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Abstract

EOR processes employing gas injection can be very efficient in recovering oil where the gas sweeps.
Unfortunately, gas injection has poor sweep efficiency because or reservoir heterogeneity, viscous
instability and gravity segregation of injected gas to the top of the formation. Foam can improve the
sweep efficiency in gas injection in Enhanced Oil Recovery. The best injection strategy to overcome
gravity override in homogeneous reservoirs is a SAG process with a large slug of surfactant followed
by a large slug of gas. An additional advantage of SAG injection is increased gas injectivity [26], water
is displaced from the near-well region where foam weakens, this raises gas mobility and increases
injectivity [14].However, during liquid injection, the injectivity is considered to be poor.

Liquid injectivity is not fully understood during SAG process. In this study several core-flood exper-
iments were conducted to investigate how injectivity is affected by the injection strategy. Through
these experiments, it has been found that the gas injection flow rate has no significant effect dur-
ing the gas injection period, foam collapses after roughly the same number of pore volumes of gas
injected regardless of the injection rate.

During the liquid injection period, liquid was injected at different flow rates following a gas injection
period. The results suggested a moderately shear-thinning behaviour. Liquid injection rate was
increased 10, 40 and 100 times, but the rise in pressure gradient is not proportional to the increment
in injection rate.

Furthermore, the effect of the size slug injected was investigated on the subsequent liquid injec-
tion. Results show that during prolonged periods of gas injection after foam, a region near the inlet
is formed in which the gas mobility is much greater and the liquid mobility is much greater than
downstream during the subsequent liquid injection. The bigger the gas slug size the better the sub-
sequent liquid injectivity in the nearest region to the inlet;

The effect of foam quality was studied; it has been found that foam quality has no big effect during
the subsequent gas and liquid injections. The results of foam injection at 0.60 and 0.95 quality
followed by gas injection show that foam collapsed after roughly similar number of pore volumes
injected regardless of foam quality. During the liquid injection period the trends of the pressure
gradient were similar at foam initial quality injection 0.60 and 0.95.

Finally, in order to verify the capability of the radial model developed by Gong et al. [7], the ex-
perimental data was fitted to the linear-flow and radial-flow models. The results suggest that the
simulation based on Peaceman equation underestimated the gas and liquid injectivity in SAG pro-
cess, and furthermore, the conventional simulator cannot represent the effect of gas injection on
the subsequent liquid injection.
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Chapter 1

Introduction

1.1 Enhanced Oil Recovery

Enhanced Oil Recovery refers to the recovery of oil due to the injection of materials that usually are
not found in the reservoir but that are injected in order to alter considerably the physical-chemical
behaviour of the reservoir fluids [16]. EOR implies a reduction in oil saturation below the residual
oil saturation Sor [32].

EOR methods allow one to extract oil volumes that normally could not be obtained economically by
using conventional methods and they are not restricted to a particular phase in the producing life
of the reservoir [16]. These methods can be classified in two main groups: thermal (steam injection,
hot water and combustion) and non-thermal (chemical injection such as surfactants, polymers and
alkali and injection of immiscible gases) [32].

The target of thermal methods are heavy oils and sands, although they can be applied to light oils in
special cases.These techniques supply heat to the reservoir and vaporize some of the oil. The main
mechanism used by thermal methods is to reduce viscosity, other mechanisms such as rock and
fluid expansion, compaction and steam distillation are also present [8].

Non-thermal methods are best suited for light oils, the two main objectives of these methods are:
lowering the interfacial tension and improving the mobility ratio. Non- thermal methods can be
divided in three major classes: miscible, chemical and immiscible gas injection methods [32]. EOR
processes employing gas injection (miscible and immiscible solvent or steam injection) can be very
efficient in recovering oil where the gas sweeps. Unfortunately, gas injection has poor sweep effi-
ciency because or reservoir heterogeneity, viscous instability and gravity segregation of injected gas
to the top of the formation [16] [31].

1.2 Foams in EOR

Foam can improve the sweep efficiency in gas injection [35][37][19]. The main reason is that foam
reduces gas mobility by trapping a large fraction of the gas in place [24] [2]. Foam mobility is re-
duced by trapping a large fraction of gas in place, in effect reducing relative permeability of gas.
[30][2][28].

Other applications of foam in porous media include:

15



16 1. Introduction

• Acid diversion in wellbore stimulation, where foam was used to divert acid effectively from a
non-damaged to a damaged zone [13].

• Low tension flood (LSF) in which foam is a substitute of polymer in Alkali Surfactant Polymer
(ASP)[19].

• Recovering non-aqueous wastes from aquifers, the surfactant solution was designed to mo-
bilize and solubilize the contaminant, which was located in the lower part of the reservoir.
Then, foam was injected to produce an "in situ" foam in the zones of highest permeabilities
and divert surfactant solution to the zones of lower permeability [10]

• Preventing coning of gas or water in production wells, where the objective is to eliminate or
reduce the production of water during removal of working gas by blocking the flow of water
into the well near the gas/water contact, this process does not require additional wells be-
cause surfactant is injected into the gas injection/production wells [36].

Foam is a dispersion of gas bubbles in a continuous liquid medium, stabilized by surfactants, where
bubbles are separated by thin films called lamellae. This is thermodynamically metastable, meaning
that sufficiently large external perturbation can destroy it [17].

There is a repulsion pressure called "disjoining pressure" which repels the opposite gas/liquid sur-
faces and depends on the surfactant formulation, temperature, pressure and other factors, these
will determine the stability of the lamellae and of the foam. However, at sufficiently high capillary
pressure, the films collapse in spite of the disjoining pressure [17].

1.3 SAG Foam

Foam can be placed in the reservoir by co-injection of gas and liquid at a fixed ratio of foam quality
or by injection of alternating slugs of surfactant and gas (SAG). However, the best injection strat-
egy to overcome gravity override in homogeneous reservoirs is a SAG process with a large slug of
surfactant followed by a large slug of gas [33][34]. Foam is then formed when gas and surfactant
come in contact in the porous medium [17] SAG injection has many advantages. It minimizes the
contact between water and gas in surface facilities, this could be important if the gas forms an acid
upon contact with water [27]. The injection of small volumes of gas and water can promote foam
generation in the near-well region. SAG injection improves injectivity during gas injection; as water
is displaced from the near-well region, water saturation declines, gas mobility increases and foam
collapses, leading to an increase in injectivity [3][5]. Continuous injection should be used in order
to maintain foam in the near-well region, or to ensure that gas an liquid enter to the same zone in a
heterogeneous reservoir [33].

1.4 Injectivity

One of the key challenges in foam EOR process is to maintain sufficient injectivity. Injectivity con-
trols the rate of fluid injection for a given pressure difference between the well and the reservoir;
hence low injectivity decreases the injection capacity. Poor injectivity of low-mobility foam allows
more time for gravity segregation of injected gas and slows the production of oil [18]. During gas
injection, water is displaced from the near-well region where foam weakens, this raises gas mobility
and increases injectivity [14]. Foam collapses near the injection well, giving good injectivity simul-
taneously with mobility control at the leading edge of the gas bank. Increased injectivity during



1.5. Foam Models 17

gas injection in a SAG process reflects high mobility near the well[17]. However during the liquid
injection, injectivity can be poor in SAG which could lead to fracturing of the well [15].

Previous studies [38] [29] [23] of liquid injectivity refer a process to divert acid to desired intervals
in matrix acidization treatments. In this processes the goal is to reduce the injectivity of acid into
layers where less is needed and divert it into layers where is required [14]. During foam injection
followed by liquid injection, pressure gradient declines in two steps. The first one occurs soon after
liquid injection begins. Indirect evidence [14] [4] suggests that this decline corresponds to the dis-
placement of mobile gas by liquid. Then, there is a second sequential decline in pressure gradient,
which is attributed to dissolution of gas by unsaturated injected liquid. CT images show that dur-
ing liquid injection following foam, liquid fingers through foam leaving the rest in a region [24][22].
During gas injection after foam, foam strongly weakens near the inlet of the core. In this region, the
liquid saturation is low and the liquid mobility is greater during the liquid-injection period, leading
to an improved swept in the core cross-section rather than a few fingers.

Liquid injectivity is poorly understood; for that reason the purpose of this thesis is to understand
the injectivity during liquid injection and the effect of the injection strategy, for instance the effect
of gas and liquid injection rates, gas slug size before liquid injection and the effect of permeability.
Core-flood experiments were performed in order to understand liquid injectivity.

1.5 Foam Models

Design of effective foam projects requires an understanding of foam’s complex behaviour. There
are several methods for modelling foam in porous media. Generally these approaches are divided
in two groups. Mechanistic (population balance model) foam models which represent the dynamic
processes of bubble creation and destruction along with gas mobility at a given bubble size. The
other group represents the effect of bubble size implicitly through a gas mobility-reduction fac-
tor that depends on water saturation, surfactant concentration and other factors. Hence there are
called implicit texture (IT) models. These models assume local equilibrium between dynamic pro-
cesses creating and destroying bubbles. IT models require fewer parameters and are simpler to use
while population models have encountered some numerical difficulties. For purposes of this thesis,
IT models are considered.

