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Summary ability. If one can alter the wettability of the wellbore region to
In a recent theoretical study, Li and Firoozab4di, K. and intermediate gas-wetting, gas may flow efficiently in porous me-
Firoozabadi, A.: “Phenomenological Modeling of Critical-dia.
Condensate Saturation and Relative Permeabilities in Gas-As early as 1941, Buckley and Leveretécognized the impor-
Condensate Systems,” paper SPE 56014 available from SPE, fince of wettability on water flooding performance. Later, many
chardson, Texa&000] showed that if the wettability of porous authors studied the effect of wettability on capillary pressure, rela-
media can be altered from preferential liquid-wetting to preferefive permeability, initial water saturation, residual oil saturation,
tial gas-wetting, then gas-well deliverability in gas-condensatsi| recovery, electrical properties of reservoir rocks, reserves, and
reservoirs can be increased. In this article, we present the resuli| stimulation®1® In 1959, Wagner and Leatheported that it
that the wettability of porous media may indeed be altered fromight be possible to improve oil displacement efficiency by wet-
preferential liquid-wetting to preferential gas-wetting. In the pempility adjustment during water flooding. In 1967, Froning and
troleum literature, it is often assumed that the contact angl@acl¥ reported a field test in Clearfork and Gallup reservoirs for
through liquid-phase) is equal to 0° for gas-liquid systems injmproving oil recovery by wettability alteration. Kamatithen
rocks. As this work will show, whileis always smalll, it may not reviewed wettability detergent flooding. He noted that it was dif-
always be zero. In laboratory experiments, we altered the wettgq |t to draw a definite conclusion regarding the success of deter-
bility of porous media to preferential gas-wetting by using tWeent floods from the data available in the literature. Pestrgi 12
chemicals, FC754 and FC722. Results show that in the glass CgRssented a technique to improve well stimulation by changing the
illary tube 6 can be altered from about 50 to 90° and from 0 t0 60 etapility for gas-water-rock systems. They added a surfactant in
by FC754 for water-air and normal decane-air systems,o IeSP@%e fracturing fluid. This yielded impressive results; the produc-
tively. While untreated Berea saturated with air has a 60% imh,, f6)10wing cleanup after fracturing in gas wells generally was
bition of water, its imbibition of water after chemical treatment is, ;1 3 times greater than field avera?es or offset wells treated with
2

almost zero and its imbibition of normal decane is substantial : : : .
.conventional techniques. Penmy al*“ believed that increased
reduced. FC722 has a more pronounced effect on the wettabi duction was due to wettability alteration. However, they did

alteration to preferential gas-wetting. In a glass capillary ta®e || o monstrate that wettability had been altered.

altered from 50 to 120° and from O to 60° for water-air and nor- Recently, Wardlaw and McKell&F reported that only 11%
”?’?" decane_—alr systems, respectl\{ely. S.'m'!a.”.V’ beca_use Of.WEtb%'re vqumle(PV) water imbibed into the Devonian dolomite
bility alteration with FC722, there is no imbibition of either oil Orﬁamples with bitumen. The water imbibition test was conducted
\tl)vﬁrtg slgtubrgtt?or?eé?\? agg (i:”g"’:lk er?SF:J?: r;vgzsgrremé?]ct’stin'ng'ea\/ertically in a dry core(saturated with ajr Based on the imbibi-
o ry capiiiary p o tfch experiments, they pointed out that many gas reservoirs in the
and chalk give a clear demonstration that the wettability of poroys, o, Alherta foothills of the Rocky Mountains were partially
media can be permanently altered 1o preferential gas-weiting. dehydrated and their wettability altered to a weakly water-wet or
strongly oil-wet condition due to bitumen deposits on the pores.
The water imbibition results of Wardlaw and McKeftademon-
strated that the inappropriate hypothesis for wetting properties of
Introduction gas reservoirs might lead to underestimation of hydrocarbon
In a theoretical work, we have modeled gas and liquid relativd ©SEIVes. . . .
permeabilities for gas-condensate systems in a simple netwo 5A|\I/vtehr§ Scfggldeusctc:a%sggb%?l-agﬁgﬁ’rsglfes?sig?: ilgssaifj- ;2912?

The results imply that when one alters the wettability of poro id-rock i K fs 12
media from strongly non-gas-wetting to preferential gas-wettintfl!'¢-ro¢ systemsgas-oil- or gas-water-rock systeniefs. 1
17 do not provide a direct measurement of wettability. For

or intermediate gas-wetting, there may be a substantial increasé'i iaui ! . ke iti hat th
gas-well deliverability. The increase in gas-well deliverability of@S-liquid systems in reservoir rocks, it is often assumed that the

gas-condensate reservoirs is our main motivation for altering theNtact angles equals 0%the contact angle is measured through

wettability of porous media to preferential gas-wetting. the liquid phasg While the contact angle for gas-liquid systems
Certain gas-condensate reservoirs experience a sharp drof@ P€ small, it may not be zero. When a small amount of liquid

gas-well deliverability when the reservoir pressure drops beldi Put inside a capillary tube and it is held in the vertical position,

