettability of a rocklfluids system. 

5 .  Until other research leads to a better understanding of phenomena in this field, 
wettability should be evaluated under conditions as close as possible to those of the 
reservoir. 



1995 SCA Conference Paper Number 9529 

References 
1 . Morrow, N. R.: "Wettability and Its Effect on Oil Recovery, J.P.T. (Dec. 1990) 

1476. 
2. Treiber, L. E., Archer D. L. and Owens W. W.: "Laboratory Evaluation of the 

Wettability of SO Oil Producing Reservoirs", SPE J, 12,531 (1972). 
3. Cuiec L.: "RocWCrude-Oil lnteractwm and Wettubiliry: An attempt to Understand 

Their Interrelation" paper SPE 4 3  21 1, presented at the 1984 SPE Annual 
Technical Conference, Houston, Sept. 1 6- 19. 

4. Chilingar, G. V. and Yen T. F.: "Some Notes on wettabil;ty and Relative 
Permeabilities of Carbonate Reservoir Rocks", Energy Sources, Vol. 7, No. 1, p. 
67, (1983). 

5 .  Cuiec L.: "Evaluation of Oil recovery and Its Eflects on Oil ~ ' ecover~"  in 
"Interfacial Phenomena in Petroleum Recovery". Ed. by N. R. Morrow, Marcel 
Dekker, New York, 199 1. 

6 .  Anderson, W. G.: "Wettability Literature Survey - Part 3: Effects of Wettability on 
the Electrical Properties of Porous Media", J.P.T. (Dec. 1986) 137 1-78. 

7. Vema M. K., Boucherit M.A.G. and Bouvier L.: "Evaluation of Residuol Oil 
Saturation After Waterflood in a Carbonate Reservoir", Paper SPE 2137 1 
presented at the 1991 SPE Middle East Oil Show, Bahrain, Nov. 16-19. 

8 .  Donaldson, E.C., Thomas, R.D. and Lorenz P.B.: "Wettability Determination and 
Its Effect on Recovery Eficiency", SPE J. (March 1969) 13-20. 

9. Hjelmeland, O.S. and Larrondo L.E.: "Experimental Investigation of the Effects 
of Temperature, Pressure and Crude Oil Composition On Interfacial Properties", 
SPE RE (July 1986) 321-28. 

10. Anderson, W .G.: "Wettability Literature Survey - Part I : Rock-Oil-Brine 
Interactions, and the Effects of Core Handling on Wettability", J.P.T. ( k t .  1986) 
1 125-44. 

11. Kyte, J.R., Naumann, V.O. and Mattax C.C.: "Eflect of Reservoir Environment 
on Water-Oil Displacements", J.P.T. (June 196 1) 579-582. 

12. Mungan, N.: "~elutive Permeability Measurement Using Reservoir Fluidr" SPE J. 
(Oct. 1972), 398-402. 

13. Honarpour, M., DeGroat, C. and Manjnath, A.: "How Temperature Affects 
Relative Permeability Measi.u-ements", World Oil (May 1986), 1 16-26. 

14. Ehrlich, R.: "The Effect of Temperature on Water-Oil Imbibition Relative 
Permeability", Paper SPE 3214, presented at the 1970 SPE Eastern Regional 
Meeting, Pittsburg, Nov. 5-6. 

15. Olsen, D.K. et al.: "Effects of Elevated Temperatures an Capillary Pressure and 
Wettability", presented at the 5th UNITAR, Caracas, 1991, Vol. 2, 199-207. 

16. Saner, S. et al.: "Wettability Study of Saudi Arabian Carbonate Reservoir Core 
Samples". The Arabian Joumal for Science and Engineering, Vol. 16, No. 3, 
(July 199 1) 357-37 1. 

17. Rivas, O.R.: "Prediction of Oil-Water Relative Permeability curves as function of 
temperature", presented at the 5th UNITAR et a1 Crude and Tar Sands Int. Conf. 
(Caracas, Venezuela, Aug. 4-9, 199 1) Roc. V. 2 ,2  15-24. 

18. Watson, R.W. and Ertekin, T.: "The Effect of Steep Temperature Gradient on 
Relative Permeability Measurements", Paper SPE 17505 presented at the 1988 
SPE Rocky Mountain Regional Meeting, Casper, WY, May 1 1 - 1 3. 