1.6 IT Models

Foam simulation parameters without oil to data for pressure gradient can be fitted as a function
of gas and liquid superficial velocities [4][20]. In this method, depending on the foam quality fg

(injected gas volume fraction),high-quality and low-quality foam regimes can be identified [3][1].
In the high-quality regime, pressure gradient rP is nearly independent of the gas flow rate.This
regime is controlled by bubble coalescence due to limiting capillary pressure Pc *, foam rheology
in this regime can be either shear-thinning or shear-thickening [4] In the low-quality regime it is
shear-thinning (apparent viscosity decreases with increasing total superficial velocity). This can be
explained partly by the reduction in gas trapping with increasing rP [3]. The transition between the
regimes occurs at the foam quality fg * [12]. Boeije et al [3] suggest a method for cases where data
is limited: pressure gradient for one foam scan of foam quality at a fixed superficial velocity. This
fitting procedure could provide an initial guess for a least-squares optimization routine.
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1.7 Fitting Foam Model Parameters

STARS [9] is a widely used IT foam model. This model employs a function FM which controls the
reduction in gas mobility, in Darcy’s law for the gas phase.

ut fg =
kk f

r g

µg
rp =

kkr g F M

µg
rp

where:

• kr g is relative permeability to gas without foam

• k f
r g is relative permeability to gas with foam

• k is permeability, m2

• rp is pressure gradient, Pa/m

• µg is gas viscosity, Pa·s

• ut is total superficial velocity, m/s

• fg is gas fractional flow

Function FM depends on several factors

F M = 1
1+ fmmob §F1 §F2 §F3 §F4 §F5 §F6

The parameter fmmob is the reference gas mobility reduction factor for wet foam. Function F1 to F6

are restricted to values equal or less than one. F1 models the effect of surfactant concentration, F2

the effect of water saturation, F3 oil saturation, F4 gas velocity, F5 critical capillary number and F6

capillary number. For this study only functions F2 and F5 are considered.

These functions are given by

F2 = 0.5+ ar ct an[epdr y ·Sw ° f mdr y]
º

If Nca > fmcap,

F5 = (
f mcap

Nca
)epcap

Otherwise,
F5 = 1

with
Nca ¥ krp/æw g

where:

• æw g is gas/water surface tension.

• epdry controls the abruptness of the foam collapse.

• epcap captures the shear thinning behaviour of the low quality regime.

• fmcap is set to the smallest capillary number expected in the simulator.
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• fmdry is equal to Sw * if the transition between the regimes is abrupt.

• Sw * is the water saturation at which foam collapses [12].

The Cheng et al method [4] requires a considerable amount of data at different gas and liquid su-
perficial velocities to get foam-simulation parameters. Boeije et al [3], extended Cheng et al work,
this method can be used when less data is available, specially a single scan of pressure as a function
of foam quality at fixed total superficial velocity.

The method is as follows. Foam-free relative permeability functions kr w (Sw ) and kr g (Sw ) have to
be known.

1. Plot the data in a rp versus fg plot. Plot a straight line passing through the data at large fg

and through (1,0); for the low quality regime, plot a convex curve through the data and passing
through (0,0). The intersection of the line and the curve is fg *.

2. Fmdry can be determined from the slope of the straight line, by using Darcy’s law for the
aqueous phase.

3. Fmmob can be estimated from Darcy’s law for gas phase by use of the value of rp at fg *

4. Select a point on the curve in the low-quality regime some distance from fg * and fit epcap
to this value. Now, select fmcap and fmmob according to the range of capillary numbers
expected in the simulation.

5. Select the largest value of epdry which gives acceptable simulation performance.

6. Plot the resulting fits to the low quality and high quality regime in order to verify the fit.

1.8 Effects of Gas and Liquid Velocity

Foam texture is governed by capillary pressure Pc . Liquid films or lamellae are less stable as capillary
pressure increases [12], reported an abrupt transition from a strong to a weak foam at a character-
istic value of capillary pressure Pc called "limiting capillary pressure". As fg was increased, at a
constant gas velocity, the capillary pressure increased [25]. At above fg *, the foam was coarsened by
increased coalescence of lamellae.





Chapter 2

Experimental description

The experimental part of this work is divided into a series of core flood experiments, which are
performed in order to understand the liquid injectivity during SAG process and the influence of the
injection strategy.

Below is a list of the experiments performed:

• Foam quality scan

• Effect of gas injection rate.

• Effect of liquid injection rate following gas injection.

• Effect of gas slug size on the subsequent liquid injection

• Effect of foam quality

2.1 Experimental setup and materials

Experiments were conducted in a 17-cm-long Berea sandstone core with a diameter of 3.8cm and
0.20 porosity. The permeability is 150 [mD], measured from the pressure data of brine flood through
the core (see Appendix 6.1). Glue was used to encapsulate the core and avoid leaks during the exper-
iment; the core was fitted into a PEEK core holder and placed vertically into the oven. The surfactant
solution used in these experiments contained Witconate Alpha Olefine Sulfonate (AOS) surfactant,
at 0.5 wt% concentration, together with synthetic seawater, which consisted of five salts:

Table 2.1: Weights of different salts used in the preparations of synthetic seawater

Salt type Weight/Solution volume [g/l]
Calcium chloride CaCl2 2H2O 2.93

Magnesium chloride MgCl2 6H2O 20.30
Sodium sulphate Na2SO4 7.66

Potassium chloride KCl 1.34
Sodium chloride NaCl 50.88

The experiment setup utilized to conduct the core-flood experiments consisted of a double-effect
piston displacement pump (Quizix), which delivers surfactant solution at a constant flow rate, a
mass flow controller (Bronkhorst), which ensures the supply of N2 gas, also at a constant rate, a
back-pressure regulator set at 40 bar to minimize the effects of the gas expansion, an oven to keep

21
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the core at 90 ±C , and a graduated cylinder to collect the effluent from the core. Pressure differences
are measured along the core in five sections. Sections near the inlet and outlet are neglected during
the data analysis, to avoid the capillary entry and end effects.The length of the 3 middle sections is
4.2 cm each. All the data is recorded by the MP3 software [21].

Figure 2.1 shows the setup of the experiment.

Figure 2.1: Schematic of the core flood experimental setup.

2.2 Foam quality scan

Foam quality scans are performed to identify the high-quality and low-quality regimes for the core
used in the experiments. After saturating the core with surfactant solution, N2 gas and surfactant
solution were co-injected into the core at fixed flow rates. These were set to obtain a specific foam
quality, fg , such that different gas fractions are flowing through the core, while total velocity remains
constant. After steady state was reached, the liquid and gas flow rates were changed to obtain a new
foam quality; this represents a new point on a plot of foam quality versus apparent viscosity, similar
to Figure 3.1. Steady state was considered to be reached when the recorded pressure drop remained
constant over a period of time, about two hours. This process was repeated to obtain as many points
as desired.

Since the Mass Flow Controller (MFC) had been calibrated at a different inlet pressure than the ex-
perimental inlet pressure the gas flow rate was corrected. For that reason the desired flow rate was
multiplied by two correction factors, one for the pressure from the N2 cylinder to the inlet of the
MFC and one for the experimental pressure. A second correction with respect to gas compressibil-
ity was computed by applying the Jacobsen-Stewart equation of state; a Matlab script computed
nitrogen density at standard conditions (s.c.) and at experimental conditions (e.c.); thus the real gas
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superficial velocity is calculated as follows:

QMFC =Qnom
Ωg @e.c.

Ωg @s.c.
C F1C F2

where:

• QMFC is the flow rate set to the Mass Flow Controller

• Qnomi nal is the nominal flow rate

• Ωg @e.c is the density of nitrogen at experimental conditions

• Ω @s.c. is the density of nitrogen at standard conditions

• C F1 is the conversion factor for the MFC from 150 bar to 100 bar (0.963)

• C F2 is the conversion factor for the MFC from 100 bar to 41 bar (0.947)

An average pressure drop measurement along each section allowed the calculation of the apparent
viscosity for each section:

µapp = k¢PA
QL

where:

• µapp is apparent viscosity, Pa·s

• k is permeability, m2

• ¢P is pressure drop across core cross-sectional, Pa

• A is area, m2

• Q is flow rate, m3/s

• L is length of the core, m

For the Berea core, foam quality scans were conducted at 2 ft/day and 4 ft/day superficial velocities.
At each total flow rate, foam qualities ranging from 0.1 to 0.99 were generated.

By applying the method of Boeije and Rossen [3] for fitting foam parameters, initial parameters
were obtained. Then these values were refined by the use of the least-squares optimization Matlab
routine of Farajzadeh et al.[6].

2.3 Experimental procedure for injectivity experiments

Injectivity experiments began with the core saturated with surfactant solution. Next, surfactant
solution and N2 gas were co-injected from the bottom of the core at fixed flow rates to generate 0.95-
quality foam. For all the experiments the same initial foam quality was used. Once foam has reached
steady state, liquid injection ceased and only N2 gas injection continued. The aim of this first set of
experiments is to study the effect of gas injection rate during the period of gas injection.