the dewpoint* Examples include many rich gas-condensate rethe liquid does not flow. Analysis of this simple experiment using

ervoirs that have a permeability of less than 100 md. In the&fe following equation:

reservoirs, it seems that the viscous forces alone cannot enhance 2

gas-well deliverability. One may suggest removing liquid around h;=—-—(cosfg—cosf,), (1)

the wellbore via phase-behavior effects through,@@d propane Apgr

injection. Both have been tried in the field with limited successeveals that the contact angle is not zero. Eq. 1 is derived from the

the effect of fluid injection around the wellbore for the removal opalance between the gravity and capillary forces. The symbols

the condensate liquid is temporary. Wettability alteration can beage:h, the liquid height in a circular capillary tube of radiugg

very important method for the enhancement of gas-well delivethe receding contact angle afig the advancing contact anglé&p

the density difference between the gas and liquid phasegdhd

surface tension. There are also indications that in porous media

the contact angle may not be zero in gas-liquid systems; it is of

. ) o B the order of several deBQrees or more but not intermediately gas-
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at reservoir conditions. Their results showed that the gas-oil con-

tact angles were about 20° for surface tension values greater than “IM

about 0.2 dyn/cm. Morrow and McCafféfreported a summary B ’\9<900

of gas-liquid displacement behavior in a low-energy porous poly- =
tetrafluoroethylendPTFE solid. The intrinsic contact angle of Gas

water against air on smooth PTREeflon) measured by Morrow

and McCaffery® was 108°. They also studied the effect of wetta- Liquid

bility on spontaneous imbibition, capillary pressure, and relative

permeability properties in artificial PTFE cores for different wet- T 7777777
ting conditions varied by using different fluids and different extent L. .
of roughness. Morrow and McCaffé/found that the retained (a) Strong liquid-wet (6<90°)

liquid saturation by drainage decreased with increase in intrinsic
contact angle from 22 to 108°.

Zismart® reviewed the relation of the equilibrium contact angle
to liquid and solid constitution on low- and high-energy surfaces,
both bare and covered with a condensed monomolecular adsorbed 0 =90°
film. He pointed out that even a single, close-packed, adsorbed RN
monolayer of wetting agent was sufficient to convert the wetting
properties of a high-energy surface into those of a low-energy
surface. This remark demonstrated the possibility of varying the
wettability of a high-energy rock surface from preferential liquid- TI777777777777
wetting to gas-wetting by adsorption of a monolayer of an organic (b) Intermediate gas-wet (6=90°)
polar compound. In spite of the work of Zisméanijt is often
understood that the contact angle for a gas-liquid system may not
be altered substantially in rocks. In this paper, we present the
results for the wettability alteration to preferential gas-wetting
with or without initial water saturation and study its effect on the
characteristics of liquidoil and wate) imbibition, oil drainage,
permeability, and relative permeability in different porous media,
including Berea and chalk. We also study the thermal stability and p
effectiveness of the rock in which wettability was altered. 9>9Q‘ / by <0

T77777777777777

Theory

. i , c) Gas-wet (6>90°
To the best of our knowledge, wettability alteration to preferential © ( )
gas-wetting n rocks has not bee_n suggested in the petroleum IHFQ 1-Liquid level rise or fall in a capillary tube at various
erature. Consider the sketchesHiy. 1. When the contact angle \ettapility conditions.
0<<90° the liquid will rise in the circular capillary tube inserted
vertically in the liquid, as shown in Fig. 1a. &=90°, there will
not be liquid rise, and the gas-oil interface will be f(#at is, .
P.=0, see Fig. 1b When¢>90°, the liquid level will go down 0, from Eq. 3, wheno, k, and ¢ are available. The c_ontact angle
in the circular capillary tube as sketched in Fig. 1c. The rise afdlculated from Eq. 3 may not have the same physical meaning as
fall of the liquid level are given by the contact angle in Eq. 2. In order to emphasize the difference,

we represent the contact angle in Eq. 3 @y, and call it the

_ 20 cosf ) pseudocontact angle.
" Apgr
Eq. 2 can be used to estimatén a capillary tube, onch, , o, Ap, Experiment
andr are known. In the experimental work, brine, distilled water, and normal dec-

According to Eq. 2, for a gas-liquid system, one may definene were used as the liquid phase, air as the gas phase, and glass
preferential liquid-wetting wherd<<90°, and preferential gas- capillary tube, Berea, and chalitcom Kansas outcrop and from a
wetting when#>90°. However, this definition is related to theNorth Sea reservoiras the substrate. Two types of chemicals
geometry of the substrate. Let us consider a capillary tube with arere employed to alter the wettability of the substrates. The ex-
equilateral triangle cross section. The gas-liquid interface will geriments were conducted at a room temperature of around 20°C.
flat when §=60° for this geometry! Therefore, one may define
preferential liquid-wetting whend<60° and preferential gas-
wetting whend>60°. For a capillary tube of square cross sectio
the gas-liquid interface will be flat whe=45°, which implies
preferential liquid-wetting fo¥<45° and preferential gas-wetting

Fluids. Normal decane was used as the oil phase; its specific
ravity and viscosity are 0.73, 0.95 cp at 20°C, respectively. The
urface tension of air-normal decane is 23.4 dyn/cm at 20°C.

