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Abstract

This thesis is an experimental study where different polymers have been evaluated for dis-
proportionate permeability reduction (DPR) effects. The laboratory work was performed
at Norce, for Aker BP, as a part of the Master’s degree program in Petroleum Technology
at the University of Stavanger (UiS).

The main goal was to give additional support to an earlier experimental research initiated
by Aker BP. In 2014 during a well intervention, Flowzan was injected into a Kneler
well on the Alvheim field. Normally starch-based polymer was used for this type of well
intervention, but this time, Flowzan was injected by a mistake. Results from this operation
showed reduced productivity of the well and a reduced fraction of water. These results
triggered a more in-depth study to investigate if Flowzan could be used as a method for
water shut-off. Since Aker BP is planning a new pilot to inject polymer on the Alvheim

field, the experimental work in this thesis was to test different polymers for DPR effects.

The laboratory work included viscosity measurements, filtration tests and core flood ex-
periments. The experiments were performed on four polymers; three different versions of
Xanthan (Flowzan, Barazan and FDP-S1235-16) and one type Scleroglucan (CS6). The
polymers were diluted in Alvheim Formation Water (AFW). Simple filtration tests were
performed for each polymer at three different pressures (10, 20 and 50 bar) with respec-
tively three different filter sizes (41, 20, 8 pm), at 20 °C. The same filtration test with
50 bar and filter size 8 um, was performed at 70 °C with Flowzan and CS6. Core flood
experiments with Flowzan, Barazan and CS6, were the last part of the laboratory work.
Polymer injection, and backflooding with AFW and Isopar, were performed at Alvheim
reservoir temperature, 70 °C. Two core flood experiments were completed for Flowzan
injection, one experiment for Barazan injection, and one experiment for CS6 injection.
After polymer injection and backfloooding with both AFW and oil, the cores were divided
in four segments, and each part were separately backflooded with AFW.

Viscosity measurements showed that the viscosity for all Xanthan polymers were the same,
while Scleroglucan had a lower viscosity. From the filtration tests at 20 °C, Flowzan and

Barazan indicated some plugging of the filter while CS6 showed total plugging. Filtration




tests (with 50 bar and filter size 8 um) at 70 °C showed that Flowzan still plugged in the
filter while CS6 had excellent filtration. Results from core flooding experiments showed
that Flowzan and CS6 plugged into the core, but positive DPR effect (RRF, <RRF,,) was
only shown for Flowzan. Barazan showed low plugging in the core, and RRF, >RRF,,.
Visual inspections of the treated cores with Flowzan and Barazan revealed filter-cake
formation at the core inlet. From the four segments, it was observed that the water
permeability increased with the distance moving from the inlet, i.e. the permeability

reduction depends on invasion depth.

Since all Xanthan polymers had the same molecular weight but different plugging prop-
erties, plugging can be explained by impurities/debris attached to the polymer. These
impurities depends on the treatment processes of the polymer product and may vary from
different vendors. Since poor filtration was caused by impurities, it is very important to

perform a filtration test before a polymer product is selected for a DPR treatment.

The life-time of Xanthan and Scleroglucan was also of interest. An estimation of the life-
time assumed that long-term thermal stability tests could be matched with an exponential
decay. From this decay it was observed that even though Scleroglucan have been reported

a higher thermal stability, Xhantan at 70 °C should last for several years.

Thus, from this laboratory work, Flowzan was recommended as the best candidate for
disproportionate permeability reduction treatment at the Alvheim Field (at 70°C). Zones
and baffles in the Alvheim reservoir makes it possible to reduce the fraction of water and
can contribute to increased oil reserves where zones with remaining oil and low pressure

support can be produced more efficient.
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Chapter 1

Introduction

1.1 Background

During a well intervention in 2014, a commercial Xanthan gum biopolymer was injected
in one of the production wells on the Alvheim field. The purpose of the well intervention
was to change the production tubing in a well in the Kneler oil accumulation. A polymer
was injected to remove all possible hydrocarbons in the tubing before it was pulled out.
In this operation a starch-based polymer is normally used to prohibit a negative impact
on the production. By a mistake, Xanthan biopolymer Flowzan was injected instead of
the starch-based polymer. Two viscous pills with each a polymer concentration of 10000

ppm were bull headed down the well.

\\§

Figure 1.1: Alvheim field [Oljedirektoratet, 2019]
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After this operation it was observed that the productivity of the well was reduced with
around 50 %. The Kneler well had a relative low productivity index before this operation,

hence, this observation was seen as very negative.

Alvheim is an offshore field in the North Sea located on the Norwegian blocks 24/6 and
25/4. With an ownership of 65 % is Aker BP the operator of the field, ConocoPhillips and
Lundin holds respectively 20 % and 15 % of the ownership. Versus Petroleum is owner of
the UK portion of Alvheim, a part of Boa accumulation that extends into the UK sector.
The field arise from Paleocene age and are producing hydrocarbons from sandstones in
Heimdal formation. Reservoirs are located at depths of 2100-2200 meters and are formed
from submarine fan deposits. The deep marine fans are deposited over the downfaulted
axial part of the Jurassic Central Viking Graben. The quality of the reservoir is good and
net to gross values are between 80-90 %, porosity is up to 35 % and permeabilities are up
to 3 Darcy [Langaas and Stavland, 2019]. Excellent support from an underlying aquifer
contributes to a natural flow of hydrocarbons [Norsk Petroleum, 2019]. (An aquifer can
be described as a water zone below the reservoir that provides natural pressure support.)
Alvheim FPSO are producing hydrocarbons from the Alvheim field (Boa, Kneler and
Kameleon), Bgyla, Vilje and Volund fields that are tied up to the FPSO. Production of
the field started in June 2008. After 10 years production on Alvheim, water production

starts to affect the production of oil.

In 2014, some time after the Flowzan injection, it was noticed that the fraction of water for
the Kneler well was reduced. The reduction in water-cut presented potentially 3 MMSTB
of extra oil recovery, which was great news [Langaas and Stavland, 2019]. Production
from the treated well continued for a period of three and a half year before new changes in
the well showed that both the productivity of the well and the fraction of water was higher.
From these observations (higher water-cut and higher productivity) it was concluded that

the biopolymer was decomposed because of biological degradation (bacterial attack).

High water-cut and unwanted water production is one of the biggest problems in mature
oil and gas fields in the petroleum industry [Simjoo et al., 2007]. Fluids will naturally
follow the path with the least resistance, where these channels often are created by the
heterogeneous nature of a porous rock [Thomas et al., 1998]. Water is more mobile than
oil, and in many situations water will dominate the flow through these channels. The
produced water is of no direct use, often it contains contaminants and it needs to be
re-injected due to environmental concerns. It is therefore of great economic and envi-
ronmental interest to reduce the amount of water produced. Since it is not possible to
know how the Kneler well would have produced today without any injection of polymer,
it is difficult to announce an exact value of the Flowzan injection. A forecast is shown in

Figures 1.3 and 1.2. The red dotted line represents production without polymer injection,




1.1 Background Chapter 1. Introduction

which is compared to an extrapolated black line of water-cut and oil production after
the polymer was injected. The difference between the red-dotted line and the black line,
indicates a lower water-cut and a higher oil production after Flowzan polymer injection
[Langaas and Stavland, 2019].

100

80

60

Water Cut (fraction)

40

20 —

0 ' 750 1500 2250 ' 3000 ' 3750
Cumulative Oil (1000 Sm3 )
Figure 1.2: Kneler well, water-cut vs. cumulative oil. Red-dotted line is a forecast of

water-cut without polymer injection while black line is water-cut with polymer injection,
[Langaas and Stavland, 2019].

There are different methods available for water shut-off treatments, both mechanical and
chemical methods. The mechanical methods which involve drilling horizontal wells, multi-
lateral wells or use of down hole separation equipment are often expensive. Several chemi-
cal methods have been used where gel polymer treatment is one of the most useful methods
to reduce water production. The polymer gel have the properties to block certain frac-
tures in the porous rock, and hence, change the fluid flow from areas of low drag to areas
of lower permeability with higher drag [Thomas et al., 1998]. Chemical treatment with
polymer solutions can also be used in as an improved oil recovery method in both produc-
tion and injection wells [Simjoo et al., 2007]. The subsea wells installed on Alvheim have
long horizontal branches and are completed with sand screens. In these wells, mechanical
water shut-off methods are close to impossible and also very expensive, therefore, other
methods are of big interest. Water shut-off with polymer on the Alvheim field can be

valuable and make a great impact on the production. Zones and baffles in the reservoir
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Figure 1.3: Kneler well, oil rate vs. cumulative oil. Red-dotted line is a forecast of
oil production without polymer injection while black line is oil production with polymer

injection, [Langaas and Stavland, 2019].

makes it possible to reduce the fraction of water and may help us achieve increased oil
reserves where the zones with remaining oil and low pressure support can be produced

more efficient.

1.1.1 Earlier laboratory work

The observations of reduced water-cut and increased oil recovery potenital in the Kneler
well initiated an experimental research project at IRIS in 2017. It was fundamental
to understand the changes in the field and see if the biopolymer Flowzan could have a

potential for conformance control to reduce water production.

The project was based on filter tests and core flood analysis. Results from this laboratory
work showed that the polymer Xanthan (Flowzan) was acting as a filter where the water
was obstructed but the oil still managed to finger through. This was good results consider-
ing disproportionate permeability reduction (DPR); where many water-soluble polymers
have the effect to reduce the permeability of water flow to a greater extent than i.e oil.

The permeability reduction for water was a stable factor of 100-450, while the factor for
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oil was in between 2-10 and decreasing with time [Langaas and Stavland, 2019].

1.2 Structure and motivation for this thesis

The purpose of this thesis was to investigate in more detail the permeability reduction
effects of polymers, and their stability. This should give additional support to the earlier
laboratory work, by Aker BP.

Four different polymer products were tested for disproportionate permeability reduction
effects. Since the commercial Xanthan gum biopolymer, Flowzan, was decomposed after
3.5 years, the life time of these polymers were also of interest. Aker BP is now planning
a new pilot on the Alvheim field where the intention is to inject polymer in the same
production well as before. The goal is to increase the oil production and reduce the
production of water by create a similar effect as before; water permeability reduction
with polymer. The question is, which polymer type will be the best to use for this type

of treatment?