The following table shows the gas flow rates and superficial velocities used in these experiments.
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Table 2.2: Gas flow rate and superficial velocity

Gas flow rate [ml/min] Gas superficial velocity [m/s]
1 1.34e-5
2 2.68e-5
3 4.02e-5

The second set of experiments were conducted in order to test the effect of liquid injection rate
following gas injection. As in the previous experiments, 0.95-quality foam was generated by co-
injecting N2 gas and surfactant solution. Once foam reached steady state, 150 pore volumes of gas
were injected into the core at 2 ml/min; this weakened the foam part-way into section 2. Finally,
surfactant solution was injected at different rates. This procedure was repeated at every flow rate.
The table below shows the liquid flow rates and superficial velocities utilized during the experi-
ments:

Table 2.3: Liquid flow rate and superficial velocity

Liquid flow rate [ml/min] Liquid superficial velocity [m/s]
0.5 6.70e-6
5 6.70e-5

20 2.68e-4
50 6.70e-4

In order to test the effect of the gas slug size on the subsequent liquid injection, foam with a 0.95
gas fraction was generated. Once it reached steady state, different gas volumes were injected at 2
ml/min. After gas injection finished, surfactant solution was injected at 0.5 ml/min.

Below the gas slug sizes for this experiment are listed:

Table 2.4: Gas slug size

Gas slug size
200 PV gas injection
150 PV gas injection
50 PV gas injection
10 PV gas injection

Finally, experiments were conducted to investigate the effect of foam quality. Foam was injected
at 0.60 initial quality. Similar to the previous experiments, after foam reached steady state, gas was
injected at 1, 2 and 3 ml/min.

The effect of foam quality was also studied during the liquid injection period. After foam reached
steady state, 150 PV of gas were injected and then liquid was injected at 0.5 ml/min and 50 ml/min.



Chapter 3

Results and discussion

3.1 Foam-quality scan

Foam scan was conducted in order to identify the low-quality regime and high-quality regimes for
the core used in the experiments. Plots of gas fraction versus apparent viscosity are presented for
section 4 of the core. The method of Boeije et al [3] was used to obtain a first estimate of the foam
parameters by fitting the foam quality-scan at 2 ft/day and 4 ft/day, then the least-squares optimiza-
tion routine of Farajzadeh et al [6] was used to refined the fit.

Figure 3.1 represents the apparent viscosity transition at 2 ft/day. As can be observed, as the gas
fraction increases towards the gas critical fraction, fg * foam apparent viscosity increases. The gas
critical fraction fg *, which corresponds to the limiting capillary pressure, establishes the transition
from the low-quality regime to the high-quality regime [12]. Beyond fg *,in the high-quality regime,
the foam apparent viscosity decreases. As shown in this figure, the transition between regimes is
observed at about fg *=0.80. For our surfactant formulation, core and experimental conditions,
the convex trend for fg < fg * suggests that foam behaviour is shear thinning in the low quality
regime.
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Figure 3.1: Foam fitting parameters at 2 ft/day superficial velocity

The following table provides the parameters obtained with these methods.

Table 3.1: Foam model-parameters obtained by fitting the least-square fitting approach of Farajzadeh et al. to the foam
scan at 2 ft/day

25
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Parameter Units Value
fmdry - 0.342
epdry - 963.863

fmmob - 3.686e4
epcap - 1.00
fmcap - 6.1726e-6

Figure 3.2 represents the apparent viscosity as a function of foam quality at a superficial velocity 4
ft/day. The transition foam quality in this experimental data is around fg *=0.88. The convex shape
of the trend of apparent viscosity in the low-quality regime suggests that foam behaviour is near to
Newtonian, but less than the data at 2 ft/day. Foam behaviour in the high-quality regime appears to
be Newtonian.
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Figure 3.2: Foam fitting parameters at 4 ft/day superficial velocity

The same procedure was followed as in the previous plot in order to compute the foam parameters.
Results of 4 ft/day superficial velocity are summarized in the following table:

Table 3.2: Foam model-parameters obtained by fitting the least-square fitting approach of Farajzadeh et al. to the foam
scan at 4 ft/day

Parameter Units Value
fmdry - 0.357
epdry - 220.195

fmmob - 7.877e4
epcap - 1.360
fmcap - 7.355e-6

The intention of these experiments is to compare the foam-scans at different superficial velocities.
The transition behaviour is less sharp at 2 ft/day superficial velocity compared to 4 ft/day. The tran-
sition point fg * appears to shift to slightly higher values at higher superficial velocities. In addition,
as total superficial velocity increases, there is a reduction in apparent viscosity.

3.2 Effect of gas velocity

In order to study the effect of gas injection velocity, experiments were performed varied the gas
injection velocity following foam injection. The experimental results for gas injection at different
superficial velocities are presented in this section. The "local pore volume" (LPV) is defined as the
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volume injected divided by the cumulative pore volume from a given position to the inlet. The "total
pore volume" (TPV) refers to the total pore volume injected.

Figures 3.3, 3.4 and 3.5 show the evolution of pressure gradient during the experiments along sec-
tions 2, 3 and 4, respectively, as a function of total pore volume (TPV) injected. There is at first
almost a linear decline in pressure gradient to a plateau, which is followed by a second pressure-
gradient drop. When gas is injected after foam, gas mobility rises, and then holds constant, the sec-
ond abrupt rise in gas mobility corresponds to a decline in water saturation, leading to a collapse
of foam. The decline in water saturation is driven by the combined effects of liquid evaporation,
pressure gradient and capillary effects.

Higher gas injection rates increase pressure gradient, but the increment in rP is not proportional
to the injection rate. As can be seen in section 2 (Figure 3.3), at 1 ml/min injection rate (superficial
velocity 1.676e-8 [m3/mi n]), it takes about 190 TPV (500 LPV) of gas injection to dry-out the foam.
When the injection rate is doubled, the number of TPV required to weaken the foam is around 140
TPV (360 LPV), and when the injection rate is tripled, foam collapses after 130 TPV (340 LPV). There
is a moderate difference with respect to the number of pore volumes required to collapse foam at
different injection rates.

0 50 100 150 200 250

TPV injected [-]

0

10

20

30

40

50

P
re

ss
u

re
 g

ra
d

ie
n
t 

[b
a

r/
m

]

1 ml/min

2 ml/min

3 ml/minDecline

Plateau

Collapse

Figure 3.3: Pressure gradient profile along section 2 during gas injection following foam. Gas injection at 1, 2 and 3 ml/min

A similar trend is observed in section 3. The lowest injection rate, 1 ml/min, seems to take more
pore volumes to collapse foam, followed by 2 ml/min (superficial velocity 3.353e-8 [m3/mi n]) and
3 ml/min (superficial velocity 5.029e-8 [m3/mi n]).
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Figure 3.4: Pressure gradient profile along section 3 during gas injection following foam. Gas injection at 1, 2 and 3 ml/min
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Figure 3.5 represents pressure evolution in section 4. The difference in the number of pore volumes
injected at the point of foam collapse is again moderate. Some spikes can be observed, especially
in pressure gradient at 2 ml/min and 1 ml/min. These were caused by fluctuations in the back-
pressure regulator. The trends in these figure are similar to each other except that the injection
rate is twofold and threefold higher; however, foam does not collapse two or three times faster.
Evaporation has an important effect in the foam collapse during long periods of gas injection. As
more gas is injected, liquid evaporates, first weakening foam and then causing the collapse of the
foam.
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Figure 3.5: Pressure gradient profile along section 4 during gas injection following foam. Gas injection at 1, 2 and 3
ml/min.

Figures 3.6, 3.7 and 3.8 show the pressure profile in terms of local pore volumes (LPV) for all three
sections in each experiment. During gas injection at 1 ml/min, Fig. 3.6, section 2 seems to dry-out
faster than sections 3 and 4, after about 500 LPV. The foam-collapse bank propagates with a similar
velocity in each section.
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Figure 3.6: Gas injection at 1 ml/min flow rate in terms of local pore volumes

For 2 ml/min superficial velocity, Fig. 3.7, the foam-collapse region reaches the end of each section
after about 380 LPV gas injection. All sections have a similar propagation velocity.

Fig. 3.8 represents pressure transition along the core at 3 ml/min injection rate. Foam did not col-
lapse after the same number of LPV; the region of collapsed foam propagates faster in section 2.
The main reason is that the core is not completely homogeneous, there is s small difference in the
measured permeability in each section: 161 mD for section 2, 157 mD for section 3 and 140 mD for
section 4. That could lead to slightly different propagation velocities at each section.
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Figure 3.7: Gas injection at 2 ml/min flow rate in terms of local pore volumes
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Figure 3.8: Gas injection at 3 ml/min flow rate in terms of local pore volumes

As discussed, gas velocity has no strong impact on foam collapse. During gas injection, foam at first
does not collapse; the plateau in pressure gradient corresponds to the foam weakening, the sec-
ond decline represents foam collapse or greatly weakening. The trend suggests somewhat a shear-
thinning behaviour. Higher injection velocities increase pressure gradient but the increment is not
proportional to the increment in superficial velocity. For instance, the injection velocity was dou-
bled and tripled but the increase in the plateau value of pressure gradient was not two or three
times higher. The second pressure-gradient decline started roughly after the same number of pore
volumes gas injected. Then foam completely collapsed after 550 pore volumes at the lowest super-
ficial velocity while at the highest superficial velocity foam collapsed after approximately 445 pore
volumes gas injection. These values do not reflect the increase in superficial velocity. Results show
that the foam-collapse region propagates faster in some sections of the core. The reason could be
that there is a small difference in the measured permeability in each section which lead to slightly
different propagation velocities at each section.