Brine of 1.0%(wt) NaCl was used as the water phase in the Berea

S . ' and chalk experiments; its specific gravity and viscosity are 1.01

for 6>45°. When the capillary tube assumes triangular-curveg j 1 o cp at 20°C. Distilled water was used as the water phase

interfaces and rough wall surfaces, other complications arise g9 e experiments in the capillary tube; the surface tension of
that the contact angle loses some of its significance. The Contﬁgt-distilled water is 72.7 dyn/cm at 20°C.
n

angle for the gas-liquid-rock system due to complex geometry al ) ]
surface roughness may have a qualitative definition. A simpfeore and Capillary Tube. In order to study the alteration of
definition is adopted here from the expression for capillary pre¥ettability to preferential gas-wetting, we used two different sub-

sure strates:(1) capillary tube, and2) rock (Berea and cha)k The
glass capillary tube from Fisher Scientific used in our work has an
o cost, internal diameter of 0.23 mm; the diameter was measured by di-
Pe= Ko ' ©) viding the total volume by the length of the tube. Glass tubes were

cleaned by alcohol. After cleaning, they were rinsed using dis-
wherek and ¢ are permeability and fractional porosity, respectilled water and then dried by blowing high-pressure air. The rel-
tively; 6, is the pseudocontact angle. One can measure entry capant data for Berea and chalk samples are summarized in
illary pressuregthat is, threshold capillary pressiyrand then infer Table 1
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TABLE 1-DATA ON CORE SAMPLES
Sample No. Permeability, md Porosity, % Length, cm Diameter, cm PV, mL Rock Type
1 * 20.6 5.05 5.02 20.55 Berea
2 * 21.8 5.06 5.02 21.82 Berea
3 * 22.8 4.93 5.00 22.07 Berea
4 * 22.2 5.00 4.98 21.65 Berea
5 ** 25.0 5.30 3.71 14.32 Kansas chalk
6 1089 21.9 18.9 2.64 22.65 Berea
7 975 21.3 18.9 2.64 22.03 Berea
8 * 24.8 5.11 5.02 25.06 Kansas chalk
9 616 19.5 18.15 2.53 17.81 Berea
10 1.47 29.0 12.55 5.03 72.47 North Sea Chalk
11 632 20.5 17.85 2.48 17.67 Berea
* k=500 md.
** k=1-5 md.

Chemicals.In our work, two chemicals with brand names, FC754stablishing the initial water saturation. Care was taken to avoid
and FC722, were used to alter the wettability: FCTbwexpen- water production. The imbibition tests were then performed using
sive) and FC722expensive FC754 is a cationic surfactant and isthe apparatus shown ifig. 2.

water-soluble. Its specific gravitgat 25°Q is 1.15. FC722 is a  For measuring gas-phase relative permeability before and after
polymer with molecular weight of about 100,000; it is neithevettability alteration, the core was first saturated with(ndrmal
water nor oil soluble. FC722 can be dissolved in a fluorocarboflecang The absolute permeability of the core was measured. The

type solvent in a wide temperature range; the specific gravity 8 displacement in the core without the chemical treatment was
the solvent is around 1.7 at 25°C. then carried out in the vertical direction at room temperature with

. . a confining pressure of 500 psi. The air was passed through the oll
Procedure. The chemicals FC754 and FC722 were dissolved ifefore entering the core sample and its pressure at the inlet was

water, and the solvent in various concentrations, respectively, aaght at 3.0 psi while the outlet was open to the atmosphere. Oil
the glass capillary tube, Berea, and chalk were aged in them. Ta@overy, residual oil saturation, and the endpoint value of the
aging period depends on temperature and can vary from sevejas-phase relative permeability were measured. The oil relative
minutes to several hours. After saturation with the chemical solgermeability was also calculated at low oil saturations. After the
tion, the capillary tube, the Berea, or the chalk was evacuated &ir displacement without chemical treatment, the core was
about half an hour and then dried in order to remove the exttéeaned, dried, and treated by 2.0 wt% FC722 solution. Following
liquid chemicals. A small amount lingers in the substrate as dnat, the chemical solution was removed from the core and the
adsorbed layer; as a result of adsorption the surface energy dere was saturated with oil. Air displacement was performed
creases and the solid surface is rendered preferential gas-wettaggin. Oil recovery, residual oil saturation, and gas-phase relative
Prior to wettability alteration, we measured the capillary rise afermeability were then measured.
liquid (both oil and waterin the tube and the imbibition of water |mpjipition and Drainage. Traditionally, spontaneous imbibition
and oil into the air-saturated Berea and chalk samples. We fgsts are conducted by immersing the core samples saturated with
peated the same measurements after wettability alteration, & liquid in another one. This type of imbibition is countercur-
performed gas-oil gravity drainage tests on the Berea cores Wjtht imbibition. For water imbibition in oil-water systems, the

and without wettability alteration. After wettability alteration, wetraditional method for performing imbibition has an unavoidable
also measured the entry capillary pressure of oil and water in the

air-saturated Berea and chalk samples in order to demonstrate the
preferential gas-wetting.