For evaluation of DPR effects, different parameters were measured and compared for
the different polymers. Filtration tests were important for the evaluation of plugging
properties at different filter sizes. These tests also show the temperature dependent
polymer behaviour, where it is known that the viscosity of polymer is a function of
temperature. Viscosity measurements were carried out for all polymer solutions to easily

illustrate the difference in viscosity and molecular weight.

To best match the reservoir conditions, core flood experiments were performed at 70°C,
which is the reservoir temperature at the Alvheim field. Before polymer injection, per-
meability and saturation of oil and water were measured, and also porosity and pore size
distribution. This provided information about the cores that were used. During both
polymer injection and backflooding (with AFW and Isopar-H), flow rate and pressure
were monitored. From this part of the experiment, resistance factor (RF) and residual
resistance factor (RRF) were obtained. RRF values were important for the DPR evalua-
tion and indicated if the treatment had been successful. For a successful treatment, water

production should be reduced and the productivity of oil should increase.

This thesis consists of a theoretical part relevant for the laboratory work. The laboratory
work is described where an experimental procedure have been listed. The experimental
results will be presented, and in the final part we discuss the measured parameters in a

larger scale.




Chapter 2

Theoretical background

2.1 Flow in porous media

Flow in a porous media have been studied by Henry Darcy, and an expression can be de-
fined by Darcy Law. The law describes a linear, horizontal flow for an incompressible fluid.

In a generalized form, this equation can be written as follows [Zolotukhin and Ursin, 2000]:

kA d
g=-—" (2.1)

woda’
where q is the flow through a homogeneous and horizontal porous media for a single
phase. The flow depends on absolute permeability, k, and cross-section area, A. u, is the
viscosity of the fluid and, AP, is pressure drop between inlet and outlet of the medium.
Pressure decreases in direction of flow which means that the pressure gradient becomes
negative in the flow direction [Zolotukhin and Ursin, 2000].

Figure 2.1: Flow through a homogeneous porous media for a linear and horizontal flow.
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2.1.1 Harmonic average

In this thesis, during the core flooding experiments, the cores will be divided in several
parts. In section 3.5, it is described that permeability and residual resistance factor (see
section 2.4.1) were calculated from layers connected in series. An average value of layers

connected in series is called a harmonic average and will be explained below.

For a flow through different zones that are connected in series, as shown in Figure 2.2,
the harmonic average gives the effective parameters. For a zone, ¢, flow rate through this

zone is given:

_ KAAP,

Q=""7

(2.2)

where, AP;, is the pressure drop over layer 7 and, L;, is the length.

The total pressure drop over the whole series follows as the sum of individual pressure

drops:

APy=7) AP, = % > f{j— (2.3)

and hence, by Darcy Law (Equation (2.1)) on the total system, it follows that the average

permeability is:

(2.4)

This average is called the harmonic average, for linear geometry
[Kantzas, A and Bryan, J and Taheri, S, |.

AP 1 AP 2 AP 3 AP 4

v
A
v
A
v
A

L1 L2 L3 L4

Figure 2.2: Layers connected in series

From Equation (2.25), an expression for residual resistance factor is given. By using this

definition, a harmonic average of RRF can be defined for the total series:
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> (L;RRFE;)

RRF,,, = =———7—.
g Z Lz

(2.5)

2.1.2 Viscous flow in a capillary tube

Darcy law is not valid for non-Newtonian fluids, and to gain more insight we will look
at a capillary tube model. Laminar flow for a Newtonian fluid is presented before the

non-Newtonian polymer situation in section 2.1.3.

When a fluid is flowing there will appear frictional interaction between the fluid molecules,
which acts as a force resisting the flow. Viscosity is the measure of this internal resistance
of a fluid when shear is applied. For Newtonian fluids, viscosity can be expressed by

linking the shear stress tensor, 7, with the resulting shear rate, . Shear rate is defined

v
as y = . and the applied shear stress, 7, is given by:

T =, (2.6)

where, p, is fluid viscosity and, -, is shear rate depending on fluid flow velocity. Viscosity,

1, is then given with the same parameters used in Equation (2.6) [Zolotukhin and Ursin, 2000]:

= 5 (2.7)

For a viscous flow in a cylindrical tube of radius R, a laminar flow can be defined by

introducing Hagen-Poiseuille’s equation [Zolotukhin and Ursin, 2000]:

TR* AP
= —— 2.8
q 8/_,L ALt Y ( )
where A = mR? is the cross-sectional area of the capillary tube, and p, is viscosity.
The average velocity in the tube can be derived [Zolotukhin and Ursin, 2000]:
R*AP
4 -t (2.9)

Uavg: 7TR2 - 8/,L Lt I

Equation (2.9), describes the average flow velocity for a Newtonian fluid in a tube for a

laminar flow pattern.

To describe the flow behavior in a porous media, the simplest way is to use a capillary

bundle model. Assume the porous media is a bundle of parallel capillary tubes, all with

8
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the same radius, illustrated in Figure 2.3. Then a total flow rate through the media can

be written as:

NrR*AP

I (2.10)

Q=) q=Ng=

where, N, is the number of capillary tubes, R, is the radius and L. is the length of the
tube.

From definition of porosity, ¢, it is known that:

V, NrnRL,

where, V), is pore volume, and V;, is the total bulk volume, and hence, an expression for

the total number of tubes can be given:

QAL
= TRL. (2.12)
A new expression for flow is expressed:
OR2AL AP

L
then by multiplying Equation (2.13) with T flow rate is expressed with the tortuosity

parameter, 7:

SRZAAP  EAAP
=7 -7 2.14
8ur? L uw L7 (2.14)

L
where 7 = 7 and k, is given as:

k= ¢i{2 (2.15)

872’

where permeability, k, is expressed with porosity and the pore size (R) [Lake, 1989].
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M) B S— {11____{)

Lc

Figure 2.3: Ilustration of a capillary bundle model, where Le>L.

2.1.3 Non-Newtonian flow

In a porous media, the flow is not well-defined and a polymer flow through a porous core
will differ from the flow measured in rheometers. Microscopic structure and geometry of
the porous media are important factors, and the flow through this media will be a lot
more complex. A relationship between the polymer flow behaviour in a porous media and
the bulk rheological behaviour have been studied [Askarinezhad, 2018].

Some fluids are non-Newtonian fluids, hence, the viscosity term, u, from Equation (2.6)
is not constant. [Sun et al., 2012]. Polymers in general are non-Newtonian fluids and for
these type of fluids the viscosity does not remain constant at different shear rates. In
other words the viscosity will change when different forces are applied to the fluid and it
is said to be shear-dependent. The viscosity will decrease as the shear rate is increased.

This is called a shear-thinning behaviour, shown in Figure 2.4.

For a non-Newtonian fluid, shear stress can be defined as follow:

T =KA4", (2.16)

where, K, and n, are constants.

Since non-Newtonian fluids are shear-thinning, the apparent viscosity is decreasing when

shear rates are increasing:

p=—-=K5"" (2.17)

T
/Y

Equation (2.17) is known as the Power-law model. In this model, pu, is the apparent
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viscosity, 7, is the shear rate, and both, K, and n, are constant parameters where n
< 1. For shear rates where viscosity have shifted from Newtonian to shear-thinning
viscosity, the viscosity matches this Power-Law equation above [Askarinezhad, 2018]. For
shear rates where viscosity have shifted from Newtonian to shear-thinning viscosity, the
viscosity matches this Power-Law equation above [Askarinezhad, 2018]. For a Newtonian
fluid where K is the constant viscosity and n is equal to 1 the expression will form Newtons

Law:

7=k, (2.18)

where the linear relationship between shear stress, 7, and shear rate, 7, that exists for the
Newtonian fluids are defined. The constant viscosity of a Newtonian fluid when a force

is applied is also shown in Figure 2.4.

—— Carreau
. — — Power-Law
- 1(0) X el Non-Newtonian flow
£ ewtoman tlow :
‘B : regime
o regime
2
;:._. Power-Law region
S Shear-thinning behaviour
T \ =
N ! Newtonian flow
regime
N

Log shear rate

Figure 2.4: Viscosity vs. shear rate with logarithmic scales. Illustrating polymer be-

haviour when shear rates are applied to a polymer.

Another model represented in the literature is the Carreau model. Since polymers behave
like Newtonian fluids when very low or very high shear rates are applied, the Power-Law
model can only be applied at intermediate shear rates where a shear-thinning behavior
appears. To describe the behavior of polymer solutions for all shear rates Carreau model

have been presented [Byron Bird et al., 2018|:

/,l, - ﬂm . n—
e L (M)?)mh72, (2.19)
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where following parameters are included:

viscosity, i

Viscosity at zero shear rates, pg

Viscosity at infinite shear rates,; i

relaxation constant, A

e shear rate, ¥

power-law exponent, n, where n < 1

In a porous medium, shear rate and viscosity will not be constant. Effective shear rate is
proportional to flow rate and different models have been suggested where  is a function
of flow rate and properties of the porous media. Based on the capillary bundle model

mentioned earlier, the wall shear rate, 7, in a capillary tube can be defined as follows:

dvgg  4q
R AR’

;Ywall = (220)

Definition for pore size radius, Equation (2.15), can be inserted into Equation (2.20) and

shear rate can be expressed by:

'_4_“(£)1/2_ dqa
Ly Y W

This definition of shear rate is useful when rheological properties of non-Newtonian fluids

(2.21)

in permeable media flow are predicted and correlated. Where, v = ¢/A¢, is the pore
velocity. « is a constant related to the type of porous media and the pore geometry.
For a bundle of capillary tubes, a=1. For unconsolidated sand, 1.05> o <2.5, and
1.4> a <14.0, for consolidated sand.