If water was displaced only by the the effect of pressure gradient then the increment in injection
velocity would lead to a proportional increment in pressure gradient. If water was displaced only
by evaporation then pressure gradient would be independent of the increment in injection velocity.
Results show he foam collapse reflects the effect of pressure driven flow, capillary effect and an
important effect of liquid evaporation. As more gas is injected, liquid evaporates, first weakening
foam and then causing the collapse of the foam.
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3.3 Effect of liquid velocity

The objective of these experiments is to investigate the effect of liquid superficial velocity during
liquid injection. After foam was generated, 150 TPV of gas were injected. During gas injection, as
shown in Fig. 3.9, foam collapsed or greatly weakened in section 2; this corresponds to the end of
the second decline in pressure gradient after 150 TPV. The foam-collapse region is part-way through
sections 3 and 4.
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Figure 3.9: Pressure gradient profile during 150 TPV gas injection at 2 ml/min

After gas injection finished, surfactant solution was injected in to the core at different flow rates.
Figure 3.10 shows pressure gradient in section 2. This is the region nearest to the inlet; during liq-
uid injection there is a quick rise in pressure gradient, followed by a plateau, at 0.5 ml/min the
plateau is wider but as injection rate increases the plateau becomes shorter. Lastly, after the plateau
there is a gradual decline in pressure gradient. The trend suggests a moderately shear-thinning be-
haviour. Liquid injection rate was increased 10, 40 and 100 times, but the rise in pressure gradient
during the plateau is not proportional to the increment in injection rate. For instance, the peaks
of pressure gradient at 50 ml/min and 0.5 ml/min are at 120 bar/m and 10 bar/m, respectively.
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Figure 3.10: Pressure gradient along section 2 as a function of TPV injected during liquid injection at different injection
rates
Similar results are seen in section 3 (Figure 3.11) and 4 (Figure 3.12). Pressure gradient rises to a
plateau followed by a drop. Comparing the three sections, the peaks of pressure gradients are con-
siderably smaller in section 2 than in the other two sections. As shown in Figure 3.9, after 150PV of
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gas injected, foam collapsed in section 2. This has an effect on the subsequent liquid injection in
section 2, it reduced considerably pressure gradient in this region.
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Figure 3.11: Pressure gradient along section 3 as a function of TPV injected during liquid injection at different injection
rates
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Figure 3.12: Pressure gradient along section 4 as a function of TPV injected during liquid injection at different injection
rates.

Gas injection affects the subsequent liquid injection especially in the region near the inlet (section
2). In the weakened-foam region (sections 3 and 4) pressure gradient is not significantly affected
by the amount of gas previously injected. Soon after the liquid injection begins, pressure gradient
increases to a plateau, this occurs in the foam-collapsed region. Then there is a second decline
attributed to dissolution of gas by liquid [14][27], followed by a much lower steady pressure gradient
value corresponding to the liquid fingering through the foam. As liquid injection rate increases,
more gas could be dissolved in liquid and then it is expected that liquid fingers through the foam in
a wider area.

The experimental results for the gas injection period show the effect of increasing injection velocity.
The trend suggests a shear-thinning behaviour. The liquid injection velocity increased 10, 40 and
100 times but the increment in pressure gradient was only 3, 7 and 13 times, respectively. Soon after
liquid injection begins, there is a quick rise in pressure gradient, followed by a plateau where liquid
mobility holds constant. As the liquid injection rate increases, the plateau becomes shorter in terms
of liquid pore volumes. The plateau corresponds to the liquid saturating the foam-collapsed region.
Then there is decline in pressure corresponding to the dissolution of gas in liquid fingers followed
by a lower pressure value representing the liquid fingering region. The mobility in the plateau is
roughly similar to the area of the finger times the relative permeability to water in the finger, which
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is approximately ten times greater at the highest pressure gradient. Relative permeability to water in
finger is inversely related to gas saturation in finger. The region nearest to the inlet is quite sensitive
to the gas slug previously injected, pressure gradients are much lower in this section than in the
furthest region. Regardless of the velocity, the dissolution of gas in liquid starts roughly after the
same number of pore volumes liquid injected.

3.4 Effect of gas slug size on subsequent liquid injection

Previous studies suggest that during long periods of gas injection after foam, a region near the inlet
is formed in which the gas mobility is greater. The abrupt rise in gas mobility appears to reflect
the decline of water saturation below about 0.20 [7]. In this region, foam is completely collapsed or
strongly weakened; then during the subsequent liquid injection, the liquid mobility is much greater
and liquid sweeps the entire cross-section rather than one or few fingers [7]. During the liquid-
injection period, the pressure gradient is strongly affected by the size of the slug previously injected.
Figure 3.13 shows the pressure gradient during liquid injection following gas injection in section 2,
which is the nearest section to the inlet. After 150 PV of gas injected, foam is completely collapsed
or strongly weakened in section 2. A small volume of gas, 10PV gas injection, does not improve the
subsequent liquid injectivity much. It weakens foam only in a small region in the section. As the gas
slug size increases from 10 PV to 200 PV, the pressure gradient during subsequent liquid injection
decreases from approximately 70 [bar/m] to 5 [bar/m].
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Figure 3.13: Pressure gradient profile along section 2 during liquid injection following gas injection.

Figure 3.14 illustrates the pressure-gradient profile along section 3. The collapsed foam has not
penetrate this section totally even after 200 PV gas injection. During liquid injection, after 10 PV gas
injection, the pressure gradient is approximately 80 [bar/m] while it is about 50 [bar/m] after 200
PV gas injection. Pressure gradient in section 3 is higher than in section 2 where injectivity is greatly
affected by the size of the gas slug previously injected. This seems to indicate that gas slug has a
moderate effect on this section 3. The plateau lasts longer as more gas was injected.
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Figure 3.14: Pressure gradient profile along section 3 during liquid injection following gas injection.

Figure 3.15 shows the pressure gradient in section 4 during liquid injection. The pressure gradient
is roughly the same regardless of period of gas injection, around 80 [bar/m]. However, the plateau
becomes longer as more gas is injected; the longest plateau is observed after 200 PV gas injection,
while the shortest is after 10 PV gas injection.

Apparently liquid injectivity is not improved in this section; the pressure gradient is relatively insen-
sitive to the gas-slug size previously injected.

As gas is injected in the core, foam collapses in the nearest region to the inlet. The size of this
region depends on the gas-slug size injected. Beyond the collapsed-foam region, foam is partially
weakened. There, during liquid injection, gas is dissolved in liquid, this corresponds to the decline
in pressure gradient. Finally the the lowest steady value of pressure gradient correspond to the liquid
fingering through the foam. In the region where foam is not collapsed, the plateau value of pressure
gradient tends to last longer for larger gas slugs.
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Figure 3.15: Pressure gradient profile along section 4 during liquid injection following gas injection.

Pressure gradient during liquid injection is strongly affected by the size of the gas slug previously
injected in the nearest region to the inlet. The bigger the gas slug size, the better the subsequent liq-
uid injectivity. Beyond the foam-collapsed region, the effect of the gas slug size is not visible, liquid
holds constant until gas within the fingers dissolves into liquid. Th plateau value of pressure gradi-
ent is similar for different gas slug sizes but it tends to last longer for larger gas slugs. This suggests
that it takes longer for liquid to dissolve the gas within the fingers if more gas was injected previ-
ously. Is is expected that liquid fingers are wider if liquid is injected at a higher velocity. As shown,
the larger the gas slug size previously injected, the smaller the pressure gradient in the following
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liquid injection, which corresponds to an increase in liquid injectivity.

