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Abstract

Hydrotell is developing a tool which will measure the pressure difference between oil phase
and water phase in reservoirs with hydraulic conductivity. This pressure difference is then
used to locate the free water level (FWL) and the oil-water contact (OWC) can be calculated
based on formation properties. Oil and water will have different densities and different
pressure gradients. At any point in the reservoir, the difference between these two gradients
can be used to calculate the distance down to where the difference is zero, and by definition,
the location of FWL.

The OWC is one of the most important parameters for estimating hydrocarbon resources in a
reservoir and is usually only known at the start of production. During production, the OWC
level is in constant change and its exact position at all times in different parts of the reservoir
is unknown. As such, continuous update on the FWL and thus a better estimate of the OWC
will have immense value for operators as 1) Planning new wells can be optimized and wells
which would quickly yield unwanted water production can be avoided. 2) Knowledge of FWL
enables more precise profit analysis of production. Shut-ins can be planned better as water
level approaches the well. 3) After a shut-in of a well because of too high water production,
continued surveillance can show how the oil column rebuilds over time. Hydrotells tool can
thus help increase efficiency, reduce costs, reduce waste and reduce the amount of new
production wells. Reduction of produced water will also reduce waste to sea and reduce cost
of cleansing and reinjection.

This thesis aim to explore the relation between pressure readings of the tool and the location

of the FWL at dynamic conditions using reservoir simulation. This is achieved by building a

not overly complicated yet realistic model where mechanisms can be isolated and changed to
observe their effect on pressure readings and FWL during production.

Important questions addressed in the thesis are:

* How is the traditional ‘static’ estimate of FWL influenced by a dynamic setting? Is it
influenced by how fast production is happening?

* Can water breakthrough be predicted accurately?

* Is the tool reflecting water traveling through a vertical conduit thief zone (or coning)
or the more piston-like zone moving upwards?

* Is there a difference in the estimated FWL if the displacement is more or less piston-
like?

* How are pressure readings and FWL estimates influenced by parameters such as
porosity, compressibility, saturation functions and driving forces?

It starts by showing that the method used in this thesis to locate the FWL only works if a
change in capillary pressure takes place, which is dependent on saturation levels at the sensor.
As such, if the transition zone is very small, no change in water level is detected until it is
almost at the sensor. Next it finds how smaller saturation changes, such as for viscous fingers
and thief zones, is not enough to make an impact on the estimate for the FWL. Also, changing
capillary curves yielded inconclusive results which could be of interest for further studies.
And lastly it finds how receding water yields conflicting results between the estimate of FWL
and the actual water level.
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Figure 1: Disposition for this thesis
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1 Introduction

The free water level (FWL) in a reservoir is the horizontal plane where water and
hydrocarbon pressure are the same. At 100% water saturation there is a minimum capillary
pressure needed to force a non-wetting phase into the pore filled with the wetting phase. This
minimum pressure is called the displacement pressure ps (Ahmed, 2010). Oil-water-contact
(OWQ) is the point above the FWL separated by the displacement pressure. It has been shown
that it is possible to measure the pressure of water inside a hydrocarbon reservoir (Rolfsvag et
al., 2019). Their paper describes proof-of-concept tests conducted on core plugs to perform
pressure measurements on a thin water film to obtain water pressure independently from the
oil pressure inside the core. There they used water- and oil density to predict the pressure
differences down the water column based on constructed pressure gradients. However, they
also found certain limitations to the concept. If the water phase becomes discontinuous from
the aquifer, the water phase pressure will equalize with the oil phase pressure. As such, this
method is not suitable for a non-continuous water phase reservoir. Also, the measurement tool
can not be too close to the well as mud filtrate can increase the water pressure several meters
around the well. If the well was drilled with an oil-based mud, the pore walls will become oil
wet and again, the tool must be placed outside of the contaminated zone. They also found that
for a precise estimation for the FWL to be possible, the reservoir pressure regime must have
come to equilibrium which can be a slow process.