2.2 Polymers

Polymers are compounds that consists of chain molecules. They are created via poly-
merization of many small structural units, called monomers. The molecular weight of a
polymer molecule is given by the molecular weight of the structural unit and the number
of these units in the polymer molecule [Byron Bird et al., 2018]. Because of the polymers

large molecular mass compared to their small molecule compounds they have unique
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properties and a special rheology. Rheology describes the flow behaviour and estimate
the deformation when a force is applied [Anton Paar Wiki, 2019]. At low shear rates,
polymers behave like Newtonian fluids because molecules are rotating at a constant ve-
locity, hence, there is no significant change in the structure and the viscosity remains
constant. When shear rate is increased, molecules will orient themselves in the flow di-
rection and/or they will start to deform. This leads to a reduced interaction between the
molecules which will cause a slow reduction of viscosity; a shear-thinning behavior. For
high shear rates, polymer starts to act as a Newtonian fluid again. In this flow, all the
molecules are oriented in the flow direction and are not affecting the viscosity. Note that

viscosity are lower for this flow regime [Zolotukhin and Ursin, 2000].

Low shear rates Intermediate shear rates High shear rates

Newtonian behavior Shear-thinning behavior, Power law Newtonian behavior

(high viscosity) (reduced viscosity) (low viscosity)

Figure 2.5: Molecule orientation of polymers and flow behaviour under different shear
rates.

There are both synthetic polymers and naturally occurring polymers, also called biopoly-
mers. Generally, biopolymers contains a large number of different structural units, com-
pared to synthetic biopolymers. Biopolymers are environment friendly and have been
used as additives in well fluids and drilling operations. Viscoelastic properties are impor-
tant when polymers are evaluated as methods for increased oil recovery during different
production stages in the petroleum industry. The main reason for use of polymers is to
increase the viscosity [Askarinezhad, 2018]. Polymers have been used in offshore reservoirs
to improve the sweep efficiency and to achieve favorable flow properties. When viscosity of
the injected water is increased by polymer, the tendency of water to finger through the oil
will be reduced and hence the injected water will sweep more oil towards the production
wells and improve recovery [Abidin et al., 2012]. Operations like this is called enhanced oil
recovery (EOR) polymer flooding, where EOR is appearing from injected materials that
are not normally existing in an oil reservoir [Sydansk and Romero-Zerén, 2011]. Polymers
can be used in different operations, and hence, their properties differs. While an EOR
polymer should increase viscosity and create a more uniform flow in a porous rock, a
polymer used for example to control fluid loss should build up a filter cake at the surface

of the rock to prevent further invasion of filtrate and avoid lost fluid. Polymer properties

13
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can also be suitable for disproportionate permeability reduction treatments, this is further
described in section 2.3.

CH,0H ot 8
64:% )@:V
ACOCH, ¥ éii;gﬁy/ M
NaO— 0
@ CH
CH, OHO |b-C
0

Nam[l—-ﬂ

0 Nao-ﬂ-c

Figure 2.6: Xanthan molecule structure, [Littmann et al., 1992].

Xanthan biopolymer is a polysaccharide produced by xanthomonas campestries bacteria.
Molecules are stabilized by hydrogen bonds and the structure is rigid. Scleroglucan is a
polysaccaride glucan produced by fungus Sclerotium rolfsii bacteria. Molecule structure
of this polymer will form a rigid triple helix. Scleroglucan is more thermal stable than

Xanthan, this is further described in section 2.5.

Molecule structure of Xanthan and Scleroglucan are shown in Figures 2.6 - 2.7. Both,
Xanthan and Scleroglucan, are environmentally friendly. To prevent biodegradation in oil

reservoirs, biocide can be added to the solution.

CH,0H
0
0
HONCH
OH
CH:OH CH,OH CH,
0 0 0
0 o) 0
HO HO HO
OH OH OH

Figure 2.7: Scleroglucan molecule structure.
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2.3 Conformance control

"The term conformance in its truest and original form is defined as the measure of the
volumetric sweep efficiency during an oil-recovery flood or process being conducted in an
oil reservoir” [Sydansk and Romero-Zerén, 2011]. The volumetric sweep efficiency intro-
duce the amount of pore volume that is swept by the injected fluid in percent (%), or as

a fraction. It can be written as Ey and is expressed by:

Ey = EAE;. (2.22)

In this formula E, is the areal sweep efficiency, and E; is the vertical sweep efficiency
[Sydansk and Romero-Zerén, 2011].

a) b)

Water i T o1l

Reservoir

Figure 2.8: Conformance problems: a) vertical conformance problem with one producer

and one injector, b) areal conformance problem with four producer wells and one injector.

Figure 2.8 illustrates two conformance problems where we have poor vertical sweep and
poor areal sweep. This problem can occur in reservoirs with high-permeability channels
or with fractures in the formation. Water will typically flow through the high permeable
zones, especially when water is more mobile than oil. Hence, a large amount of oil will be
left in the reservoir. For a porous medium, viscous fingering will increase as the viscosity
of the displacing fluid is decreased, and hence the sweep efficiency will be poor. By adding
polymer to the injected water the viscosity of the displacing fluid will be increased, and
mobility reduced. In a reservoir with a given degree of permeability heterogeneity this
will promote a more uniform displacement process and thereby improve the volumetric

sweep efficiency, Fy .

Mobility ratio, M, is the term that indicates the stability of a displacement process and
defined as:
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M=
Mg

(2.23)
where, A\p, is the displacing fluid’s mobility, normally water, and A4, is the displaced

fluid’s mobility which is normally oil. The mobility of a phase i is given:

and the mobility describes the relation between relative permeability, k, and viscosity, pu.
For a stable and uniform displacement process, M, is less than 1 and we have a favorable

mobility ratio [Sydansk and Romero-Zerén, 2011].

2.4 Water shut-off method

The term conformance control can also refer to a measure of excessive water production
and the treatment of this water from petroleum reservoirs. As mentioned earlier, unwanted
water production is a problem in the petroleum industry and the problem occurs when the
excessive water competes directly with oil production. In reservoirs like this, a reduced
production of water can often contribute to a greater drawdown pressure, and hence,

increase oil production rates [Sydansk and Romero-Zerén, 2011].

Many polymer gel technologies have been introduced and discussed in the literature for
use in water shut-off treatments and for conformance control. Also gas shut-off treatments
have been reported [Sydansk et al., 2000]. A treatment where the effective permeability
for water is being reduced in a greater extent than the effective permeability for oil is
called disproportionate permeability reduction (DPR) treatment [Askarinezhad, 2018].
Many polymers and polymer gels have this property. This type of treatment is done
by bullheading polymer solution into the well. This injection method is cheaper than
other treatments and there are less operational complexities. Even though the treatment
method is beneficial, there are important conditions with DPR treatments; the treatment
will be of no value in a reservoir that effectively consist of only one zone. For any success
of disproportionate permeability reduction, the hydrocarbon zones must be somewhat
isolated from the producing water zones. If oil and water are flowing through the same
zone, a permeability reduction will reduce the production of both oil and water. Another
case of scenario is reduced productivity of the well at the same water-cut as before. The
goal is to achieve a reduced water production without making any damage, or inhibition,
on the oil production [Askarinezhad, 2018]. Deep and high productive wells that are
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producing light oil and not having too high water-cut are the most suitable well candidates
for DPR treatments [Stavland, 2010].

2.4.1 Important parameters

Residual Resistance Factor

There is a quantitative measurement for the effective determination of permeability reduc-
tion, called residual resistance factor. This is defined for each phase i flowing in a porous
medium, RRF;. In a system with water and oil where RRF), is larger than RRF,, there is
a positive effect of disproportionate permeability reduction, which means that the relative
permeability of water is reduced in a greater extent compared to the relative permeability
of oil. If RRF,, > 10 and RRF, < 2 the DPR treatment will also be efficient. Opposite, it
will be an ineffective and negative DPR treatment if RRF,, < RRF, [Askarinezhad, 2018].
The value of residual resistance factor, may also be of much greater value in treated lin-
ear flow problems compared to radial flow problems [Seright et al., 2003]. The residual
resistance factor is given with the following formula, where permeability from Darcy Law
is used:

APafter

ki Qafter
RFF = — = —— 2.25
k’f APbefore ’ ( )

Qbefore

where initial phase permeability, k;, is divided on final phase permeability, k¢, for the
flowing fluid. APyfore, and AP, .., are the pressure difference over the porous media

before and after polymer injection, and Q is the flow rate for the injected fluid.

Resistance Factor

Another parameter that is often measured from DPR treatments is the resistance factor,
RF. Resistance factor is defined as the ratio of mobility of water, A, to the mobility of
a polymer solution, A,. Both parameters under the exactly same conditions. Then RF is

expressed as:

ko AP,
RF = ’;C—Z = AQ—]gw, (2.26)
o Qu
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where, k, and p, are phase permeability and viscosity for water (w) and polymer (p)
respectively. Differential pressures and flow rates are also given for water and polymer.

From relative viscosity, p,, polymer viscosity is given by:

p(T) = piepaoT) = 2471, (1), (2.27)

w

where, T, is temperature and, K5" !, is polymer viscosity matched with Power-Law,
Equation (2.17).

Drawdown pressure and Productivity Index

1‘“:'

I

Figure 2.9: Ilustration of a radial geometry

Drawdown pressure is also an important parameter. Drawdown pressure is the pressure
difference between reservoir and wellbore that contributes to a movement of hydrocarbons
into the well. The definition can be expressed by flow rate and productivity index on the

form:

APdrawdown = %7 (228)

where, ¢, is the well flow rate and, PI, is the well’s productivity index calculated from
Equation (2.29).

The productivity of a well define its potential to produce. An estimate can be measured

from the following formula:

Q
PI = . 2.29
BHPs — BH Py ( )
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The productivity depends on the liquid rate (Q), the bottom hole pressure after a given
shut-in period, e.g 24 hours (BH Ps), and on the flowing bottom hole pressure (BH Pr)
[Langaas and Stavland, 2019]. This parameter will change with the life-time of the well.

Increased oil production is related to a balance between the oil productivity reduction and
the increased drawdown that occurs when water-cut is reduced. An analytical expression
in radial geometry for the relative productivity index can be derived (see Figure 2.9 for
an illustration of the radial geometry). First, by looking at the pressure difference with

and without a damaged zone, AP, and AF,, we get:

Ap = H g T (2.30)
27Thk Tw
pg T
AP, = P9 e 2.31
0T orhk Uy (2:31)

rw, is the well radius, and r., is the external radius in the producing reservoir zone. The
permeability k is a new permeability describing both the damaged zone and the uninvaded

zone (k), and is given by the following equation:

e T@ TCE
mh— In— —
T r T
— = 42 2.32

where, r,, is the radius of the damaged zone, and k,, is the permeability of this zone.