3.5 Effect of foam quality

Experiments were conducted to investigate the effect of foam quality on the subsequent liquid and
gas injections. Fig.3.16 and 3.17 compare the pressure gradient in section 2 during gas injection
at different velocities following 0.60 and 0.95 quality foam, respectively .The first quality is in the
low-quality regime and the second in the high-quality regime. Data is available only for section
2 because the trend suggested that there was no significant difference between both qualities and
continuing the experiments would have required a lot of time. In general, higher pressure gradients
are observed during gas injection following 0.60-quality foam.
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Figure 3.16: Pressure gradient in section 2 during gas injection at different superficial velocities following foam injection
at 0.60 quality
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Figure 3.17: Pressure gradient in section 2 during gas injection at different superficial velocities following foam injection
at 0.95 quality

Figures 3.18, 3.19 and 3.20 show the same data but now comparing both qualities during each gas
injection rate. During gas injection at 1 ml/min, foam collapsed after around 170 PV following 0.60-
quality foam while 0.95-foam quality collapsed after 190 PV. The trends are similar for 2 ml/min
and 3 ml/min injection rates. Following the plateau, there is a gradual pressure gradient drop when
foam has finally collapsed. There is not a considerable difference with respect to the number of pore
volumes required to collapse foam with both foam qualities, foam collapse seems to be insensitive
to the initial foam quality previously injected.
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Figure 3.18: Pressure gradient as a function of TPV injected during gas injection at 1 ml/min.
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Figure 3.19: Pressure gradient as a function of TPV injected during gas injection at 2 ml/min.
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Figure 3.20: Pressure gradient as a function of TPV injected during gas injection at 3 ml/min.
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Figure 3.21(a) shows the pressure gradient transition during liquid injection at 0.5 ml/min injection
rate following 150 PV gas injection after 0.60 and 0.95 foam qualities in section 2. Pressure gradient
seems to be similar with both initial qualities. There is sudden increase in pressure gradient to a
plateau followed by a sharp pressure gradient decline. Similar behaviour is observed during liquid
injection at 50 ml/min. (3.21(b)). Liquid injection appears to be insensitive to the foam quality pre-
viously injected; the difference between pressure gradient with 0.95 and 0.60 foam quality is small.
The plateau becomes shorter as the liquid injection rate increases for both qualities.
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(a) Liquid injection at 0.5 ml/min superficial velocity
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(b) Liquid injection at 50 ml/min superficial velocity

Figure 3.21: Pressure gradient in section 2 during liquid injection at 0.5 ml/min (3.21(a)) and at 50 ml/min (3.21(b))
following 150 PV gas injection, following injection of foam 0.60 and 0.95 quality.

Figure 3.22 compares the pressure gradients in section 3 during liquid injection after 150 PV gas
injection following injection of foam 0.95 and 0.60 quality. As shown in figure 3.22(a) liquid injection
is not affected by the initial foam quality; the difference in pressure gradient is moderate. This trend
is visible also with a higher injection rate.
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Figure 3.22: Pressure gradient in section 3 during liquid injection at 0.5 ml/min (3.22(a)) and at 50 ml/min (3.22(b))
following 150 PV gas injection, following injection of foam 0.60 and 0.95 quality.

Figure 3.23 shows the initial foam quality does not affect significantly the subsequent liquid injec-
tion. Pressure gradient is moderate for this section as well. The plateau values are similar for both
qualities at 0.5 ml/min, around 80 bar/m. During liquid injection at both flow rates, there is no
considerably difference in the pore volumes liquid injected to dissolve gas in section 4.
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(a) Liquid injection at 0.5 ml/min superficial velocity
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Figure 3.23: Pressure gradient in section 4 during liquid injection at 0.5 ml/min (3.23(a)) and at 50 ml/min (3.23(b))
following 150 PV gas injection, following injection of 0.60 and 0.95 quality.

Experiments conducted at different initial foam quality reflect that liquid and gas injection periods
are insensitive to the foam quality previously injected. Foam 0.60 and 0.95 quality represent the low-
quality regime and the high-quality regime, respectively. In the beginning, the maximum pressure
gradient during gas injection following 0.60 foam quality are higher than that foam 0.95-quality
foam. Thereafter, foam collapses after similar number of pore volumes gas injected. During liquid
injection following 150 PV gas injection following foam 0.60 and 0.90 quality, the values in pressure
gradient are higher with 0.60 foam-quality. After approximately the same number of pore volumes
liquid injected, gas starts to dissolve in liquid, this corresponds to the decline in pressure gradient
at the end of the plateau. The liquid injection and gas injection periods are insensitive to the foam
quality previously injected.





Chapter 4

Modelling of Liquid Injectivity

Based on core-flood experiments, Gong et al [7] developed a model to describe liquid and gas injec-
tivity. The model describes the propagation of various banks during liquid and gas injection. First a
linear model was developed for the gas injection and the subsequent liquid injection in a SAG pro-
cess. The dimensionless propagation velocities and mobilities of the various banks are calculated
from the experimental data; these are inputs of the linear-flow model and the radial-flow model.
The position of the fronts are calculated in terms of local pore volumes (LPV) and the total mobili-
ties of the banks are assumed to be uniform in each bank. The "local pore volume" (LPV) is defined
as the volume injected divided by the cumulative pore volume from a given position to the inlet. For
instance, during gas injection at 1 ml/min, the foam-collapse region reaches the end of the section
after approximately 550 LPV. Therefore the foam-collapse bank propagates with a dimensionless
velocity: V=1/550.

4.1 Linear Flow Model

The experimental results during the gas-injection period suggest that the injectivity in a SAG process
is driven by two banks, as illustrated in Figure 4.1.

Figure 4.1: Banks during gas injection period in a SAG process. The foam bank is initially in place and then the foam-
collapse bank advances forward.

During the liquid-injection period, injectivity is described by the propagation of the following banks:

Figure 4.2: Banks during liquid injection period in a SAG process. The foam bank and the foam-collapse bank are initially
present. The liquid-fingering and the gas-dissolving banks advance into the foam bank.

39
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For the gas-injection period in a SAG process, the total pressure difference is the sum of the pressure
differences of the foam bank in the foam-collapse bank (as long as each bank is represented in the
section of the core of interest.[7]:

¢Pt =¢PF +¢PFCG

For the liquid injection period, the total pressure difference is the sum of the pressure differences
of the foam-collapse bank, the gas dissolving bank, the liquid-fingering bank and the foam bank (as
long as each bank is represented in the section of the core of interest):

¢Pt =¢PFC L +¢PGD +¢PLF +¢PF

Pressure gradient, reported below, is pressure difference across a given section, divided by the length
of the section of the core. Darcy’s law for linear multi-phase flow is used to calculate the pressure
difference for each bank:

¢Pb =
Zl2

l1

Qt

A∏t (b)
dl = Qt (l2 ° l1)

A∏t (b)

where

• Qt is the flow rate

• l is the length of the section

It is assumed that the total mobility ∏t (b) is constant in the given bank.

4.2 Results of Linear Flow Model

4.2.1 Effect of Gas velocity

Figure 4.3 shows the comparison of the results of the linear-flow model and the experimental data
from gas-injection at 1 ml/min (superficial velocity 1.676e-8 [m3/mi n]) . After about 550 LPV of
gas injection, the gas mobility changes drastically, corresponding to the collapse of foam, which is
reflected in a decrease in pressure gradient. The front of the foam-collapse bank advances with a
dimensionless velocity 1/550. As can be observed, the model fits the experimental data well at this
velocity.

Table 4.1: Propagation velocities and mobilities of the various bank estimated from lab data for gas injection at 1 ml/min.

Parameter Value
Total mobility of foam-collapse bank [m2/Pa·s] 3.54e-9

Total mobility of foam bank [m2/Pa·s] 1.47e-11
Dimensionless velocity of foam-collapse bank [-] 1.82e-3
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Figure 4.3: Comparison of the pressure gradient in the three sections (S2, S3, S4) of the core in the core-flood experiments
and fit with the linear-flow model during gas-injection at 1 ml/min.

Figure 4.4 compares the pressure gradient in the core-flood experiments and the linear-flow model
during gas injection at 2 ml/min (superficial velocity 3.357e-8 [m3/mi n]) The front of the foam-
collapse bank advances with a dimensionless velocity 1/385, which is slightly higher than the di-
mensionless velocity at 1 ml/min.

The linear-flow model gives a reasonable fit especially for Section 4. In sections 2 and 3 the pres-
sure gradient starts to decline a bit later than in the model fit. The reason could be that he model
assumes the same propagation velocity of the collapsed-foam bank for all three sections. In reality,
foam collapse reflects the interplay of pressure gradient, capillary effects and evaporation, leading
to different dimensionless velocities along the core. The injection rate was doubled but the plateau
values is not twice the value plateau value of the fit at 1 ml/min. The trend suggests a bit shear-
thinning behaviour.

Table 4.2: Propagation velocities and mobilities of the various bank estimated from lab data for gas injection at 2 ml/min.

Parameter Value
Total mobility of foam-collapse bank [m2/Pa·s] 2.77e-9

Total mobility of foam bank [m2/Pa·s] 2.08e-11
Dimensionless velocity of foam-collapse bank [-] 2.60e-3
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Figure 4.4: Comparison of the pressure gradient in the three sections (S2, S3, S4) of the core in the core-flood experiments
and fit with the linear-flow model during gas-injection at 2 ml/min.

As can be observed in Figure 4.5, the linear-flow model provides a good fit to the data lab for gas in-
jection at 3 ml/min (superficial velocity 5.029e-8 [m3/mi n]). The foam-collapsed bank propagates
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with a dimensionless velocity of 1/445. However, foam collapse takes shorter time in section 2 and
3. It is intended to fit the model as well as possible for section 4. Since this is the furthest region from
the inlet and it is expected to be least distorted by entrance effects and other lab artifacts.

Table 4.3: Propagation velocities and mobilities of the various bank estimated from lab data for gas injection at 3 ml/min

Parameter Value]
Total mobility of foam-collapse bank [m2/Pa·s] 3.74e-9

Total mobility of foam bank [m2/Pa·s] 2.16e-11
Dimensionless velocity of foam-collapse bank [-] 2.25e-3
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Figure 4.5: Comparison of the pressure gradient in the three sections (S2, S3, S4) of the core in the core-flood experiments
and fit with the linear-flow model during gas-injection at 1 ml/min.