Conventional formation pressure tests are either dependent on having the borehole available
for tools (mentioned later) or requires the well to be closed for some time before the test can
be done, such as a drawdown test. As such, although 4D seismic logs and history matching
simulations based on production can give estimates of current water levels, water pressure can
only be measured by stopping production or between drilling which makes such tests a time-
consuming and costly affair. Thus, most oilfields are produced without the knowledge of
where the FWL is after production has started. FWL or OWC is among the most important
parameters in estimating oil reserves of a reservoir. In a producing reservoir the FWL is in
constant change, and its position at all times in different parts of the reservoir is unknown.
Thus, knowledge of this water level represents a huge potential in cost reduction and
efficiency increase in hydrocarbon exploitation.
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Hydrotell, a company based in Bergen, Norway, is developing a tool based on the concept
mentioned above in order to provide real time measurement of the water pressure in a
reservoir, and as an extension, the ability to track the FWL. The concept was shown on a
small core plug, and contemporary pressure tests only tests in a static environment. This gives
rise to a set of unanswered questions, such as

® The role of thief zones of varying permeability. Is water pressure higher up the column
reflecting the thief zone or the piston-like zone moving upwards?

@ Is there a difference in the estimates between piston-like displacement and not? That
is, will mobile saturations influence pressure reading as fast as the saturation where Pc
=0?

® How is the estimate of FWL influenced by a dynamic setting? Is it influenced by how
fast production is happening?

® Which Pc curve yields the best estimate of FWL under dynamic production? Drainage
or imbibition?

The goal of this thesis is to create simulations of the pressure differences between oil and
water phase in a dynamic situation in hope of determining which mechanisms has the largest
impact on pressure readings.

For this task, for the sake of convenience and licensing limitations, the open source Eclipse-
like program Open Porous Media (OPM) Flow was selected as the simulator, and the program
ResInsight was selected for the data presentation and reservoir visualization.

Simulations include changes in capillary pressure curves, oil viscosity, permeability for
specific zones, production rate and shut-in of the well. It was found that saturation levels
plays an important role in the estimation for the free water level. Unless there is a change in
water saturation, the capillary pressure seems to be unchanged in all scenarios, leaving the
distance to FWL in a constant position. This means that if the sensor is placed in a place
above the transition zone, the method used in this thesis can not be used reliably. As such, we
observed how a higher transition zone led to a shorter distance to FWL, although these
simulations also produced some inconclusive results. Moreover, it was shown how columns
of water, such as thief zones or viscous fingers would not be detected which meant the FWL
further down in the reservoir would be correctly estimated as further down, while the water
breakthrough would not be seen in advance.

However, we also saw how the positioning of the thief zones made no difference to the
estimate of the FWL, meaning the distance would be correctly estimated even if the FWL is
not directly beneath the sensor. Lastly it was found that receding water seemingly gave
conflicting results where the estimate showed an increase in distance while what actually
happened was a decrease in distance.

As the scope of this thesis can quickly become vast, certain limitations had to be put in place.
Real-life testing on cores has been done earlier, and thus not conducted for this thesis.
Limitations of the chosen simulator led to removal of capillary pressure hysteresis and
Leverett J-scaling. Horizontal thief zones, varying permeability layers, multiple producers
over a field, chemical injections and related effects, bacterial flora and a system containing
gas, are all valid scenarios that could be looked into but has been reserved for future work.
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1.1 Conventional Methods

Niculescu and Ciuperca (2019) describes how fluid contacts can vary over a reservoir either
because of faults, semipermeable barriers, rock quality variations or reservoir heterogeneity,
hydrocarbon drainage/imbibition history or hydrodynamic activity. They further mentions
several methods for determining fluid contacts such as fluid sampling, saturation estimates
from geophysical well logs, core analysis and formation pressure measurements and points
out that the latter is the primary source of data for defining the fluid contacts.

According to the American Association of Petroleum Geologist (AAPG) wiki page, the most
common fluid pressure measurements in use (AAPG, 2022c) are

- Drill stem test (DST) shut-in pressures
- Repeat formation test (RFT)
- Reservoir bottom-hole pressure buildup tests

They will be mentioned briefly and not discussed at length.