The expression for productivity index is already given in equation (2.29), and if flow rate

is the same before and after the treatment, a radial productivity index can be written:

PI, AR,k
Pl, = — = = -, 2.33
Ply, APk (2.33)
where, Plj, is the productivity before fluid invasion.
In ¢
By multiplying the equation above with ( 7;2“” ), the expression can be rewritten on the
In =&
n -
following form:
In(~<) In(~<)
PI, = = "w . (2.34)
In(-=) (=) (= —1)In(=2) +In(=2)
k( w_oy z ) ky T T
ky k
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(—— 1)(1n(r—)) is the same as the skin factor (S). The skin characterizes the well damage
r

kl‘ w
and depends on both the permeability reduction and the invasion depth, as shown in the
expression. Described in the section above, it is known that = RRF. Since RRF,, and

RRF, differs, PI, will be different for water (P, yater) and ogil (PI, i) [Stavland, 2010].
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2.5 Thermal stability

Thermal and mechanical stability are important parameters when polymer solutions are
evaluated for injection. Reservoir conditions need to be considered since both tempera-
ture and salinity will affect the stability of polymers. Compared to synthetic polymers,
biopolymers are not sensitive to mechanical degradation. At high reservoir temperature,
polysaccharides Xanthan and Scleroglucan are two candidates [Kalpakei et al., 1990]. For
Xanthan, temperature stability have been reported between approximately 70 °C and 90
°C, while stability for Scleroglucan are reported in the range from 70 °C to above 105 °C
[Zolotukhin and Ursin, 2000].

Thermal stability can be determined by viscosity measurements. Polymer solution is
prepared into a cylinder in an anaerobic environment. There are procedures to eliminate
polymer aggregates and oxygen. A short-term chemical degradation can be caused by
oxygen, while a chemical degradation of the polymer backbone is a long-term attack
depending on temperature. A common mechanism for polymer degradation is lowered
molecular weight, and hence, reduced viscosity. This can be illustrated in a plot, see
Figure 2.10.

Viscosity. 1L

Time, t
Figure 2.10: Illustration of polymer breakdown; reduced viscosity.

An experimental study of these polymers is reported. In this experiment thermal stability
of Xanthan and Scleroglucan without additives were evaluated at different temperatures
(93, 100 and 105 °C) [Kalpakci et al., 1990]. Xanthan showed lower thermal stability than
Scleroglucan. The viscosity loss of Xanthan varied between 10-90 percent, depending on
the source of Xanthan and the test conditions. Scleroglucan, on the other hand, indicated

excellent thermal stability. The viscosity loss was small, and even retained at 100 °C over
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720 days. The rigid triple helix structure of Scleroglucan may be the reason why this

polymer is more thermal stable than xanthan.

Long-term tests of thermal stability can be matched with an exponential decay that gives

viscosity, pu:

JI ,uoe*’\t, (2.35)
where, t, is the time, A\ = A(7") and 1/\ present the half-life time. Solving for A:

—Fa
NT) ~ Ae RT | (2.36)

where, A, is the constant, E,, is a constant activation energy, R, is the Boltzmann constant

and, T, is temperature in Kelvin. Then, the half-life time can be given:

Ea
eRT
A )

~
~

(2.37)

> =

From this decay, where half life-time can be plotted against temperature, it is observed
that Xanthan at 70°C will last for several years. Since these type of experiments requires

years before results are achieved, this is not included in the laboratory work for this thesis.

Biopolymers, or polymers in general, are susceptible to biological degradation, due to
bacterial activity. This often occurs in low-temperature reservoir zones. To prevent this
bacterial degradation biocides have been effectively used [Zolotukhin and Ursin, 2000].
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Chapter 3

Experimental arrangement

3.1 Work flow

The laboratory work has been divided into two parts. The first part consists of viscosity
measurements and filter tests, while the second part are core flood experiments based on
results from part one. A short description of the laboratory work is given in the following

order;

1. Brine that is used to dilute polymer concentrations was mixed. Alvheim synthetic

formation water, AFW, is the brine used in all parts of this experiment.

2. Second step was calculation of polymer weight and brine, then polymer solutions

were mixed with a polymer concentration of 10000 ppm.

3. Further it was carried out viscosity measurements of all the different polymer so-
lutions, the formation brine and the oils, both marcol and isopar. Simple filter
tests were performed on polymer solutions with different filter sizes and at different

pressures.

4. The second part of the laboratory work was core flood experiments where several
procedures were applied. This experiment was only performed on selected polymer

solutions based on filter tests results. This is further described in section 3.5.
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3.2 Alvheim formation water and polymer solutions

Alvheim synthetic formation water was created by mixing salts and deionized water. Two
b-liter solutions were made separate and stirred on a magnetic stirrer for at least one hour,
see Figure 3.1. The solutions were filtered through a 0.45 pum HAWP filter from Merck
Millipore Ltd and mixed together before polymers were dissolved. The composition of

salt is shown in Table 3.1.

Table 3.1: Alvheim formation water

Salt g/l
NaCl 02.317
KCl1 0.416

MgClx6H,0  5.018
CaClyx2H,0  9.573
SrClyx6H,0  1.095
BaClyx2H,0  0.374
Na, SO, 0.003
NaHCO;  0.200
TDS 63.482

Four different polymers were used. Three different Xanthan brands (Flowzan, Barazan
and FDP-S1235-16) and one type of Scleroglucan (CS6). Flowzan was delivered as dry
powder form MI-Swaco, Barazan and FDP-S1235-16 as dry powder from Halliburton and
CS6 delivered as dry powder from Cargill. All polymers were dissolved in Alvheim brine
with a concentration of 10000 ppm. It was assumed that the polymers have an active
polymer concentration of 100% and, hence, the solution of 10000 ppm (or 1wt%) consists
of 10.00 g polymer in 990.00 g brine. The polymer and brine were mixed by a Silverson
L5M at 5000 rpm for 30 minutes. Silver paper was used on bottle, to avoid evaporation.

Polymer and brine distribution are listed in Table 3.2

Table 3.2: Mixed polymer solutions

Polymer type Weight,orymer [g] Weight AFW [g]

Flowzan 10.00 990.00
Barazan 10.00 990.00
FDP 10.00 990.00
CS6 10.00 990.00
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Figure 3.1: Alvheim formation water mixed on a magnet stirrer.
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3.3 Viscosity measurements

Anton Paar Physica MCR 301 rheometer with cone-plate geometry was used to measure
viscosity, see Figure 3.2. The temperature was set to 20°C with shear rates varying from
0.1 to 500 s~*. New polymer solutions, with the exactly same content as described above,
were mixed for each filter tests and for each core flood. Viscosity was measured for all

the samples that were used in the experiments.

—
I Physica I

Figure 3.2: Anton Paar physica MCR 301 rheometer with cone-plate.
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3.4 Filter testing

In this experiment, samples with polymer concentration of 10000 ppm was filtered through
different filter sizes with different pressures. Both filter sizes and injection pressures was
increased compared to the reference polymer filtration test where polymer was injected
through a filter size of 5 um at a constant pressure of 2 bar. The reason for this was
a higher polymer concentration in this laboratory work than for standard EOR polymer

flooding experiments.

The filter ratio, F'R, was calculated from the following formula:

FR="2"1

= 3.1
22 (31)

where 1, t5, t3 was measured time to reach respectively 50, 100 and 150 gram. FR
where 1, t9, t3 was measured time to reach respectively 100, 200 and 300 gram was also
calculated for polymers that reached this weight. Note that some polymers plugged before

300 (and even 150 gram) gram were reached.

3.5 Core flooding experiment

Three different core flood experiments were performed with Bentheimer sandstone. This
sandstone is assumed to be a clean quartz sandstone and contains only traces of other
minerals. The cores had a length of 25 cm and a diameter of 3.75 cm (1.5”). Note that
these cores were much longer than the 7 cm long cores in the earlier Xanthan experiments
reported by [Langaas and Stavland, 2019]. Porosity of all three cores were measured
to be 0.22 with an absolute permeability around 1 Darcy. Flooding experiments were
performed with three different injection polymers, all following the same procedure. Fluid
was injected with a Quizix QC pump (see Figure 3.3) and the differential pressure across
the core was measured with a Fuji FOX series transmitter. The confining pressure was
approximately 70 bar. The experimental set up is illustrated in Figure 3.5. Note that the

core was placed in a vertical position during all core floods.
This part was more advanced and the following procedure was applied in this order;
1. The dry core was mounted into a core holder and filled with Alvheim formation

water. Different parameters were measured (porosity, absolute permeability and

pore size).
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AMETEK'
CHANDLER

ENGINEERING®

Figure 3.3: Quizix QC pump, used for injection during core flood experiments.

2. Oil was then injected and flooded to initial water saturation, Sw;, in the opposite
direction of flow shown in Figure 3.5. Marcol was injected first, which is a viscous
oil with viscosity of 33 mPa-s, then a low viscosity oil, Isopar-H, was injected. The
viscosity of Isopar-H is approximately 1 mPa-s. The reason for using the viscous oil
was to get down to realistic values of Sw;. The low viscous oil is more representative
for Alvheim mobility ratio. Relative permeabilities and Sw; were calculated based

on flow rates and material balance measurements.

3. In the next step, Alvheim formation water was injected (flow direction as in Figure
3.5) to residual oil saturation, S,.. Water relative permeability and residual oil

saturation were calculated based on measured flow rate and extracted volumes.

To this point all steps were completed at room temperature (20°C) for simplicity. To
simulate Alvheim reservoir conditions, temperature was now increased to 70°C. Figure

3.4 shows the oven that was used in the core flood experiments at reservoir temperature.

28



3.5 Core flooding experiment Chapter 3. Experimental arrangement

Figure 3.4: Oven containing the core holder at 70 °C.

4. When brine flooding (continued from step 3) was stable at 70°C, seen by a stable

differential pressure over the core, injection of polymer could start. In all injection

steps, cumulative volume, differential pressure over core and injection rate were

monitored.

(a)

(b)

Polymer was injected into the core. The polymer solutions were mixed as

described in section 3.1.