During gas injection, foam at first does not collapse; the plateau in pressure gradient corresponds
to the foam weakening, the second decline represents foam collapse or greatly weakening. Pressure
gradient declines as foam weakens in the core. However, increasing injection rate does not dry
foam faster. If injection rate is twofold and threefold higher, foam does not collapse two or three
times faster.

Evaporation would be expected to have an important effect in the foam collapse during long periods
of gas injection. As more gas is injected, liquid evaporates, first weakening foam and then causing
the collapse of the foam.
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4.2.2 Effect of liquid velocity

Figure 4.6 compares the results of the linear-flow model and the experimental data during the liq-
uid injection period at 0.5 ml/min (superficial velocity 8.333e-9 [m3/mi n]) following 150 PV gas
injected. The plateau values in the model are the same for Sections 3 and 4, this is because the
model considers the same permeability and total mobility for all three sections, but in reality there
are small differences of permeability among the sections.

Table 4.4: propagation velocities and mobilities of the various bank estimated from lab data for liquid injection at 0.5
ml/min.

Parameter Value
Total mobility of liquid slug in collapsed-foam region [m2/Pa·s] 4.41e-11

Dimensionless velocity of liquid slug in collapsed-foam region [-] 0.11
Total mobility of liquid fingering bank [m2/Pa·s] 8.7e-13

Dimensionless velocity of liquid fingering bank [-] 1.47
Total mobility of gas dissolving bank [m2/Pa·s] 2.49e-11

Dimensionless velocity of gas dissolving bank [-] 0.74
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Figure 4.6: Comparison of the pressure gradient in the core-flood experiments and the linear-flow model during liquid-
injection at 0.5 ml/min

Figure 4.7 shows the linear-flow model fitting to the core-flood experiment during liquid injection
at 5 ml/min (superficial velocity 8.333e-8 [m3/mi n]). Similar to the previous liquid flow rate, in the
model the pressure-gradient plateaus are the same for sections 2 and 3 for the linear model. The
model considers the ratio of the foam-collapse region with respect to the total length. The foam-
collapse bank has partially penetrated section 2, where the pressure gradient is considerably lower
than the other two sections. In general the model gives a reasonable fit to the lab data.

Table 4.5: Propagation velocities and mobilities of the various bank estimated from lab data for liquid injection at 5
ml/min.

Parameter Value
Total mobility of liquid slug in collapsed-foam region [m2/Pa·s] 8.97e-11

Dimensionless velocity of liquid slug in collapsed-foam region [-] 0.50.18
Total mobility of gas dissolving bank [m2/Pa·s] 6,75e-12

Dimensionless velocity of gas dissolving bank [-] 1.17
Total mobility of liquid fingering bank [m2/Pa·s] 7.62e-11

Dimensionless velocity of liquid fingering bank [-] 0.066
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Figure 4.7: Comparison of the pressure gradient in the core-flood experiments and the linear-flow model during liquid-
injection at 50 ml/min

Figure 4.8 compares the experimental data and the result of the linear-flow model at 50 ml/min
liquid (superficial velocity 8.333e-7 [m3/mi n]. As shown, the fit is not as good as for the previous
flow rates. The pressure gradient in section 3 is higher than in the other two sections, and is not
completely described by the model. This could be also due to a difference in permeability. The cal-
culated mobility in the plateau at 0.5 ml/min is 4.41e-11 while at 50 ml/min is 2.31e-10, this means
that mobility is approximately 5 times higher at 50 ml/min. Since the Matlab routine considers only
one mobility value for the corresponding banks, mobilities and velocities are calculated as average
values in each section at the corresponding flow rate. For instance, the plateau values in sections 2,
3 and 4 during liquid injection at 0.5 ml/min are 10, 55 and 75 bar/min, respectively. While during
liquid injection at 50 ml/min these values are 120, 180 and 150 bar/min. This means that viscosity
is only 12, 3.2 and 1.8 times lower at 50 ml/min, and average of 5 times higher mobility.

Table 4.6: Propagation velocities and mobilities of the various bank estimated from lab data for liquid injection at 50
ml/min.

Parameter Value
Total mobility of liquid slug in collapsed-foam region [m2/Pa·s] 2.31e-10

Dimensionless velocity of liquid slug in collapsed-foam region [-] 0.093
Total mobility of gas dissolving bank [m2/Pa·s] 6.48e-11

Dimensionless velocity of gas dissolving bank [-] 0.037
Total mobility of liquid fingering bank [m2/Pa·s] 1.05e-10

Dimensionless velocity of liquid fingering bank [-] 0.028
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Figure 4.8: Comparison of the pressure gradient in the core-flood experiments and the linear-flow model during liquid-
injection at 50 ml/min
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During liquid injection following gas injection, there is a quick rise in pressure gradient, followed by
a plateau and a gradual decline. The trend suggests a shear-thinning behaviour. The trend suggests
a moderately shear-thinning behaviour. Liquid injection rate was increased 10, 40 and 100 times,
but the rise in pressure gradient during the plateau is not proportional to the increment in injection
rate.

4.2.3 Effect of size of gas slug on subsequent liquid injection

Figure 4.9 shows the comparison of the pressure gradient in the core-flood experiments and the
linear-flow model during liquid injection after 200 PV of gas injection. The model gives a good fit,
especially in section 4; the bank of liquid saturating the collapse-foam region seems to be larger
in section 2 than the calculated by the linear model, which gives a larger plateau value of pressure
gradient. The comparison to liquid injection after 150 PV of gas injection can be seen in Figure 4.10,
where the fit is reasonably good. These two last experiments try to reflect the effect of the gas volume
injected before the liquid injection. This is reflected in section 2, where plateau value of pressure
gradient during liquid injection decreases as the volumes of gas injected increases. After 200 PV gas
injected, the plateau of pressure gradient is around 4 [bar/m] while after 150 PV is approximately 10
[bar/], these two values are considerably smaller than the plateau values in section 4, where pressure
gradient rises to 75 [bar/m]

0 2 4 6 8 10 12 14 16 18 20

TPV Injected [-]

0

10

20

30

40

50

60

70

80

90

P
re

ss
u

re
 g

ra
d

ie
n
t 

[b
a

r/
m

]

Linear-flow model-S2

Experiment-S2

Linear-flow model-S3

Experiment-S3

Linear-flow model-S4

Experiment-S4

Figure 4.9: Comparison of the pressure gradient in the core-flood experiments and the linear-flow model during liquid
injection after 200 PV gas injection
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Figure 4.10: Comparison of the pressure gradient in the core-flood experiments and the linear-flow model during liquid
injection after 150 PV gas injection
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As gas is injected in the core, foam collapses in the nearest region to the inlet. The size of this region
depends on the gas-slug size injected. The larger the gas slug size previously injected, the smaller
the pressure gradient in the following liquid injection, which corresponds to an increase in liquid
injectivity. Beyond the collapsed-foam region, foam is partially weakened. There, during liquid
injection, gas is dissolved in liquid, this corresponds to the decline in pressure gradient. Finally the
lowest steady value of pressure gradient correspond to the liquid fingering through the foam. In the
region where foam is not collapsed, the plateau value of pressure gradient tends to last longer for
larger gas slugs.

4.3 Radial-flow Model

The radial-flow model assumes that the core scale behaviour can be scaled up directly to field and
various banks propagate from the injection well radially with the same dimensionless velocities and
mobilities as in the linear core-flood experiments [7].

The wellbore radius (rw ) is 0.1m. The outer radius (re ) is 20 m, which corresponds to the equivalent
well-block radius of a 100 m x 100 m containing the well. The thickness of the region (h) is 1 m. The
porosity¡ is 0.2 and the permeability 150 [mD], as in the linear-flow model. The total mobilities and
dimensionless propagation velocities, are those from the linear-flow model, obtained from experi-
mental data. The dimensionless gas and liquid slug sizes are expressed in terms of the pore volume
of a 100 m x 100 m x 1m grid block.