The following describes the procedure for establishing initial / / P
water saturation. First, Berea was saturated with wite) wt%
NaCl bring and initial water saturation was established by hu-
midified air displacement. We used humidified air instead of dry
air because it was found that the distribution of initial water satu-
ration established by dry air may not be uniform. Humidified air
was prepared by forcing air through a 1.0 wt% brine before en-
tering the core sample. The initial water saturation was deter-
mined by direct weighing. Since it is difficult to establish low
initial water saturatiorisay, 10% in Berea by only humidified air
displacement, we used dry air displacement following humidified
air displacement in order to establish a low initial water satura-
tion. Then, humidified air displacement was implemented again

and the water saturation in the core increased slowly. The dis- g
placement direction was changed from time to time in order to
make the distribution of initial water saturation more uniform. We Seile
stopped air displacement only after the desired initial water satu-

ration had been established. Following that, the core was saturated / / / / /////
with FC722 solution in the presence of initial water saturation.

After a certain aging period, the chemical solution was removegy. 2—Instant surface contact method for measuring liquid im-
by humidified air displacement at a velocity less than that fduibition into an air-saturated rock.
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disadvantage; one may have to remove the produced fluid on
rock surface from time to time. Berea and chalk without chemicau
treatment are strongly liquid-wet in gas-liquid systems. The ear,lg\(g_ 4—Schematic of the apparatus used for measuring drain-
spontaneous imbibition may also be too rapid to record the daige and imbibition.

accurately. This classic method is difficult to implement in gas-

liquid systems due to the limitation described above. The sche-

matic of the apparatus used in our study for the measurementacl); ressure to the liquidsee Fig. 5 the pressure is determined
liquid spontaneous imbibition into an air-saturated r@Bkrea or p q 9- P

chalk is shown in Fig. 2. The core sample was kept verticaFSing a Validyne differential pressure transducer with an accuracy

When the bottom of the rock touched the liquadl or watep, the of +0.25% FS. Other components in Fig. 5 are similar to those in
liquid was spontaneously imbibed into the rock. The scale thé:ﬁg' 4.

recorded the change in the weight of the liquid with imbibition

time. The average liquid saturation in the rock was calculatéresults

using the data from the scale. After the imbibition test, the coMe have conducted different tests in a capillary tube as well as in
sample is weighed and the final average liquid saturation in tBerea and chalk samples. The following text discusses our experi-
core can be obtained from the weight of the core. The experimenental results.

tal imbibition data recorded by the scale was in agreement ‘_"_’i&hpillary Tube Tests. Fig. 6ashows liquid rise vs. the concen-

the final liquid saturation determined by weighing. The readability i, of FC754(from the treatment procestor both the gas-oil
of the scale was 0.01 g. When the wettability of the rock is altered, 4 gas-water systems; the liquid rise in the capillary tube de-

to neutral-wetting or preferential gas-wetting, there should be Mg a5es with an increase of the concentration and then stays con-
imbibition of liquid into the rock.

d id d . ially f stant when the concentration reaches around 0.2 wt%. The reduc-
In order to avoid errors due to evaporation, especially for watgpy, in the water rise due to wettability alteration is much more

imbibition_measurements, in the setup s_hoyvn_in Eig.'z, we deV?fonounced than that of the oil. The contact angle can be calcu-
oped a different approach to perform liquid imbibition into thgaieq ysing Eq. 2. Fig. 6b plots the computed contact angle vs. the
air-saturated core samples; the schematic is depl_ctdéigr!a concentration of FC754 for the gas-oil and gas-water systems.
The core samples pressed strongly by the heat shrink tubing WRfgie that the contact angle prior to treatment is about 50° for the
kept vertical. The liquid level in the container is about 2 MMy,q \yater system and about 0° for the normal decane-air system.
higher than the bottom of the core. The tubing from the valve &g gh shows that the contact angle increases with the increase of
the container is filled with liquid while the section from the valvgha concentration: the contact angle of the gas-water systems in-
to the bottom of the core is empty. The I'qln.d'l or W‘."‘teb will reases to about 90° at a concentration of about 0.1%. This im-
rise and touch the bottom of the rock and imbibe into the roi{-eS that wettability of the gas-water-glass system has been al-

spontaneously after the valve is opened. The time when liquidieq 1o intermediate gas-wetting by FC754. The contact angle of
touches the rock bottom can be identified from the plot of trg%

: : N . s-0il increases to about 60° at a concentration of 0.1%. The
weight change of the container vs. time; an abrupt change in figapility alteration in the gas-water system by FC754 is more
reduction rate of liquid weight occurs when liquid touches thg . ounced than that in the gas-oil system.
rock bottom due to liquid imbibition into the rock. The averag
liquid saturation and the amount of liquid imbibed into the core is
readily calculated through the data recorded by the scale.

The equipment used to measure air permeability, liquid perm
ability, endpoint gas-phase relative permeability, and gravi
drainage performance is shownHig. 4. A confining pressure of
up to 3,000 psi may be applied in the Hassler-type core hold:
For air permeability measurement in Berea, the differential pre
sure between top and bottom ends is measured using a U-sh
tube. A Validyne differential pressure transducer was used for t
chalk with an accuracy 0f0.25% FS. Both drainage and imbi-
bition tests may be performed in the same setup. A pump is us
to apply a confining pressure to the core holder.