19. Sayyouh, M.H.: "Effects of Some Middle East Crude Oils-Brine-Rock 
Interactions on Wettability", Journal of the Japan Petroleum Institute, 1990, Vol. 7 

20. Zong et al: "Preparation of Natural Oil Wet Cores by Using Asphaltene Crude 
Oil", J. Univ. Petrol. China, V. 16, No. 3, 26-31, June 1992. 



1995 SCA Conference Paper Number 9529 

Jadhunandan, P. P. :"Effects of Brine Composition, Crude Oil and Aging 
Conditions on Wettubiliry and Oil Recovery", Ph. D. Dissertation, New Mexico 
Tech, Socorro, NM, USA, Oct. 1990. 
Jadhunandan, P. P. :"E#ects of Wettabili~ on Waterflood Recovery for Crude- 
.Oil/Brine/Rock System", SPERE (Feb. 1995) 40-46. 
Marshall, K. and Rochester, C. H. : "Simultaneous Measurement of. Inpared 
Spectra and Adsorption Isotherms for the Adsorption of Phenol on Silica at the 
SolidLiquid Interface", J. '. S. Faraday, I, 71, 1975,2478. . 
Mills, A. K. and Hockey, J. A. :"Selective Adsorption of Methyl-esters of n Fany 
Acidk at the SilcalBenzene and SilicdCurbon Tetrachloride Interfaces" , J. C. S. 
Faraday, I, 71, 1975,2384-2391. 
Koshevnik, A.Y ., Kusakov, M.M. and Lubman, N.M.: "Znfluencti of pressure on 
Preferential Wettabilizy of Qwm for Water and for Oil", Nefteprom, No: 11 @ec. 
1958) 264-70, (in russian). 
Singh, B.: "Effect of Pressure on Wettability Restoration and Crude 
Characterization using Inpa-red Spectrometry", Paper SCA 91 10 presented at the 
1991 SCA Conference, San Antonio, Aug. 21-22. 
Craig, F.F.: "The Reservoir Engineering Aspects of Waterfooding", SPE 
Monograph Series, No. 3, Dallas, TX, 1971. 
Wiley, B.F.: "Determination of the Imbibition Characteristics of a Rock 
Formation", US Patent No. 4,487,056, Dec. 11, 1984. 
Allouani, R.N.: "Natural Fracturation of Rhourde El Baguel Sandrtone Reservoir 
- Interest for Enhanced Imbibition for Oil Recovery" Ph.D, University of 
Toulouse, 199 1 (in french). 
Cuiec, L. and Yahya, F.A.: "Wettability of Asab Reservoir Rock:. Comparison of 
Various Evaluation Methods - Role of Lithology", Paper SCA 9109, in 
Proceedings of the 1991 SCA Conference, Aug. 20-22, San Antonio, TX. 
Frye, G.C. and Thomas M.M.: "Adsorption of organic compounds on carbonate 
minerals - 2. Extraction of carboxylc acids from recent and ancient carbonates", 
Chemical Geology, 109 (1993), 215-226, Elsevier, Amsterdam (see also parts 1 
and 3 - same volume). 

APPENDIX 1 : Equipment description 

The apparatus which operates under reservoir conditions includes: 
- a thennmgulated chamber containing a sample-holding cell and various cells containing brine, 

n f i e d  viscous oil (to achieve the required value of Swi), stock-tank oil or recombined oil. 
- a pump, - fluid cooling systems at the oven outlet, - a back-pressure valve, a gas/oil/water separation system and a gas meter, - a continuous recording system for temperature, absolute pressure, differential pressure, flow rate, 

gas volume, etc. 
All elements in contact with the brine are made of Hastelloy. The sample (length: 10 cm, diameter: 5 cm) 
is covered with a heat-shrinkable ITFE sheath and then installed at the center of the cell using a low 
melting-point metal alloy (the alloy is chosen for its resistance to brine and for having a melting point 
10-20°C above the temperature of the experiment). Before mounting, the sample's faces are dry cut to 
conform to a pre-established position. The cell's two piping ends are then mounted with metal joints, 
which prevent any loss of dissolved gas during the experiments. A bypass with valve, with an inside 
diameter sufficiently large (1.0 cm or 0.39 in.) to prevent oil drops from clinging is mounted as indicated 
in Figure 2. 
The apparatus which operates under intermediate conditions was built according to the same principle. The 
only differences are in the nature of the steel (stainless), its thickness, the seals (Viton "0" rings), and the 
absence of a system to separate and measure the gas produced (Figure 3). 
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APPENDIX 2 : Experimental procedure 