For the gas-injection period, the pressure difference is the sum of the pressure differences in the
foam bank and the foam-collapse bank. For the liquid-injection period, the total pressure difference
is the sum of the pressure differences in the foam-collapse bank, the gas dissolving bank, the liquid
fingering bank and the foam bank. By applying the Darcy’s law for radial multi-phase flow, the
dimensionless pressure difference is calculated for each bank as follows:

¢Pb =
Zr2

r1

Qt

2ºr h∏t (b)
dr = Qt

2ºr h∏t (b)
ln

r2

r1

where, in each bank, extending from r1 to r2, the total mobility is assumed to be uniform and con-
stant. For the radial-flow model, the dimensionless pressure difference between rw and re is com-
pared to the dimensionless pressure difference caused by injecting water at the same volumetric
rate into a fully water saturated region. Then the dimensionless pressure difference PD is calculated
as:

¢PD = ¢P

(¢Pt )sw=1
= ¢pt

Qt
qºr h∏w l n re

rw

where ∏w is the water mobility of a fully water-saturated region (Sw =1)

4.4 Results for Radial-flow Model

4.4.1 Effect of gas velocity

Figure 4.11(a) shows the dimensionless pressure drop as a function of total pore volumes of gas
injected at 1 ml/min flow rate. During this period the foam-collapse bank propagates from the
injection well. Figure 4.11(b) represents the dimensionless pressure drop from the injection well



4.4. Results for Radial-flow Model 47

using the laboratory data for gas injection at 1 ml/min. The pressure drop decreases as the foam
collapses in each region.
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Figure 4.11: Dimensionless pressure drop surrounding the injection well using the data from the core-flood with gas in-
jection at 1 ml/min(4.11(a)), and dimensionless pressure drop in three regions of increasingly distance from the injection
well during gas injection 4.11(b)

Figure 4.12(a) shows the dimensionless pressure as a function of total pore volume injected using
the data from the core-flood with gas injection at 2 ml/min. As can be seen, the pressure decreases
as more gas is injected; this represents the foam-collapse propagation from the injection well. Com-
pared to the previous gas injection at 1 ml/min, this case takes slightly fewer pore volumes to col-
lapse the foam. Figure 4.12(b) represents the pressure drop in three regions of increasingly distance
from the injection well. The foam-collapse bank propagates outward from the injection well.
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Figure 4.12: Dimensionless pressure drop surrounding the injection well using the data from the core-flood with gas in-
jection at 2 ml/min(4.12(a)) and dimensionless pressure drop in three regions of increasingly distance from the injection
well during gas injection 4.12(b)
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As shown in figure 4.13, the collapse-foam bank propagates from the injection as gas is injected
using the lab data for gas injection at 3 ml/min. The trend is similar to those using the data for
gas injection at 2 ml/min. The peak in the dimensionless pressure drop is 7. The difference in the
peaks of dimensionless pressure gradient is small among all the injection rates. The dimensionless
pressure drops at similar number of grid-pore volumes injected (GPV).
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Figure 4.13: Dimensionless pressure drop surrounding the injection well using the data from the core-flood with gas in-
jection at 3 ml/min (4.13(a)) and dimensionless pressure drop in three regions of increasingly distance from the injection
well during gas injection (4.13(b))

4.4.2 Effect of liquid velocity

Figures 4.14, 4.15 and 4.16 show the dimensionless pressure drop surrounding the injection well
during the liquid injection period using laboratory data at different flow rates. The predicted di-
mensionless pressure drop in radial-flow decreases as the liquid flow rate in the lab experiment in-
creases. Once predicted liquid injection starts, the pressure rises to a plateau followed by a decrease
in pressure.
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Figure 4.14: Dimensionless Pressure drop surrounding the injection well using laboratory data taken at liquid injection
0.5 ml/min
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Figure 4.15: Dimensionless pressure drop surrounding the injection well using laboratory data taken at liquid injection 5
ml/min
Figure 4.16 shows the dimensionless pressure drop surrounding the injection well during the liquid
injection at 50 ml/min. Following the plateau, pressure starts to decline gradually, the trend is not
as steep as with lower flow rates. The reason could be that since the flow rate is too high, the liquid
saturates quickly the foam-collapse region and then then following regions so the mobilities and
velocities of the gas dissolving bank and the liquid fingering are similar. There is a huge effect of
liquid injection rate, approximately 25 times difference in pressure rise at well, from 0.5 ml/min to
50 ml/min.
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Figure 4.16: Dimensionless pressure drop surrounding the injection well using laboratory data taken at liquid injection
50 ml/min

4.4.3 Effect of gas slug size on subsequent liquid injection

Figure 4.17 compares the dimensionless pressure drop surrounding the injection during the liquid
injection following various periods of gas injection. A large amount of gas improves the subsequent
liquid injectivity, similar to the trend observed with the linear-flow model. The bigger the gas-slug
size, the better the subsequent liquid injectivity.
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Figure 4.17: Dimensionless pressure drop surrounding the injection well using the lab data taken at the liquid injection
period

4.5 Comparison between Radial-Flow Model and Simulation based on

Peaceman Equation

The Peaceman equation is used in most finite-difference simulators. It describes the pressure dif-
ference between the injection well and the grid-block containing the injection well [18]. Previous
studies [18] reported injectivity errors during gas injection in SAG in simulations based on the con-
ventional Peaceman equation. The equation ignores the rapidly changing saturation around the
wellbore caused by the injection of alternating surfactant and gas slugs. [18].

Some assumptions were made for the calculations based on the Peaceman equation:

• Oil is not present in the region of interest

• Water, gas and rock are assumed to be incompressible

• The reservoir is of a uniform height h and the vertical injection well penetrates the entire
interval

• The effect of gravity is not considered

• Foam immediately reaches local equilibrium

• The water saturation in the grid block is uniform at all times

• Dispersion and viscous fingering are not considered

• The grid block is assumed to be fully water saturated (Sw =1) at the start of gas injection

The water saturation in the grid-block is determined as a function of time, using a material balance
equation on the grid block using the injection well.

This is calculated as follows:

Qi n
i =Qout

w +Qout
g

L2H©
dSw

d t
=Qi n

w +Qout
g
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A wellbore of radius rw (0.1m) is located in a square grid-block size L x L, which is surrounded by
four grid blocks. The grid-block size L is 100 m.

The Upwind-weighting is assumed in the flux determination. The uniform water saturation of the
central grid block (Swb) is calculated as follows:

L2H©
dSw

d t
=Qi n

w ( f i n
w ° fw (Swb))

where f i n
w =0 for gas injection and f i n

w =1 for liquid injection.

The pressure difference between the injection well and the grid block¢Pt is calculated as follows:

Pr e = Pb

¢Pt = Pw °Pr e

=
Qi n

i

2ºhk∏r t
ln

re

r w

4.5.1 Effect of gas velocity

Figure 4.18 compares the dimensionless pressure drop calculated with the Peaceman equation and
the radial-flow model. This figure shows that the gas injectivity is underestimated with the Peace-
man equation, especially for the minimum values at the later stage of the injection. The peak of the
dimensionless pressure drop calculated with the Peaceman equation is around 1000, which is much
higher than the value calculated with the radial-flow model.
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Figure 4.18: Comparison of gas injectivity calculated with the Peaceman equation and the radial-flow model using core-
flood data for gas injection at 1 ml/min

Figure 4.19 compares gas injectivity with the radial-flow model using data at 2 ml/min and Peace-
man equation. The dimensionless pressure drop is overestimated with the Peaceman equation.
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Figure 4.19: Comparison of gas injectivity calculated with the Peaceman equation and the radial-flow model using core-
flood data for gas injection at 2 ml/min

As shown in Figure 4.20, gas injectivity is again overestimated with the Peaceman equation com-
pared to the radial flow-model based on data at 3 ml/min.
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Figure 4.20: Comparison of gas injectivity calculated with the Peaceman equation and the radial-flow model using core-
flood data for gas injection at 3 ml/min

Figure 4.21 summarizes the results of the calculation of dimensionless pressure using lab data for
gas injection at different flow rates using the radial-flow model and the Peaceman equation. The
dimensionless pressure drop calculated using the radial-flow model varies depending on the gas
injection flow rate in the experiment. This difference is most visible between data taken at 1 ml/min
and 2 ml/min injection rates.
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Figure 4.21: Comparison of gas injectivity calculated with the Peaceman equation and the radial-flow model using core-
flood data for gas injection at different flow rates

4.5.2 Effect of liquid velocity

Figure 4.22 compares the simulation using the Peaceman equation and the radial-flow model us-
ing data for liquid injection at 0.5 ml/min. As shown in this figure, using the Peaceman equation
underestimates the liquid injectivity by around 30 times at the peak of the dimensionless pressure
drop.
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Figure 4.22: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using
core-flood data for liquid injection at 0.5 ml/min
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Figure 4.23 compares the dimensionless pressure drop calculated with the radial-flow model with
data for 5 ml/min injection rate and the simulation using Peaceman equation. Similar to the previ-
ous case, liquid injectivity is underestimated by more than 100 times at the peak of the dimension-
less pressure.
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Figure 4.23: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using
core-flood data for liquid injection at 5 ml/min

Figure 4.24 compares the dimensionless pressure calculated with the Peaceman equation and with
the radial-flow model with data for liquid injection at 50 ml/min. After the dimensionless pressure
drop reaches the peak, the pressure holds nearly constant during subsequent injection.
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Figure 4.24: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using
core-flood data for liquid injection at 50 ml/min

As shown in figure 4.25 the liquid injectivity is underestimated by the Peaceman equation. As the
flow rate increases the error becomes larger.



4.5. Comparison between Radial-Flow Model and Simulation based on Peaceman Equation 55

0 0.5 1 1.5 2 2.5 3

GPV injected [-]

10-2

10-1

100

101

102

103

104

D
im

e
n
si

o
n
le

ss
 t
o

ta
l p

re
ss

u
re

 d
ro

p
 [

-] Liquid injection using foam scan data-Peaceman equation

Liquid injection using data at @0.5 ml/min-Radial-flow model

Liquid injection using data at @5 ml/min-Radial-flow model

Liquid injection using data at @50 ml/min-Radial-flow model

Figure 4.25: Comparison of the pressure gradient calculated with Peaceman-equation and the radial-flow model using
the core-flood data for liquid injection following at different injection rates.