Entry Capillary Pressure. The schematic of the setup for mea-
suring entry capillary pressure is shownfig. 5. Whenentry //// /7 /7 /7 /7 / /7 /S /S S S S S S S
capillary pressure is small, it is measured by adjusting the heic 1 : 2-way valve R : 3-way valve B - pressure regulator

of the liquid level referenced to the bottom of the core sample; in

this case compressed air is not required to pressurize the liquily. 5-Schematic of the apparatus used for measuring the en-
Otherwise, the entry capillary pressure is measured by applyitig capillary pressure.

Pressure Transducer

Core Holder

Compressed Air

Scale
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Fig. 6-Liquid level and contact angle vs. the concentration of Fig. 7—Liquid level and contact angle vs. the concentration of
FC754-glass tube. FC722-glass tube.

The effect of the concentration of FC722 on the liquid level igymheqBerea used here are about the same. Therefore, the main
shown inFig. 7afor both the gas-oil and gas-water systems; g, 1o that influences gas recovery by spontaneous liquid imbibi-
liquid level in the capillary tube decreases with an increase of th, is \ettability. There is no related literature on the effect of
concentration. The effect of the chemical concentration on ”Wettability on recovery from Berea sandstone in gas-liquid sys-

liquid level is reduced when the concentration is higher than abqif,,s i recovery in oil-water-rock systems may increase when
0.1%. The interesting obgervatlon In Fig. 7ais the_ fall of the walghe wettability varies from oil-wetting to water-wetting in uni-
level to negative values in the capillary tube, which confirms t

a circular capillary tube shown in Fig. 1 cannot be negative
reducing the surface tension. Because FC722 is neither solubl
water nor in oil, the surface tension is not likely affected in th
experiment. The only means to have a fall of the liquid level is tQ
alter wettability from preferential liquid-wettingg< 90°) to pref-

erential gas-wettingd>90°). Fig. 7b depicts the computed con
tact angle vs. the concentration of FC722 for both gas-oil a
gas-water systems; the contact angle is calculated using Eq
Fig. 7b shows that the contact angles of both gas-oil and gas-w.
in the capillary tube increases with the increase of the concentra-
tion. The contact angles of gas-water and gas-oil increase to about
118 and 60° at 1.0% concentration, respectively. The wettability

alteration in the gas-water system by FC722 is much more pro- 1.0

nounced than that in the gas-oil system. ® Oil, no chemical
08 § [© Water, no chemical
4 0il, 0.18% FC754

ometimes greater than that in strongly water-wet ré¢#3Com-

Yted with oil-water systems, it seems reasonable to assume that
e gas recovery by spontaneous liquid imbibition is greater when
cks are more liquid-wet. Based on the above analysis, one pos-
sible explanation for the lower residual gas saturation to oil is that
‘the oil wettability in gas-oil-Bere&€GOB) systems is stronger than
BHe water wettability in gas-water-Berd@&WB) systems. This
‘hypothesis seems to be consistent with our contact-angle measure-
nts in gas-oil and gas-water systems with capillary tubes pre-

Berea Imbibition Tests. We measured both imbibition of oil and
imbibition of water into a Berea core saturated with air. The mea-
surements included before and after chemical treatment with
FC754 and FC722 solutions, and with or without initial water
saturation. We conducted the tests in the setup shown in Fig. 2.

Fig. 8 plots the gas recovery by both oil and water spontaneous
imbibition in an air-saturated Berea before and after treatment.
The gas recovery is represented by the fraction of gas originally
in-place(GOIP). Note that the residual gas saturation to oil is not
the same as the residual gas saturation to water for the untreated
Berea; the residual gas saturation to oil is about 38%, and to water
is about 44%(see Fig. 8 The residual oil saturation of BereaFig. 8—-Gas recovery by oil and water imbibition into the air-
from water imbibition is about 45%F The properties of the rock saturated Berea with and without chemical treatment.

Water, 0.18% FC754
Qil, 0.18% FC722
Water, 0.18% FC722

Gas Recovery
(Fraction of GOIP)

O
u

40 50 60

Time (minute)
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Fig. 9—0Qil and water imbibition rates for the air-saturated Berea
without chemical treatment. 015
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& - 0107 s, = 20.3%
sented earlier. Our results showed that the contact angle through § é ~0—s,; = 29.6%
the liquid phase in gas-oil systems is less than that in gas-water 2 £ ——s,;=40.5%
systems. 28 o0s
Gas recovery by water imbibition in Berea treatehmple = 2
No. 1) by FC754 is much less than that in Berea without the ©
chemical treatmentsee Fig. 8 The spontaneous imbibition is 0.00

related to wettability; gas recovery by spontaneous water imbibi-
tion decreases from liquid-wetting to preferential gas-wetting.