For the experiments carried out under room temperature and pressure conditions, the procedure is that 
already described in the literature [ S ] .  The procedure for measuring wettabiiity in the newly-designed 
equipment described in Appendix 1 is as follows: 
- mount the cleaned sample in the cell, instill1 the cell and create a vacuum, - sahme with brine and bring up to reservoir pressure (porosity), 
- bring up to reservoir temperature, 
- close bypass, measure absolute permeability and put in recombined oil (withpreliminary sweeping 

with viscous oil and stock-tank oil if necessary), - age the system (for 7 to 12 days in the current study), - open the bypass and rapidly replace the oil contained in the bypass and the dead volumes (known 
volumes) with brine, 

- imbibition experiment in the brine with a slow circulation of brine from the bottom towards the 
top over the sample's two faces (via the bypass) in order to evacuate the oil produced; given the 
inclination of the cell, gravity helps evacuate the oil. 

- once imbibition is complete, close the bypass and pump water from bottom to top across the 
sample, - rapidly replace the water contained in W bypass and the dead volumes with recom bind oil, - imbibition in oil with slow circulation of oil from the top towards the bottom over the sample's 
two faces via the bypass in order to evacuate the brine produced; again, gravity helps evacuate the 
fluid. 

- once imbibition is complete, close the bypass and pump oil from top to bmm across the sample. 
Thus, the four volumes needed to calculate the Arnott-Harvey wettability index are available. Using the 
"reservoir conditions" apparatus, the values of Rs and Boi are checked. Relative permeabilities are 
generally measured after sweeping. The procedure was similar for the two apparatus (reservoir conditions 
and intermediate conditions). 

Table 1 - Influence of experimental conditions on wettability evaluation for sandstone reservoir No. 1 

Conditions 

Porosity, 96 
Abs. perm., kw, md 
Flood with oil, Soi, 96 

Aging: temperature, T 
pressure, bar 
duration, days 

Imbibition in brine: oil recovery, % PV 
Displacement by brine: oil mve ry ,  % PV 

krwatsorw 
Imbibition in oil: brine recovery, 

% PV 
Displacement by oil: brine recovery, % PV 
Wettability indices: Iw 

Preparat ion of aamples 

I 20°C, a:. press. 

I 

8.6 
13.9 
72.7 

(@pped Sm)* 
75 

atm. press. 
12 

- 
IAH = Iw - Io I -0.11 . 

* topped ST0 = stock tank oil without the fraction boiling before 

10.2 
25.4 
84.3 

(topped Sm) 
75 

atm. press. 
12 

9 -2 
34.0 
70.6 

(recombined oil) 
109 
185 
12 

Wettability test 
intermediate 
topped ST0 

75*C, atrn. press. 
8.0 
49.6 
0.14 
2.0 

m o i r  
recombined oil 
109OC, 185 bar 

5 .O 
14.3 
0.46 
11.6 
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Table 2 - Influence of experimental conditions on wettability evaluation for sandstone reservoir No. 2 

Porosity, % 
Abs. perm., kw, md 
Flood with oil, Soi, % 

kro at s w i  
Aging: tern-, T 

press=, bar 
duration, days 

Conditions 

Imbibition in brine: oil recovery, % PV 
Displacement by brine: oil recovery, % PV 

14w*sorw 
Imbibition in oil: brine recovery, % PV 
Displacement by oil: brine recovery, % PV 

ko at Swr 
Wettability indices: Iw 

Xo 
I A H = I ~ - I O  

* ST0 = stock tank oil a 

3600 
64.7 

(ST@* - 
70 

atm. press. 
12 

room 
ST0 
2O0C, 

atm. press. 
0 

30.8 
0.14 
21.8 
9.1 
0.4 
0 

0.7 1 
-0.7 1 

This test has 

Preparation of samples 
1 23.3 

I 12 , 
Wettability test 

room** I intermediate 

25.4 
3600 
70.0 

-@I 
0.6 
97 

270 
12 

reservoir 
recombined oil 

97T, 
270 bar 

15.7 
6 

0.47 
3.8 
8.9 
0.4 
0.72 
0.30 
4 .42  

ST0 
20T, 

atm. press. 
0 

37.2 
0.22 
26.0 
7.6 
0.7 
0 

0.77 
-0.77 

one. 