Polymer was injected from a pressurized piston cell mounted outside the oven.
To avoid injection of cold fluid, fluid was injected through a coil of 6-meter,
placed in the oven, before entering the core. A spacer ring was mounted inside
the core holder. This was to better control the formation of an external polymer
filter cake; which shows to be an important detail [Langaas and Stavland, 2019].
Produced fluid from the core entered another cell outside the oven, with back
pressure of 7 bar. More oil was produced during the polymer injection, and

was used to calculate a new S,,.. Corrected S,, is discussed further below.

In the beginning polymer was injected at constant flow rates; 2 ml/min, 1
ml/min and 0.5 ml/min. When the polymer front hit the core inlet, the pump
mode was changed to constant pressure and polymer was injected at three

different inlet pressures.

5. After polymer injection was finished, AFW was backflooded to stable conditions,
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and RRF,, was measured. Then oil (Isopar-H) was backflooded and RRF,, was mea-
sured. Rate and differential pressure over core were monitored. Residual resistance
factors, RRF,, and RRF,, were compared. AFW was again backflooded as the last

fluid through the core before the core was divided into four parts.

6. The core were then divided into four parts, each approximately 6 cm long, see
Figures 3.6 and 3.7. AFW was backflooded for all four parts and individual RRF,,

values were calculated. Figure 3.8, shows how the cores were mounted in the oven.

Confining pressure

QOven, 70°C
— dPCoil /
Pressurized cell
— Back pressure
Core
L /?( | NX—L_
Q VAVAVAVAVAY, 7/8bar
dP Core
—»
Waste
T
4

/ Pressurized cell

Spacer ring

Quizix QC
pump

Figure 3.5: Experimental set up for polymer injection. Core holder was placed in the
oven, connected to an inlet pressurized cell where polymer was injected and an outlet
pressurized cell where polymer entered after flowing through core. Pressure transmitter
outside the oven were connected to both the coil and the core that was placed inside the
oven at 70°C.
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Figure 3.6: Core divided in four parts

Outlet

p—
[\
w
iy

Polymer injection

—

Backfilling

Figure 3.7: Description of core parts, where polymer was injected from left to right.
Backflooding of AFW and Isopar were injected in opposite direction (from right to left).
Cores were divided into four parts and AFW was backflooded from left to right for each
part, as illustrated (1, 2, 3 and 4).
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Figure 3.8: Vertical core (part 3) mounted in the oven. The coil is shown on the right

side of the core.
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Chapter 4

Results and discussion

4.1 Viscosity measurements

The results from viscosity measurements, measured with a rheometer (cone-plate), are
shown for the different polymers. The bulk viscosities of all the polymers presented a
shear-thinning behaviour and viscosity were matched with the Power-Law model, ex-
pressed in equation (2.17).

+ Flowzan s Barazan FDP-S1235-16 CS6

1000000

100000
10000 X
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Figure 4.1: Viscosity behaviour of polymers for different shear rates, at 20°C.
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Figure 4.1 include all polymers in one plot for comparison. Each polymer solution are
also illustrated in Figures 4.2-4.5 below, to show that viscosity were matched with the

Power-Law equation.
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Figure 4.2: Viscosity of Xanthan (Flowzan) measured at 20°C.
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Figure 4.3: Viscosity of Xanthan (Barazan) measured at 20°C.
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Figure 4.4: Viscosity of Xanthan (FDP-S1235-16) measured at 20°C.
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Figure 4.5: Viscosity of Scleroglucan, CS6, measured at 20°C.

Viscosity measurements have been performed on all polymer solutions that were mixed
in this laboratory work.
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4.2 Filter tests

4.2.1 Filtration tests at room temperature

Polymer solutions were filtered through different filter sizes with different pressures at a
temperature around 20°C. Filter ratio, FR, was calculated and the results are presented
in Table 4.1. Two different FR values are given, weight of 150 gram and 300 gram. See
section 3.4 for a specific description of filter ratio calculation. Note that the symbol (-) is
used for plugging of filter where 150 or 300 gram could not be measured. Two parallels
were carried out for all filtration tests. Note that it is the average FR value that is
presented in the table. Filter ratio values equal to 1 means no plugging of the filter. FR
larger than 1 state a reduction in the flow velocity which indicate plugging of filter. As can
be seen from Table 4.1, Scleroglulcan CS6 had poor filterability while Xanthan polymer
FDP-51235-16 indicated better filtration compared to both Flowzan and Barazan.

Table 4.1: Filtration tests at approximately 20°C

Polymer type Pressure [bar] Filter size [um] FR 300 gram FR 150 gram

Flowzan 10 41 134.3 1.2
Barazan 10 41 0.9 1.2
FDP-S1235-16 10 41 1.2 1.1
CS6 10 41 - -
Flowzan 20 20 1.3 1.0
Barazan 20 20 1.3 1.0
FDP-S1235-16 20 20 1.0 1.0
CS6 20 20 - -
Flowzan 50 8 - 5.5
Barazan 50 8 - 477
FDP-S1235-16 50 8 6.8 2.0
CS6 50 8 - -

Values that were used to calculate filter ratios are also illustrated in figures 4.6 - 4.8.

Measured weight on y-axis is plotted against time on the x-axis.
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Figure 4.6: Filtration test with filter size 41 pm and 10 bar, at 20°C.
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Figure 4.7: Filtration test with filter size 20 pm and 20 bar, at 20°C.

From these plots it clearly shows which of the polymers that have poor filterability through

different filter sizes. If plugging appears, plotted values will deviates from a straight line.

In Figure 4.8, seen from the early curve deviation of a straight line, it is shown that
plugging appeared faster at 50 bar with filter size 8 pm, compared to slower filter plugging
at 10 bar and 20 bar, shown in Figures 4.6 and 4.7.
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Figure 4.8: Filtration test with filter size 8 pm and 50 bar, at 20°C.

4.2.2 Filtration tests at reservoir condition

Filtration tests of Flowzan and CS6 were also performed at 70°C. This was necessary to
understand how the polymer plugging behaviour could change with temperature. The
plugging seen from earlier filtration tests of CS6 at room temperature, differs a lot from
the same filtration tests at reservoir temperature, 70°C. The results are given in Table
4.2. For Flowzan, plugging was still observed from the measured filter ratio, also shown
in Figure 4.9 where the plotted weight show a small deviation from a straight line. In
Figures 4.9-4.10, both weight and flow rate on the y-axis are plotted against average time
on the x-axis. Increasing flow rate with time indicate the opposite of plugging, seen in
Figure 4.10. It is known that polymers have a temperature dependent viscosity, and

hence, polymer plugging may vary with the change in temperature.

Table 4.2: Filtration tests at 70°C

Polymer type Pressure [bar] Filter size [um] FR 300 gram FR 150 gram
Flowzan 50 8 1.3 1.0
CS6 50 8 0.6 0.8
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Figure 4.9: Filtration test for Flowzan with filter size 8 um and 50 bar, at 70°C.
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Figure 4.10: Filtration test for CS6 with filter size 8 pm and 50 bar, at 70°C.

4.3 Core flooding

Four core flooding experiments were performed with three different types of polymers.
Polymers used in this part were based on results from earlier filtration tests. Flowzan,

Barazan and CS6 were used because these polymers indicated poor filterability. The
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procedure described in section 3.5 was followed as good as possible and deviations are

explained when the related results are presented.

All cores were initially saturated with water, and both S,; and S,, were measured with
respectively oil and water flooding before polymer is injected. Saturation and permeability
values can be seen in Table 4.3. Note that permeability is given in Darcy and K, is the
permeability for Ispoar. Pore size radius has been calculated from the given expression

in Equation (2.15).

Table 4.3: Saturation and permeability values. All permeabilities are given in Darcy.

Polymer flood Kups Ko Ky  Rpore [tm]  Suyi Sor  NewS,,

Flowzan 1.03 1.15 0.14 6 0.12 0.38 0.35
Barazan 1.00 1.17 0.09 6 0.10 0.45 0.43
CS6 1.10 0.74 0.12 6 0.14 0.40 0.31

Note that when S,,; for Barazan should be measured, some of the collected water from
the separator was lost. It was tried to measure the lost volume and it has been corrected

for.
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4.3.1 Core flood experiment with Flowzan

Flowzan was initially injected with constant rate of 2 ml/min before changing to constant
differential pressure (DP core). DP core was set to 10 bar, and changed to 29 bar after
approximately 2 hours of flooding. Note that this injection method was not following the
procedure; in this case differential pressure was set to constant instead of constant inlet
pressure. Injection rate, inlet pressure and differential pressure were all monitored during
polymer injection. These parameters are given in Figures 4.11 and 4.12, where injection
rate and pressure on the y-axis are plotted against injection time on the x-axis. A flow
rate (Calculated Q) calculated from measured volume and time during injection is used

in the figures.
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Figure 4.11: Inlet pressure and injection rate vs. time of injection, Flowzan

A back pressure of 8 bar was used. Note that the confining pressure was 50 bar when
the differential pressure was set to 10 bar, then it was increased to 70 bar approximately
after 150 seconds of injection. At this point the inlet pressure started to increase, hence,
it was necessary to increase the confining pressure to not get erroneous flow between core
and core holder. During this pressure increase, a small leakage of polymer was observed
from the tubing. This leakage explains the behaviour of the injection rate and the inlet
pressure parameters in Figure 4.11, at a time between 148-170 minutes. All tubing in the
oven were changed from teflon tubing to another tubing of nylon, then polymer injection

was continued with a confining pressure of 70 bar and at a differential pressure of 29 bar.
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Figure 4.12: Constant dP and injection rate vs. volume injected, Flowzan
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Figure 4.13: Residual resistance factor for AFW and Isopar vs. time, Flowzan

After a shut-in period of 3 days, AFW and Isopar were backflooded. After a backflood
of 2540 ml (approximately 42 PV) AFW, 2885 ml (approximately 48 PV) Isopar was
backflooded. It was observed that RRF,, stabilized around 12, while RRF, decreased
with injected volume and had a value of 8 when 48 PV was backflooded. When the
experiment was ended, the value of RRF, was still decreasing, and hence the productivity

of oil was increasing with volume of flooded oil. Both AFW and Isopar were backflooded
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with constant rate, 2 ml/min, this is shown in Figure 4.13 together with values of RRF.
Equation (2.25) has been used for calculation of RRF values.