Therefore, Fig. 8 demonstrates that the wettability of a GWB sys-
tem has been altered from strong liquid-wetting to somewhat in-
termediate gas-wetting by FC754 solution. The gas recovery by

01 1.0 10.0 100.0
Time (minute)
(b) Imbibition rate

spontaneous oil imbibition in Berggample No. 1when treated Fig. 11-Effect of initial water saturation on oil imbibition into
with FC754 solution is also less than that without the treatmefie air-saturated Berea with and without treatment with FC722.

for a GOB system, demonstrating that the wettability of the gas-
oil-rock (Berea system has been altered to less liquid-wetting

after treatment by FC754 solution. Similar to the glass tube, the Neijther oil nor water imbibes into Berdaample No. 2when

wettability alteration by FC754 in a GWB system is more proyeated by FC722 solution due to wettability alteration. It can be

nounced than that in a GOB system.
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Fig. 10—Effect of initial water saturation on water imbibition

into the air-saturated Berea with and without treatment with
FC722.
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seen from Fig. 8 that the wettability in both GOB and GWB
systems has been altered from strong liquid-wetting to intermedi-
ate wetting or preferential gas-wetting by FC722. We will soon
confirm that the wettability was altered to preferential gas-wetting
by measuring the entry capillary pressure. It can be seen from the
results shown in Fig. 8 that FC722 is more effective than FC754
for altering the wettability in gas-liquid-Berea systems.

The rate of spontaneous imbibition for both oil and water in
gas-oil and gas-water systems is showifig. 9 in units of GOIP
per minute. It can be seen from Fig. 9 that the rate of spontaneous
oil imbibition is somewhat higher than that of water imbibition in
Berea. The process shown in Fig. 9 may be because of the stron-
ger liquid-wetting in GOB systems than in GWB systems. We
will discuss liquid imbibition rates in more detail later.

As described above, the Berea cores were treated without initial
water saturation. In order to examine the influence of initial water
saturation on wettability alteration, we treated the core after es-
tablishing different initial water saturations. The experimental re-
sults depicted irrig. 10ashow that there is no water imbibition in
Berea(sample No. 3 after wettability alteration by FC722 with
initial water saturation ranging from 0 to 40.1%. The imbibition
process was completed after approximately 20 minutes. The same
imbibition results were obtained when we extended the test time
to about 1,000 minutes. Fig. 10a shows that FC722 could alter
rock wettability in the presence of initial water saturation in gas-
water systems.

Gas recovery by water imbibition decreases with the increase
of initial water saturation as shown in Fig. 10a. The effect of
initial water saturation on imbibition rates was also studied. Fig.
10b shows that imbibition rate increases with the increase of ini-
tial water saturation at an early stage of imbibition. We did not
find literature data on the effect of initial water saturation on im-
bibition recovery and rate in gas-liquid systems. Tang and
Firoozabad?® and Viksundet al2® report that the initial rate of
spontaneous water imbibition in strongly water-wet rocks satu-
rated with oil might increase with an increase in initial water
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chalk with and without treatment with FC722. 045
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saturation for sandstones and chalks; the trend depends on the 0.10 —o— Water Imbibition, Berea

range of initial water saturation. Our experimental results, as dis-
cussed above, show a consistent increase of initial rate with in-

Imbibition Rate (GOIP/Min)

creasing initial water saturatiofsee Figs. 10 and11). Oil and 0.05 -
water imbibition tests at the initial water saturation of 50% were

also performed without chemical treatment. The same phenom-

enon as described above was fouresults are not shown in Figs. 0.00

10 and 11 0 5 1‘o 15 20
Fig. 11a shows that there is no oil imbibition in Bergample

No. 4) after wettability alteration by FC722 when initial water Time (minute)

saturation ranges from 0 to 40.5%. This implies that FC722 would (b) Imbibition rate
also alter rock wettability in the presence of initial water satura-
tion in gas-oil systems. Fig. 14—Water imbibition and rate of the air-saturated Berea

Gas recovery by oil imbibition also decreases with the increasad chalk samples without chemical treatment.
of initial water saturation as shown in Fig. 11a. The effect of
initial water saturation on oil imbibition rate is shown in Fig. 11b.
The relationship between oil imbibition rate and initial water satu- The imbibition characteristics of oil and water in Kansas chalk
ration at the early and late stage of oil imbibition in gas-oil syss different from that in Berea as shown fiig. 13 (see also Fig.
tems is the same as in gas-water systems. From a comparisom)ofGas production rate by spontaneous water imbibition in a
Figs. 10b and 11b, it seems that in Berea the water imbibition raggv/C system is higher than that by spontaneous oil imbibition in
is more sensitive to the initial water saturation than the oil imbi-
bition rate.