ST0 
7wc, 
7bar 
12.2 
19.3 
0.26 
4.4 
26.5 
0.4 
0.39 
0.14 

+0.25 

Table 3 - Influence of experimental conditions on wettability evaluation for sandstone reservoir No. 3 

een performed after the previou 

Porosity, Q 
Abs. perm., kw , md 
Flood with . oil, . Soi, % 

kro at SWi 
Aging: . tern-, "c 

pressure, bar 
duration, days 

Conditions 

Imbibition in brine: oil recovery, % PV 
Displacement by brine: oil recovery, % PV 

krw at Sorw 
Imbibition in oil: brine recovery, % PV 
Displacement by oil: brine recovery, % PV 

kro at Swr 
Wettability indices: Iw 

I0 
IAH=I~-I( , '  

* Displacement disturbed by par@n deposit. I ,  

Preparation of samples 
19.6 I 25.3 
104 

84 .O 
(ST01 
0.78 
70 

atrn. press. 

Wettability test 
room I intermediate 

20°C, atm. press. 
3.1 

ST0 
70°C, atm. press. 

2.8 
38.5 
0.17 
14.9 
25.0 
0.6 
0.07 
0.37 
-0.30 

Was evaluated assuming an expected behavwr for the 
c o d r e d  displacement 
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Table 4 - Influence of experimental conditions on wettability evaluation for a carbonate reservoir 

Table 5 - Evolution of wettability index IAH = I" - I. vs. measmments conditions 

Porosity, % 
Abs. perm., kw, md 
Flood with oil, Soi, % 

kro swi 
Aging: temperature, "C 

pressure, bar 
duration, days 

Conditions 

Imbibition in brine: oil recovery, % PV 
Displacement by brine: oil recovery, % PV 

krw at sorw 
Imbibition in oil: brine recovery, 96 PV 
Displacement by oil: brine recovery, % PV 

kro at S w r 
Wettability indices: Iw 

b 
IAH = Iw - I. 

Preparation of samples 
33.1 
155 

63.3 
(ST01 
0.78 
85 
10 
7 

reservoir 

-0.28 

+0.42 

n.a. 

-0.01 

Conditions 

Sandstone No. 1 

Sandstone No. 2 

Sandstone No. 3 

Carbonate 

33.1 
155 
61.7 

0.76 
85 
10 
7 

intermediate 

+O. 10 

+0.25 

-0.30 

-0.07 

32.0 
38 

80.0 
(recombined oil) 

0.53 
121 
204 
7 

Wettability test 

variation 

-0.38 

+O. 17 

+0.06 

room 

-0.1 1 

-0.75 

-0.40 

-0.05 

room 
r e f d  oil 

20°C, atm. press. 
1.3 

36.7 
0.26 
3.1 

36.7 
0.9 
0.03 
0.08 
-0.05 

variation 

+0.2 1 

+I 

+O. 1 

-0.02 

intermediate 
topped ST0 

8S°C, atm. press. 
1.3 
35.4 
0.27 
4.2 
34.1 
0.53 
0.04 
0.1 1 
-0.07 

resend 
recombined oil 
121°C, 204 bar 

3.2 
45.3 
0.18 
2.4 
3 1 .O 

0.06 
0.07 
-0.0 1 
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primary drainage 

secondary drainage 
(as proposed in 

original USBM test) 

imbibiion (forced) 

Figure 1 .  PC - S, Relationship and Wettability Measurement. 

Abs. press. 

Figure 2. Schematic Diagram of Apparatus for Wettability 
Evaluation under Reservoir Conditions. 

Temperature - controlled air bath 

I 

Figure 3. Schematic Diagram of Apparatus for Wettability 
Evaluation under "Intermediate" Conditions 