4.5.3 Effect of gas slug size on subsequent liquid injectivity

Similar to the results shown during the liquid and gas injection, the liquid dimensionless pressure
drop during liquid injection following different periods of gas injection is overestimated with the
Peaceman equation. The only difference between Figure 4.26 and 4.27 is the size of the slug pre-
viously injected. The model accounts for this, the mobilities are quite similar but the length of
the foam-collapse region is slightly larger after 200 GPV injected compared to the region after 150
GPV.
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Figure 4.26: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using the
core-flood data for liquid injection following 200 PV gas injected.
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Figure 4.27: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using the
core-flood data for liquid injection following 150 PV gas injected

Figure 4.28 represents the comparison of the liquid injectivity. In the radial-flow model, the size of
the gas slug has an effect on the subsequent liquid injection. The larger the size of the slug the better
the injectivity during the subsequent liquid injection. This was confirmed during the core-flood
experiments where different gas slug sizes were injected before the liquid injection. The effect of
the previous slug gas on the subsequent following liquid injection is not represented by the models
based on the Peaceman equation. The dimensionless pressure drop calculated by the Peaceman
equation is the same in both cases since the foam parameters used in the simulation are taken at
one initial state.
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Figure 4.28: Comparison of liquid injectivity calculated with the Peaceman equation and the radial-flow model using the
core-flood data for liquid injection following different volumes of gas injected

The linear model gives a good fit to the experimental data taken for gas injection at different injec-
tion velocities. Based on this fit, the dimensionless velocity and the mobility at each flow rate were
calculated to extrapolate from the core scale to the flow around the injection well. Results show that
the conventional simulator using the Peaceman equation underestimates gas and liquid injectivity.
Two of the reasons for underestimation of liquid injectivity are liquid fingering through foam and
gas dissolving into liquid; these effect are not included in the foam simulator model.

In simulation of gas injection with Peaceman equation, combined with the assumption of uniform
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saturation in the injection-well grid block, leads to underestimation of injectivity. The magnitude of
this effect decreases as the simulation grid is refined around the well, resulting in longer simulation
times. Therefore, grid resolution around injection well is important in modelling SAG Foam EOR
processes.

Moreover, conventional models cannot represent the effect of the gas previously injected on the
subsequent liquid injectivity, especially the propagation of the foam-collapse region. Fingering of
liquid through gas is important to the liquid injectivity but hard to represent in the simulator. The
model is based on experimental results, which depends on temperature, pressure surfactant for-
mulation, porous media, etc. A new set of experiments would needed to be conducted to calculate
parameters and fit the data to the model for each field application.





Chapter 5

Conclusions and recommendations

5.0.1 Conclusions

For the cases investigated in this study, conclusions are made as follows:

• Gas-injection velocity has no big impact on foam collapse. Somewhat shear thinning be-
haviour has been observed in gas mobility during gas injection.

• The foam collapse reflects the combined effects of pressure driven flow, capillary effect and
an important effect of liquid evaporation.

• During liquid injection, the trend suggest a shear-thinning behaviour.

• The increment in injection velocity is not proportional to the increment in pressure gradient.

• ’Regardless of injection velocity, the dissolution of gas in liquid starts roughly at the same
number of pore volumes liquid injected.

• A prolonged period of gas injection forms a region near to the inlet crucial to injectivity.

• The bigger the gas slug size the better the subsequent liquid injectivity.

• Beyond the foam-collapse region, the effect of the gas slug size is not visible. The plateau of
pressure gradient is similar in all cases but is lasts longer as more gas was previously injected
suggesting a longer period of time needed to dissolve the gas.

• It is expected that liquid finger are wider if liquid is injected at a higher velocity.

• Foam quality has no significant effect on the subsequent liquid and gas injection.

• Pressure gradient tend to be higher during gas gas injection following foam 0.60 foam-quality.

• Conventional models based on the Peaceman equation underestimates liquid and gas injec-
tivity. They cannot represent the effect of previous gas injection on the subsequent liquid
injection. Hysteresis is absent from models.

5.0.2 Recommendations

The recommendations are made as follows:

• Further experiments can be conducted to investigate the effect of permeability.
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• Effect of liquid velocity during liquid injection can be verified through CT scan experiments.

• Injectivity model can be improved to account for the effect of different propagation velocities
in each section.

• The real injectivity is better than the predicted by the simulator. However, the radial-flow
model is based on laboratory experiments, which include many assumptions ans simplifica-
tions. A new set of experiments would need to be conducted to calculate parameters and fit
the data to the model for each field application.



Chapter 6

Appendix

6.1 Permeability Test

At the beginning of the experiments the permeability of the core was measured. Several flow rates
were injected in the core and the pressure response was recorded. First increasing values and sub-
sequently decreasing values. The flow rates tested were 0.5, 1, 2, 3, 4 and 5 ml/min. By using
Darcy’s equation, the permeability was calculated. This by plotting the recorded data of Q/A ver-
sus rP/µL.

where A is the cross-sectional area of the core [m2] andµ is the viscosity of the brine at 90±C[Pa·s].
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Figure 6.1: Permeability test for Berea core

Permeability is then obtained from the slope of the linear trend of each section.

Line equation of each section :

m1 = 1.569e °13

m2 = 1.619e °13

m3 = 1.569e °13

m4 = 1.407e °13
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m5 = 1.268e °13

mT = 1.500e °13

Then the permeability in the core is 1.50e-13 [m2] or 150 [mD]

6.2 Relative Permeability of water and gas

In this study the relative permeability functions of water and gas are defined as:

kr w (Sw ) = k0
r w

µ
Sw °Swc

1°Swc °Sg r

∂nw

kr g (Sw ) = k0
r g

µ
1°Sw °Sg r

1°Swc °Sg r

∂ng

where kr w and kr g are water and gas relative permeabilities, respectively. nw and ng are the empir-
ical parameters, k0

r w and k0
r g are the end-point water and gas relative permeabilities, respectively.

Their values are listed in table 6.1, these parameter values were reported by Kapetas et al [11]. Water
and gas viscosities are 3.2e-4 [Pa·s] and 2e-5 [Pa·s], respectively.

Table 6.1: Corey Parameter

Parameter Units Value
ng - 1.22
nw - 5.25
k0

r g - 0.47
k0

r w - 0.14
Sg r - 0.24
Swr - 0.204

6.3 Foam Scan

The following figures show the foam scan in section 2 and 3 at 2 ft/day.
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Figure 6.2: Apparent viscosity as a function of gas fraction at 2 ft/day in section 2.
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Table 6.2: Foam model-parameters obtained by fitting the least-square fitting approach to the foam scan at 2 ft/day in
section 2

Parameter Units Value
fmdry - 0.352
epdry - 394.5

fmmob - 1.375e5
epcap - 0.999
fmcap - 6.626e-6
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Figure 6.3: Apparent viscosity as a function of gas fraction at 2 ft/day in section 3.

Table 6.3: Foam model-parameters obtained by fitting the least-square fitting approach to the foam scan at 2 ft/day in
section 3

Parameter Units Value
fmdry - 0.365
epdry - 454.0.30

fmmob - 1.375e5
epcap - 0.879
fmcap - 6.347e-6
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Figure 6.4: Apparent viscosity as a function of gas fraction at 4 ft/day in section 2.
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Table 6.4: Foam model-parameters obtained by fitting the least-square fitting approach to the foam scan at 4 ft/day in
section 2

Parameter Units Value
fmdry - 0.365
epdry - 454.0.30

fmmob - 1.375e5
epcap - 0.879
fmcap - 6.347e-6
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Figure 6.5: Apparent viscosity as a function of gas fraction at 4 ft/day in section 3.

Table 6.5: Foam model-parameters obtained by fitting the least-square fitting approach to the foam scan at 4 ft/day in
section 3

Parameter Units Value
fmdry - 0.413
epdry - 343.5

fmmob - 2.79e4
epcap - 0.42
fmcap - 9.037e-6



Nomenclature

¢P pressure drop across core cross-sectional, Pa

µapp apparent viscosity, Pa·s

µg gas viscosity, Pa·s

rp pressure gradient, Pa/m

¡ porosity, [-]

Ωg density of gas, [kg/m2

æw g gas/water surface tension

fg gas fractional flow

k permeability, m2

k0
r g end-point gas relative permeability, [-]

k0
r w end-point water relative permeability [-]

kr g relative permeability to gas without foam

kr g relative permeability to gas

k f
r g relative permeability to gas with foam

kr w relative permeability to water

ng Corey exponent of gas, [-]

nw Corey exponent of water [-]

Pc * Limiting capillary pressure

Sor Residual Oil saturation

Sw * Water saturation at which foam collapses

Sg r residual gas saturation, [-]

Swr resiadual water saturation. [-]

ut total superficial velocity, m/s

A area, m2

epcap captures the shear thinning behaviour of the low quality regime

epdry parameter controlling the abruptness of the foam collapse
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fmmob reference gas mobility reduction for wet foams

k permeability, m2

L length of the core, m

LPV Local Pore Volume

Q flow rate, m3/s

TPV Total Pore Volume
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