Chalk Imbibition Tests. In order to verify that FC722 can alter
the wettability of different rock types, Kansas chalk was used to
perform liquid (oil and wate) imbibition tests with and without
chemical treatment using the setup shown in Fig. 2. The gas re-
covery by spontaneous oil and water imbibition in Kansas chalk
(sample No. 5 with and without chemical treatment by FC722
solution is shown inFig. 12 Neither oil nor water imbibes into
Kansas chalk due to the wettability alteration after the treatment
with FC722. It can be seen from Fig. 12 that the wettability in a
gas-water-chalkGWC) or a gas-oil-chalKGOC) system has been
altered from strong water-wetting to intermediate wetting or pref-
erential gas-wetting by FC722. The state of wettability alteration
will be determined more precisely later. Time (minute)
(a) Gas recovery

e

wa—Qil Imbibition, chalk
=~o~=Qil Imbibition, Berea
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Fig. 13—0il and water imbibition rates for the air-saturated Fig. 15—0il imbibition and rate of the air-saturated Berea and
chalk without chemical treatment. chalk samples without chemical treatment.
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Fig. 16—O0il recovery by gravity drainage with and without treat-
ment of Berea with FC722.

a GOC system at the early stage of imbibition. The process ob-
served in Fig. 13 may be due to the pore structure of the chalk.
The feature of oil and water imbibition is opposite at the late
stage. It can also be seen from Fig. 12 that the ultimate gas recov-  (¢) Water (treatment with 0.18% FC722 , 6=120°)
ery by spontaneous oil imbibition in a GOC system is greater than
that by the spontaneous water imbibition in a GWC system. This
may be due to the difference in wettability of the liquid phase in
GOC and GWC systems.

The comparison of gas recovery by spontaneous water imbibi-
tion in Berea with that in Kansas chalk is shownFig. 14a Fig.
14a demonstrates that the residual gas saturation by the spontane-
ous water imbibition in Kansas chalk is about four times less than
that in Berea. Fig. 14b shows that the water imbibition rate in
Berea is greater than that in chalk during the early imbibition
process.

The residual gas saturation by spontaneous oil imbibition in
Kansas chalk is about three times less than that in Berea as shown (d) Oil (treatment with 2.0% FC722 , 6=60°)
in Fig. 15a which has similar characteristics to those of water
imbibition in Berea and chalksee Fig. 14 Fig. 15b illustrates Fig. 17—Liquid droplets on the surface of the air-saturated Be-
similar results for the oil imbibition rate as in Fig. 14b. It is notedtea before and after treatment with FC722.
however, that the difference in oil and water imbibition rates is
greater in Kansas chalk than in Berea. Our residual gas saturation
data in chalk reveal a unique feature that has not been reported in
the literature.

Berea Drainage TestsThe effect of wettability alteration on oil out treatment with FC722 solution is presentedrig. 16a The
production by gravity drainage was studied using the apparatoasremental oil recoveryOOIP) was around 15% in the core
shown in Fig. 4. The core sample was first saturated with dileated with 0.18 wt% FC722 solution due to wettability alter-
(normal decane The absolute permeability was then measured. ation.

gravity drainage test was performed without the chemical treat- Another core(sample No. Y was treated by a high concentra-
ment at a confining pressure of 500 psi. The production outlet wisn (2.0 wt%) of FC722 solution. The oil production by gravity
located 23 cm below the bottom of the core because the threshdidinage in this core with and without treatment with FC722 so-
height is about 35 cm. After gravity drainage without chemicdution is shown in Fig. 16b. The incremental oil recovery due to
treatment, the core was cleaned, dried, and then treated witle wettability alteration in the core with the treatment of 2.0 wt%
FC722 solution. The gravity drainage test was repeated after th€722 solution was around 35%.

core was saturated with oil following the chemical treatment. Two Oil production can be enhanced by treatment with FC722 so-
sandstone cores were used in the drainage tests.(€ameple lution (see Fig. 16 Incremental oil recovery by gravity drainage
No. 6) was treated with a low concentrati¢®.18 wt% of FC722. increases with the increase in concentration of FC722. Not much
The oil production by gravity drainage in this core with and withanalysis can be made on the state of gas-wetting from the drainage
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the 1 wt% NaCl brine. The measured entry capillary pressure in
the GOC system was about 1.49 psi; the pseudocontact angle
calculated using Eq. 3 was around 92°. Note that these two
pseudocontact angles in both gas-oil- and gas-water-rock systems,
unlike the more direct measurements established before and the
new one that will be discussed next, are less realistic.

We can also study wettability alteration by placing a droplet of
water or oil on an air-saturated coféig. 17 shows the fate of a
droplet of water on the surface of an air-saturated Berea core
before and after treatment. Fig. 17a shows that a droplet of water
imbibes into the rock instantaneously as soon as it is placed on a
Berea cordsample No. 1before chemical treatment. An oil drop-
let also imbibes. On the other hand, when a droplet of water is
placed on an air-saturated Beresample No. 2 which has un-
dergone wettability alteration with 2.0 wt% FC722 solution, the
droplet forms a shape that is compatible with its wettability. Fig.
17b shows that a water droplet forms a contact angle of about
125° indicating strong preferential gas-wetting. When a water
droplet is placed on a Berea treated with 0.18 wt% FC722 solu-
tion, the contact angle is around 12@®e Fig. 17¢ As expected,
the treated Berea does not imbibe any water. Fig. 17d shows a
droplet of oil on an air-saturated Berésample No. 2treated by
2.0 wt% FC722 solution; oil does not imbibe into the rock. Fig.
17d shows that the contact angle through the oil phase is less than
that in the gas-water-rock system; the measured contact angle
(b) Water (treatment with 2.0% FC722 , 6=120°) through the oil phase is around 60°.