Second injection with Flowzan

Since a leakage of polymer was observed in the Flowzan core flooding, it was difficult to
know the exact amount of injected pore volume. This uncertainty initiated a new core
flooding of Flowzan in the exactly same core. AFW was first backflooded again for 4 days

before a new mix with Flowzan was injected.

Second injection of Flowzan
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Figure 4.14: Inlet pressure and injection rate vs. time for second injection of Flowzan.

Before polymer injection it was assumed that the core was flooded to initial S, (0.38).
Note that injection method for this experiment was changed to constant inlet pressure
mode, as described in the procedure, instead of constant differential pressure mode. Re-
sults are shown in Figure 4.14, where injection rate and inlet pressure on the y-axis are
plotted against time on the x-axis. In Figure 4.15, injection rate and the differential
pressure on the y-axis are plotted against volume on the x-axis. From this figure (Figure
4.15) it can be seen that the differential pressure was almost stabilized before the inlet

pressure was changed to a higher value.

Three different inlet pressures were applied (19, 28 and 38 bar) and 32 ml (0.5 PV) of
Flowzan was injected. For every change in inlet pressure it was observed that injection
rate was decreasing, see Figure 4.14. Decreased injection rate may indicate plugging of
polymer in the core. Mobility reduction, also called resistance factor (RF), is plotted in
Figure 4.16.
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Figure 4.15: Constant differential pressure and injection rate vs. volume injected for

second injection of Flowzan.
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Figure 4.16: Resistance factor with Flowzan after second injection.

For this core flood, only AFW was backflooded and RRF,, was stable on a value around
23. Note that this was a higher reduction in water permeability, compared with the

previous attempt. See Figure 4.17.
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Figure 4.17: Residual resistance factor for AFW vs. time when AFW was flooded back.

The flooded core was divided into four segments and each of these parts were separately
backflooded with AFW. Results are shown in Table 4.4. Calculation of permeability and

residual resistance factor are described in section 2.1.1.

From Table 4.4 it is easily shown that reduction in water permeability mainly occurred
at the inlet part of the total core, part 1. It is important to mention that a filter cake was
observed at core inlet. This filter cake was removed before the core was divided. Equation
(2.5) have been used to calculate the residual resistance factor for part 1 with filter cake

attached, and a new value was given, RRF,,; = 90.3.

Table 4.4: Results after backflooding for all four parts.

Core part Length [cm] K, ,; [mD] RRF,;

Part 1 5.95 4 34.1
Part 2 6.02 155 0.9
Part 3 6.10 100 1.4
Part 4 6.21 118 1.2

Average RRF for the four parts, RRFy,,, is given in table 4.6.
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4.3.2 Core flood experiment with Barazan

In another core flood experiment, Barazan was injected. The different constant inlet
pressures were 15, 25 and 35 bar respectively. Every pressure step had a duration of 1

hour. Back pressure was 7 bar and confining pressure set to 70 bar.
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Figure 4.18: Inlet pressure and injection rate vs. time for injection of Barazan.
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Figure 4.19: Constant differential pressure and injection rate vs. volume injected.
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Results are presented in Figures 4.18 - 4.21. From Figure 4.18, it is observed that injection
rate (on y-axis) decreases with time (on the x-axis) for all the different inlet pressures.
This is also seen in Figure 4.19, where it also shows that the differential pressure (on
y-axis) was almost stabilized when inlet pressure was changed. The decreased flow rate
may indicate that the polymer was plugging in the core. In total 277.5 ml (4.5 PV) of

polymer was injected.

Resistance factor, RF, is illustrated in Figure 4.20. This water phase mobility reduction,

was much lower than compared with the same mobility reduction for Flowzan.
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Figure 4.20: Resistance factor with Barazan.

After a shut-in period of 5 days, AFW and Isopar were backflooded. 2527 ml (approxi-
mately 40 PV) AFW and 2847 ml (approximately 48 PV) Isopar were flooded. RRF,, was
slightly increasing, while RRF, was decreasing with volume injected. This is illustrated
in Figure 4.21. From this figure it clearly shows the change in RRF' from AFW to Isopar.
Both AFW and Isopar were backflooded with constant rate, 2 ml/min. The value of
RRF, after this polymer flood was very high compared to the same value from Flowzan
polymer flooding, even though it would continued to decrease with more volume injected.

This can be related to poor plugging of Barazan in the core compared to Flowzan.
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Figure 4.21: Residual resistance factor for AFW and Isopar vs. time.

After polymer injecion and backflooding, the core was divided into four parts and each
of these parts were separately backflooded with AFW. Results are shown in Table 4.5.
From these results it were observed that part 1 have the lowest water phase permeability,
and hence, highest value of RRF'. From this polymer injection there was only observed a
small filter cake. For core inlet, part 1, a new value of RRF' was calculated, RRF,,1=24,

when filter cake was attached.

Table 4.5: Results after backflooding for all four parts.

Core part Length [cm]| K, ; [mD] RRF,;

Part 1 6.10 15 5.9
Part 2 6.10 39 2.3
Part 3 5.90 51 1.7
Part 4 5.95 60 1.5

Average value of RRF for all the four parts is given in table 4.8.
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4.3.3 Core flood experiment with Scleroglugan, CS6

Scleroglucan, CS6, was injected following steps given in the procedure. When polymer
front hit the core inlet at approximately 22 ml of injected polymer, inlet pressure was
changed to 19.5, 29.5 and 39.5 bar respectively.
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Figure 4.22: Inlet pressure and injection rate vs. time for injection of CS6.
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Figure 4.23: Constant differential pressure and injection rate vs. volume injected.
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Figure 4.22 and 4.23 (where injection rate and pressures on the y-axis are plotted against
time and volume, respectively, on the x-axis) shows that flow rate was decreasing for each

step of increased inlet pressure.
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Figure 4.24: Resistance factor with CS6.
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Figure 4.25: CS6 residual resistance factor for AFW and Isopar vs. time.
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Both AFW and Isopar were backflooded. 2700 ml (approximately 45 PV) AFW and 2800
ml Isopar were flooded. RRF,, was stable at a value of 8, while RRF, was decreasing with
volume injected. This is illustrated in Figure 4.25. Even though RRF, was decreasing, a
high value was observed when the experiment was ended (RRF,=27 at 5500 ml). Both
AFW and Isopar were backflooded with constant rate, 2 ml/min.

Since RRF, was higher than the earlier experiments, and RRF,, values low compared to

injection with Flowzan, this core was not divided into parts.
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4.3.4 Summarized results from core flooding experiments

The key results are summarized below to easier compare the polymer effect. Xanthan
FDP-S1235-16 polymer was not used in core flood experiments because this polymer

indicated lowest plugging through filter size 8 pm.

Table 4.6: Summarized results from Flowzan core flooding. Note that the symbol, (2),

means value after second time of Flowzan injection.

Measured parameter Value
Initial water permeability, K, [mD] 140
End point water permeability, K, [mD] 12
End point water permeability (2), K, [mD] 6
Initial oil permeability, K, [mD] 1150
End point oil permeability, K, [mD] 130
RRF,, core 12
RRF, core 8
RRF,, core (2) 23
Core divided into four parts
RRF,1 34.1
RRF, 5 0.9
RRF, 3 1.4
RRF, 4 1.2
RRF,, qug 9.3
With filter cake RRF,, 90.3

Table 4.7: Summarized results from CS6 core flooding

Measured parameter Value
Initial water permeability, K, [mD] 120
End point water permeability, K, [mD] 14
Initial oil permeability, K, [mD] 740
End point oil permeability, K, [mD] 26
RRF,, core 8
RRF, core 28

52



4.4 Discussion Chapter 4. Results and discussion

Table 4.8: Summarized results from Barazan core flooding

Measured parameter Value
Initial water permeability, K, [mD] 90
End point water permeability, K, [mD] 11
Initial oil permeability, K, [mD] 1170
End point oil permeability, K, [mD] 48
RRF,, core 7.5
RRF, core 24
Core divided into four parts
RRF,; 5.8
RRF,, 2.3
RRF, 3 1.7
RRFE, 4 1.5
RRF,, avg 2.8
With filter cake RRF,, ; 24.0

4.4 Discussion

Polymer properties have been evaluated for disproportionate permeability reduction as a
method for water shut-off. Different biopolymers Xanthan and Scleroglucan have been
used. First, filterability of these polymers were tested, depending on these results, DPR

parameters were analyzed from core flood experiments.
The following parameters were measured:
e Viscosity, u, for polymer solutions where shear-thinning Power-Law was matched
at 20 °C (Equation (2.17)).

e Filter ratio, FR, was measured and analyzed from filter tests. FR>1 indicates
plugging of the porous filter, and flow velocity will decrease. Plugging was observed
for all different filter sizes.

e Residual resistance factor, RRF, for both oil and water. RRF values varied for
each polymer but similar for all core floods was an almost stable RRF;,, value and

a decreasing value of RRF,, when the experiment was ended.

e Resistance factor for water flow, RF,,. See table 4.9 for exact measurements.

In Table 4.9, shear rates were calculated by using Equation (2.21), where « was assumed

to be 2.5. The apparent viscosity was then calculated from Equation (2.27). For polymer
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Table 4.9: Results of resistance factor and parameters used for calculation of polymer

permeability, k,

Polymer k, [D] RF, AP, [bar] ¢, [ml/min] 4, [s7'] papy [mPa-s] k, [D]

Flowzan 0.14 9816 27 0.015 1.7 4582 0.096
Barazan  0.09 o4 25 1.600 183.7 70 0.171
CS6 0.12 2212 28 0.059 6.4 364 0.029

permeability, k,, at the end of polymer injection, Darcy Law was used (Equation (2.1)),
and values of RF were calculated by using Equation (2.26). If there was no plugging in
the core, then RF should be the same as the polymer viscosity, p,. For Flowzan, RF
was larger than p, with a factor of 2.1. This means that there had to be an additional
effect, e.g, plugging, that caused this higher value of RF. The same effect was shown for
CS6. RF was larger than p, with a factor of 6. From these observations, both Flowzan
and CS6, indicate plugging in the cores. Barazan was injected at a higher flow rate, and
hence, the value of RF was lower. Comparing RE and p, for Barazan, RF was almost
the same as the viscosity, and no additional effect was observed. By using the shear rate
values in Table 4.9 together with Figures 4.2, 4.3 and 4.5, it was seen that the apparent
viscosities (at 70 °C) were almost the same as the bulk viscosity (at 20 °C). Shear rates

and apparent polymer viscosities were plotted with bulk viscosities, see Figure 4.26.
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Figure 4.26: Bulk polymer viscosity at 20°C plotted together with apparent polymer
viscosity at 70°C.
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From filter tests and core flood experiment, it has been observed that Flowzan had poor
filtration, at both 20 °C and 70 °C. When Flowzan was injected, it was seen that flow
rate almost reached zero, and an effect of plugging was observed. Parameters from this

core flood experiment, shows that criteria for disproportionate permeability reduction was
fulfilled after the treatment, RRF, < RRF,,.