Fig. 18a shows a droplet of watefor oil) on the top of an
air-saturated chalksample No. 8 without chemical treatment;
water (or oil) imbibes into the rock instantaneously when it con-
tacts the rock. After the treatment with 2.0 wt% FC722 solution,
water does not imbibe into the ro¢kample No. 8 as shown in
Fig. 18b; the contact angle is around 120° through the water
phase. Fig. 18c shows a droplet of oil on the chalkmple No. 8
treated by 2.0 wt% FC722 solution; oil does not imbibe into the
rock. It can be seen in Fig. 18c that the contact angle in GOC
systems is less than that in GWC systems; the measured contact
angle through the oil phase is also around 60°.

The results of the simple tests shown in Figs. 17 and 18 also

(a) Water (without chemical treatment)

(¢) Oil (treatment with 2.0% FC722, 6=60°) provide a strong evidence of wettability alteration to preferential
gas-wetting.
Fig. 18-Liquid droplets on the surface of the air-saturated Thermal Stability of Chemical. To demonstrate the thermal sta-

chalk before and after treatment with FC722. bility of FC722, a Berea core was saturated with FC722 solution

at room temperature. After removing the liquid chemical, the core
was dried and then heated to a temperature of 210°F and main-

tests due to breakthrough of the gas at the core outlet. The resijfined for around 2 hours. Neither water nor oil imbibes into this

however, show that drainage and imbibition processes have -p_l’e when saturated with air; the imbibition tests were then per-
ferent features from chemical treatment ormed at room temperature. Therefore, FC722 appears to possess

good thermal stability under these conditions.

Preferential Gas-Wetting. The zero imbibition of oil or water in . . .
an air-saturated core after wettability alteration shown in Fig. ffectiveness of ChemicalThe effectiveness of FC722 was stud-
by oil displacement and gas displacement in the treated core.

for Berea, and in Fig. 12 for chalk does not establish the extent! .
wettability alteration. A more precise test is the entry capillar ne Berea sample was treated by FC722 solution and saturated

pressure measurement. Any positive pressure on a liquid enterfi{ ?" r?\lftde_r itlwas dried. The porle Wﬁs dried aga_irnhfollogvinhg 100
an air-saturated core would establish the degree of preferenti do 'IO! t;sbp acement in a smg;a-p agelstate. X enoi hOt \évater
gas-wetting of a treated core. Entry capillary pressures for bt ©ll Imbibition tests were performed. It was found that there

GOB and GWB systems were measured after the treatment of s neither water imbibition nor oil imbibition in the core after
Berea samplésample No. 9with 2.0 wt% FC722 solution. The 0 PV of oil displacement. The same procedures were repeated

; " ; fter about 10,000 PV of gas displacement. Neither water nor oil
| f th 19.5% 16.7 . . R .
porosity and permeability of this core are 19.5% and 616.7 mf} bibed into the air-saturated core. The core was then left in the

respectively. The entry capillary pressure after the chemical tre4t! ; ; e
megt in thg GWB sys>t/em F\)/vasynf)easured by using the equipm& tfor approximately 4 months; there was Stl!| no I|qU|d_|mb|b|-
shown in Fig. 5; it is about 35 cm of the water column. Th&ON- The above results show that FC722 might be suitable for
pseudocontact angle calculated using Eqg. 3 is around 95°. Tiymanent wettability alteration.
measured entry capillary pressure in the GOB system is about Bffect of Chemical on Permeability. In order to study the effect
cm oil column; the pseudocontact angle calculated using Eqg. 3d6chemical treatment on rock property, the permeabilities of both
around 93°. Berea and chalk samples before and after the treatment with
The entry capillary pressure in a North Sea ch@mple No. FC722 solution were measured usin€,,. The setup used to
10) after treatment with 2.0 wt% FC722 solution in both GOC antdheasure the rock permeability is shown in Fig. 4. The permeabili-
GWC systems was also measured; the porosity and permeabitigs of two Berea coreésamples No. 7 and)9vithout chemical
of this North Sea chalk were 29.0% and 1.47 md, respectivelyeatment were 975 and 616 md, respectively; they varied to 938
The measured entry capillary pressure was about 10.28 psi in e 592 md after it was treated by 0.18 wt% FC722 solution,
GWC system. The pseudocontact angle calculated using Eqre3pectively. The permeability of the North Sea chalmple No.
was around 94°. The water phase used in the measurement W@schanged from 1.47 to 1.18 md after it was treated by 2.0 wt%
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FC722 solution. The above experimental results show that there is 6, = pseudocontact angle
no significant permeability reduction in Berea after treatment with 65 receding contact angle
FC722 solution. In chalk, the permeability reduction is greater T surface tension
than that in Berea after treatment with FC722 solution, but it is n fluid viscosity
still acceptable.
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S| Metric Conversion Factors

cp X 1.0¢ E—-03 = Pas
dyne X 1.0% E-02 = mN
°F  (°F-32)/1.8 = °C
°F  (°F+459.67)/1.8 =K
psi X 6.894 757 B-00 = kPa
*Conversion factors are exact. SPEREE
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