For Scleroglucan, parameters in Table 4.9 indicated plugging in the core and a decreased
flow rate was observed, see Figure 4.22. Filterability from filtration test at 20 °C was
poor at all pressures and filter sizes. Filtration tests at 70 °C, on the other hand, showed
excellent filterability. Because of excellent filtration at 70 °C with filter size 8 um, it
was a bit strange that poor filterability was shown in the core at the same temperature.
Plugging in the core, may be explained by a smaller pore size distribution in the core
(6 pm). Even though plugging may occurred, parameters from core flood experiments
showed that RRF, > RRF,,, which is a negative effect of disproportionate permeability

reduction.

For Barazan, the core flood experiments showed a small reduction in flow rate. No
additional effect of polymer plugging was observed in this core. DPR parameters analyzed
from core flood experiments showed that RRF, > RRF,,. The value of RRF,,; for the

core segment was also low compared to Flowzan.

Plugging could be caused by the molecular weight of polymers but from viscosity mea-
surements it was found that all three Xanthan polymers had the same molecular weight.
Hence, the good plugging of Flowzan compared to poor plugging of Barazan was caused
by other reasons. Therefore, plugging may not be determined by the molecular weight
of polymer but instead by impurities attached to the polymer. This is debris from the
fermentation process and is expected to have similar thermal stability as the polymer
(described in section 2.5). So, if these impurities were the reason for polymer plugging,
it is very important to perform filtration tests before polymer type is chosen for DPR
treatments. This because debris/impurities will vary from polymer to polymer and from
vendors delivering the polymer. This was the case for Flowzan and Barazan where they

are both biopolymer Xanthan but delivered from different vendors.

It was not straight forward to determine DPR effects from filtration tests and core flood
experiments, but based on all these experiments, Flowzan was the polymer type with the

best plugging properties and greatest DPR effects.
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Filter cake

From core flood experiments it was observed that a reduction in relative permeability
mainly occurred at the core inlet. For Flowzan injection, a thick filter cake was attached
to the core inlet. From Table 4.4, RRF,, for inlet part was 90.3 with filter cake and a
value of 34.1 without filter cake. Hence, the filter cake was responsible for a higher RRF,,

value, and it is an important factor to achieve good DPR effects.

For Barazan core flood, the similar effect of filter cake was observed for RRF values, even

though the filter cake was very small and Barazan showed very low (or zero) plugging.

4.4.1 Well productivity

Formation damage may occur as a result when fluids have invaded into a formation.
This will affect the permeability and the situation will change from homogeneous to non-
homogeneous. Damage from fluid invasion will not be evenly distributed in the invaded
zone. In this case it was assumed that both the invaded zone (r,) and the zone before
treatment (r.) were homogeneous. r, defines the invaded radius. As mentioned earlier,
the criteria for a DPR treatment is that oil and water flow are separated and producing
from isolated layers. Therefore, isolated oil and water layers were solved separately by
using their relative permeabilites before and after the treatment (ky, k,). Another known

criteria for consideration of DPR treatment is that PI,.,, > PI,, before treatment.

From the theoretical part, an expression for the radial productivity index was given. Since

k
it is known that o= RRF, Equation (2.34) can be written:

xT

In(~%)
PI, = " - (4.1)
(RRF —1)In(—2) + ln(r—e)

Values from core flooding experiments shows that PI. was decreased when RFF value

was increased, and the same effect when invasion depth was increased.

RRF values from core flood experiments were used in Equation (4.1) and listed in Table

4.10. External radius, r., was set to 1000 m and well radius, r,,, was set to 0,1 m.

Results were plotted to illustrate the impact of invasion depth and RRF values.
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Table 4.10: Productivity Index with different values of residual resistance factor and
invasion depth.

Coreporymer RRF PL.,(r,= 0.1) PL.,(r,=1) PL.,(r,=5) PIL.,(r,=10)
Flowzan RRF,, = 12 1 0.267 0.176 0.154
Flowzan (2) RRF, = 23 1 0.154 0.097 0.083
Barazan RRF, = 7.5 1 0.381 0.267 0.235
CS6 RRF, =8 1 0.364 0.252 0.222

Coreporymer RRF PL.,(r,=0.1) PIlL.,(r,=1) PL,(r,=5) PIlL,(r,=10)
Flowzan RRF, =8 1 0.364 0.252 0.222
Barazan RRF, =24 1 0.148 0.093 0.080
CS6 RRF, = 27 1 0.133 0.083 0.071

Relative productivity index for both water and oil
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Figure 4.27: Relative productivity vs. invasion depth

Figure 4.27 clearly shows that PI,. decreased with an increasing invasion depth for constant
RRF values. For r,=r,=0.1 the productivity index is equal to 1.

57



4.4 Discussion Chapter 4. Results and discussion

Relative productivity index vs. RRF
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Figure 4.28: Relative productivity index vs. RRF

Figure 4.28 shows that the relative productivity index increased with increased RRF

values. Invasion radius was set to r,=2 m.

Criteria for successful DPR treatment (PIl,, > PI,,) was achieved for injection with
Flowzan, also notice that after the second time with Flowzan injection, RRF,, was higher

and PI,,, was reduced even more.

Since PL,, is depending on hydrostatic pressure and density difference between water and
hydrocarbon phase, DPR treatments will be more efficient in deep wells with gas than
shallow wells with oil. This is proved when PI,, is solved from the following equation
[Stavland, 2010]:

gH(pw - po)fw(l - fw)(P[To - PIrw)
fwP[rw+(1_fw)PIro ’

APhyd = (
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4.4.2 Alvheim Field parameters

Figure 4.29, represents the oil rate, liquid rate, bottom hole pressure (BHP) and an

estimated productivity index before and after polymer injection in 2014

[Langaas and Stavland, 2019]. These Kneler data were used together with experimental

data from the laboratory work to analyze field parameters.
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Figure 4.29: Kneler well data from 2008-2019 [Langaas and Stavland, 2019].

BHP (bar); PI (Sm3/(d bar))

Criteria for reduced water cut after a DPR treatment is that PI,, > PI,,, and f,1 < fu.

It is possible to look at an alternation of the fractional flow of water [Stavland, 2010]:

fw,l =

fu)PIT’LU

fwPIrw + (1 - fw)Pl

(4.3)

where this equation gives an expression for a new water fraction, f, 1, after treatment.

39



4.4 Discussion Chapter 4. Results and discussion

For simplicity, the friction part was omitted, and hence, drawdown pressure equals the
hydrostatic pressure. Hydrostatic pressure, or lift pressure in the well, depends on frac-
tional flow, f,,, and density of oil and water p,,, p,. Two different lift pressures were given,

before and after treatment:

Plift,O = Apgh(fw)a (4-4)

and

Plz'ft,l = A,Ogh(fw,l)- (4-5)

fwa is the new value of fractional flow after treatment, h, is the true vertical depth and,
g, is the gravity. The lift pressure can be added to initial drawdown pressure, AF,, and

if it is assumed that BHP is the same, the pressure after treatment can be written:

AP, = APy + Apgh(fuw — fw1)+ = APy + APy (4.6)

Then a criteria for increased oil production (using Equations (2.30) and (2.31)) is given
by:

AP
QO70 — 1@ — (1 +
q10 APy k,

APy
AP,

)PI, > 1, (4.7)

k
where ¢, and g, 1 is the oil rate respectively before and after treatment and, — = PI,.,,

Ko
shown in Equation (2.33).

Flowzan experimental results and Kneler data were used to calculate new water fraction
and new oil production after the injection with Flowzan. From Figure 1.2, water fraction
before polymer injection was given 0.68 ( f,,=0.68). Before treatment, PI, = 100 Sm?/dbar
and liquid rate was q,=2510 Sm?/d (see Figure 4.29). In kneler well; h=2100 m (TVD)
and the density difference was set to Ap=200 kg/m?3.

From Equation 4.3 - 4.7, water fraction and oil production rate were calculated, see Table

4.11. Invasion depth, r,, was set to 1.5 m, r.=1000 m and r,=0.1 m.

From calculated parameters it clearly shows that water fraction was reduced (fu1 < fu)
after injection of Flowzan. It also shows that the second injection of more Flowzan into

the core gave even better results for DPR effects. Note that since a new value of RRF,, was
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Table 4.11: Field parameters after Flowzan injection

Flowzan injection PI.,, PIL., f,1 APyp [bar] APg [bar] ¢51/¢
First 0.24 0.33 0.60 3.30 25.10 0.37
Second 0.13 0.33 0.46 9.06 25.10 0.45

not measured after second time with Flowzan, the value from the first injection was used
for RRF,, and hence also for PI, ,, after the second injection. Therefore, the second value

of oil rate production is not 100 % correct but based on an assumption that RRF,=8.

Table 4.11 above shows that the value of RRF, (RRF,=8), when 48 PV Isopar was
backflooded (after first Flowzan injection), was to high to increase the oil production rate
after the treatment. Since this value was still decreasing after 48 PV, an extrapolated
line was used to illustrate a forecast of how much Isopar that was needed to be flooded
back, to reach a value of RRF, that would give increased oil production rate. Different

values of RRF, were tested to estimate when ¢,1/¢,>1, and following values were used:

e A value of RRF,=1.3 was used in Equation (4.1).
e r,=1.5m, r,.=1000 m and r,=0.1 m.
e PI.(RRF,=1.3) was then a value of 0.918.

e PI,=0.918 used in Equation (4.7), with pressures listed in Table 4.11, resulted in

increased oil production rate where:

. 3.3
qq’l = (1+5:7)0.918 = 1.039 > 1. (4.8)

Note that this was only calculated for the values representing the first injection of Flowzan.

The real values of RRF, with Isopar backflooded were plotted, and by using the trendline
it was calculated that when 204 PV (12275 ml) Isopar was flooded back, RRF,=1.3, and
the oil production rate would be increased (see Figure 4.30). Hence, the DPR treatment

would be successful.

61



4.4 Discussion Chapter 4. Results and discussion
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Figure 4.30: RRF vs. cumulative volume of Isopar, with Flowzan. Trendline used to

estimate a forecasted volume of Isopar.

4.4.3 New residual oil saturation after polymer flooding

Polymer injection resulted in more oil produced, after the core was flooded to residual
oil saturation (S,=S,.). New values for residual oil saturation were calculated after all

polymer floods, see Table 4.3 for exact values.

Relative permeability curves for a water-wet case is sketched in Figure 4.31. From this
curve it is seen that a lower value of S, will give a higher value of relative permeability
for water, k,,,. A higher value of initial k,,, will increase the residual resistance factor for
water, and improve DPR effects. A new value for initial water permeability was estimated

from Corey-type permeabilities [Goda and Behrenbruch, 2004]:

Sw - Swi

krw == krw,o(m

), (4.9)
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Kr“r

Relative permeability, K,

0 Sy 1-S,, 1

Water saturation, S,,

Figure 4.31: Relative permeability curves for a water-wet rock.
where:

k. is the relative water permeability

krw,o 1s the end point relative water permeability

S, 1s water saturation

Swi 1s the irreducible water saturation

S, 1s the residual oil saturation

n. is the Corey exponent to water, here assumed to be n,,=2 for a water-wet rock.

For Flowzan where:

e k., =014D

e S, = 1-S,. = 1-0.38 (water saturation before polymer injection)
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e S, = 0.35 (new S,,)

® Ny =2

The new end point relative permeability was calculated to be k., = 0.16 D. Using the
initial relative water permeability as 0.16, a new value of RRF,, for Flowzan after the
first injection was RRF,,=13. This is not a very large difference from the earlier value
(RRF,=12), but it is important to know that a reduced value of S, may impact DPR

effects.

The reason that more oil was produced when polymer was injected can be explained by
the capillary pressure. For a porous rock saturated with two phases, the pressure in the

oil and water phase is related by the capillary pressure:

Psy) = P, — P, — 20o0cos(0), (4.10)

R
where, P, and P,, are the phase pressure for oil and water respectively. o,,, is the
interfacial tension between oil and water, 6, is the wetting angle, and R, is the radius
(see Figure 4.32). When polymer was injected, the entry capillary pressure for the small
pore throat was exceeded and the trapped oil droplet was mobilized, and hence, more oil

produced.

(a) Water-wet rock (b) Wetting angle and radius

Figure 4.32: Tllustration of wetting angle and radius for a water-wet surface.
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A ratio between the viscous and the capillary forces can be introduced as the capillary
number (N,):

N, = 2 (4.11)

where, u, is the flow velocity, p,,, is the water viscosity and, o,,, is the interfacial tension
between oil and water (or oil and polymer solution). In this case 0,,=20 mN/m for all

situations.

A capillary desaturation curve (CDC), is a curve describing the relationship between
residual oil saturation and capillary number (N,.). This curve build its fundamental on
flow conditions that are required for a good oil displacement in a porous medium related

to oil recovery [Yeganeh et al., 2016].

The capillary number for Flowzan, Barazan and CS6 polymer flood were measured, see
Table 4.12.

Table 4.12: Capillary number with polymer flooding

Polymer N,

Flowzan 5.5x1074

Barazan 4.9x1074
CS6 5.8x1074

Since more oil was produced after polymer flooding, it means that the capillary number

(N.) exceeded the critical capillary number that was given by:

VOK 0.22 x 100 x 103
N. > K _ 022 x 100 X =35x1077, (4.12)
LTV?2 1000 x 3 x v/2

where this critical capillary number was calculated for the porous cores used in this
experiments. From the CDC below, see Figure 4.33, it shows that residual oil saturation
becomes lower when the capillary number is larger than the value in Equation (4.12).
Measured values of S, (see Table 4.3) on y-axis are plotted against the calculated capillary
numbers (see Table 4.12) on x-axis. This figure (Figure 4.33) also supports the observation
from core flood experiments, where CS6 polymer flooding produced the highest amount

of oil, and hence, resulted in a much lower value of S,,.
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Figure 4.33: Capillary desaturation curve (CDC) showing S, before and after polymer
flooding with Flowzan, Barazan and CS6.

4.4.4 Comparing results with earlier work

Flowzan was tested in the earlier laboratory work initiated by Aker BP. From these
experiments two parallel cores were used (one watered-out Bentheimer core and one oil-
satureated Berea core). Flowzan was injected through both the parallel cores and after a
shut-in period of 3 days, AFW brine was backflooded through the Bentheimer core and
Isopar was backflooded through the Berea core. Results represented endpoint RRF,, =460
and endpoint RRF,=10.2. DPR ratio was 45 and this value was still improving when the
experiment was ended. The length of these cores were 7 cm while core length used in this

experiment was 25 cm.

DPR results from experiments in this thesis, also shows that RRF, <RRF,, for Flowzan,
but RRF,, was a much lower value than seen before. As mentioned, Flowzan shows RRF,,
values of 12 and 23. RRF, value was 8, which is a smaller value than seen in the earlier

experiment.

Flowzan injection shows DPR effects in both cases. The reason why the difference of RRF,,
values were large may be explained by the difference in core length and the difference of
polymer volume injected. In the earlier experiment more polymer was injected, and hence,

more plugging may occurred into the core.

Since the values of RRF, were almost the same, while RRF,, had a higher value where
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a larger amount of polymer was injected, it seems like the polymer affects the water
permeability in a greater extent than the oil permeability. Even though the value of
RRF, was large in the beginning, it seems to decrease as long as oil was produced. This

was a positive effect for DPR evaluation.

4.4.5 Uncertainties

Uncertainties that occurred during the laboratory work needed to be taken into account
when different parameters were calculated. In general, there are two type of uncertainties
to distinguish between, systematic uncertainties and random uncertainties. Systematic
uncertainties are describing errors in equipment and incorrect readings of measurements.
Random uncertainties are uncertainties that will occur from error in one measurement to

errors in the next measurements.

From this laboratory work, there were both uncertainties of the equipment that were
used and from human readings of different measurements. The uncertainty in human
errors from these experiments were assumed to be larger than uncertainties related to the
equipment. Because of this, a list of human activities that could contribute to a certain

uncertainty have been listed:

e Difference in amount of polymer solution on the rheometer during viscosity mea-
surements. From plotted viscosity values, this measurements were very similar, and

hence, this uncertainty was small.

e Temperature in the oven varied when doors were opened. This affected the flooding

process.

e Readings of exact volume from separator; oil droplets in the water zone attached to

the separator wall could give some error in volumes.

e Rounding of numbers in calculations of permeability and saturation.

To minimize errors and uncertainties in laboratory work, it is important that good pro-

cedures are written and that procedures are followed carefully.
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Conclusion

Properties for disproportionate permeability reduction and reduced water-cut with poly-
mers have been tested. From these results it clearly shows that Flowzan is the best of the

four candidates to use in DPR treatments at 70°C.

Filtration tests at room temperature showed that Flowzan and Barazan indicated some
plugging, while CS6 showed total plugging. Filtration test (with 50 bar and filter size 8
pm) at 70 °C showed that Flowzan still indicated plugging of the filter while CS6 showed
excellent filtration. Hence, Flowzan had poor filterability at both room temperature and

at reservoir temperature.

From core flood experiments, Flowzan and CS6 showed plugging in the core but only
Flowzan fulfilled the criteria: RRF, <RRF,,. Barazan showed low (or approximately
zero) plugging in the core and a negative DPR effect was seen; RRF, > RRF,,.

Experimental Flowzan results were used together with Alvheim field data. Analysis of
different parameters showed that the fraction of water in the field would have been re-
duced after the treatment. If approximately 204 PV Isopar was backflooded to a value
of RRF,=1.3 was reached, even the oil production rate would have been increased. This
also supports the success criterion (RRF, < 2) for a DPR fluid.

The filter-cake seen at the core inlet for cores flooded with Flowzan and Barazan con-
tributed to a higher value of RRF,, ;. When the four core segments were backflooded with
AFW it was observed that the permeability increased with the distance moving from the

inlet, i.e. the permeability reduction depends on invasion depth.

Summarized disproportionate permeability reduction effects observed after the treatment

with Flowzan were:
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RRF, < RRF, (higher reduced water relative permeability than for oil relative
permeability).

PlIr,o > PI,,, (higher relative productivity for oil).

fw > fuw1 (reduced water fraction).

do.1/qo >1 (increased oil production rate, if approximately 204 PV Isopar was back-
flooded).

From life-time estimation of Xanthan and Scleroglucan, an exponential decay has been
used (section 2.5). Even though Scleroglucan had a higher thermal stability, the decay
shows that Xanthan should last for several years (approximately 20 years) at a reservoir

temperature of 70 °C.

Since all the Xanthan polymers had the same molecular weight, but different plugging
properties, plugging can be explained by impurities/debris attached to the polymer. These
impurities depends on the treatment processes of the polymer product and may vary from
different vendors. Since poor filtration was caused by impurities, it is very important to
perform filtration tests (and verify than FR>1) before a polymer product is selected for
a DPR treatment.

Thus, based on this laboratory work, Flowzan should be recommended for a dispropor-
tionate permeability reduction treatment in the new pilot on the Alvheim field. This
polymer showed poor filtration, and from core flood experiments the water phase perme-
ability was reduced in a greater extent compared to the oil phase permeability. In the
Alvheim reservoir, zones and baffles makes it possible to reduce the fraction of water and
can contribute to an increased oil production from zones where remaining oil with low
pressure support can be produced more efficient. The life-time of Xanthan (Flowzan) is

expected to be of several years at a reservoir temperature of 70°C.

For further work, it can be recommended to perform a core flood experiment where oil is
backflooded until a value of RRF, has been stabilized, or until the value is low enough to
increase the oil production. Backflooding of oil in each part of the divided core may also

be of interest, to compare different values of RRF,;, where i is the core part (1, 2, 3 or

1),
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