1.1.1 DST shut-in pressures

As Dolan et al. said (1957), “a drill-stem test is a temporary completion designed to sample
the formation fluid and to establish the possibility of commercial production”. In this test,
packers are placed around an empty drill pipe, allowing formation fluid flow into the pipe.
The open-hole DST gives a variety of information: permeability, flow rates, skin damage and
water production (Hoyer et al., 1996). Open-hole means that if bottom hole pressure (BHP) is
sufficient, fluid will be produced at the surface. However, a typical DST will have a shut-in
period where the tools valve is closed and pressure will ideally build up in the tool until it
reaches equilibrium with the pressure of the isolated formation. However, accurate pressure is
difficult to obtain for DST in low-permeability zones such as chalk. Moreover, this pressure
may not be reliable because the tool is not shut in long enough for pressure to stabilize.
Packer failure and depth determination are also sources of survey failure (AAPG, 2022b).

1.1.2 Repeat Formation Test

The RFT, earlier called “sequential formation testing” (Soliman et al., 1988), measures
pressure at several points down the borehole. This lets the user plot a graph of points to
construct pressure gradients. OWC and GOC can then be found by finding the crossover
points by the different gradients (AAPG, 2022a). The ability to test multiple zones and take
fluid samples from them in a rapid manner, is a major limitation to the DST (Hoyer et al.,
1996), which is adressed by the RFT by design. However, screen plugging with material in
drilling mud and getting a good seat to measure pressure are challenges facing the RFT.
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1.1.3 Pressure buildup test and Drawdown test

A pressure buildup test is similar to the DST shut-in pressure, however in this case the well is
already a producing well. This means the well is shut in at the surface to let the bottom hole
pressure build up. This lets the operator read a variety of information such as bottom hole
pressure, well flow capacity, permeability thickness, skin effect and other information
(Schlumberger, 2022). Similariliy, pressure drawdown tests are a series of pressure
measurements that can be run after production has started in order to measure the formation
pressure. Again the well is shut in for some time ahead of the test to allow the pressure to
become equal throughout the formation. It is shut in until it reaches a constant reservoir
pressure. The well is then opened and produced at a constant flow rate, while continuously
recording bottom-hole pressure. When a constant flow rate is attained, the pressure measuring
equipment is lowered into the well. It may take a few hours to several days, depending on the
objectives of the test (Khan & Islam, 2007).

The above mentioned tests all measure the formation fluid pressure, that is, the hydrocarbon
pressure. All tests can locate the FWL if the well intersects the FWL as shown in figure 2a.
Formation pressure is measured at different depths and FWL will be located where the
pressure curve shifts as shown in figure 2b. Thus, the OWC can be estimated based on the
determined depth of the FWL. However, several types of traps and several combinations of
them can make one single discovery well insufficient (Capotosto et al., 2021). Common for
all three tests is that drilling or production is delayed. Moreover, in order to see transient
development of pressures, production must be stopped several times over time, which usually
leads to such tests being scarce after startup.

pressu I'e__
Cap rock
. il pressure
oil '3
Dil-water transition zone - OWC =
FWL -

Water FwL .t_

water presure

depth

(a) (b)

Figure 2: a) A well drilled through a typical fluid distribution in a convex trap. b) How
conventional pressure tests locates FWL (Capotosto et al., 2021).
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1.2 Hydrotells probe

The probe in development by Hydrotell is based on a technology developed by Hydrophilic.
Different from Hydrophilic, however, Hydrotells probe is meant to be permanently installed
into production wells where it can monitor the water phase pressure in producing fields
without stopping production and thus continuously locate the FWL.

The probes tip is designed such that water can move through, but not oil. This means the
water phase pressure inside the oil column can then be measured separately. Water pressure
can be found with conventional pressure tests, if gradients are constructed from tests at
different depths as shown above. However, measuring the water phase pressure inside the
hydrocarbon phase is unique to Hydrotells technology, and in conjunction with tests such as
the drawdown test, both oil and water phase pressure at a single depth will be known factors.

Thus, together with the known phase densities, the information can then be used to estimate
the distance down to FWL.

Continuous update on the FWL and thus a better estimate of the OWC will have immense
value for operators as

1. Planning new wells can be optimized and wells which would quickly yield unwanted
water production can be avoided.

2. Knowledge of FWL enables more precise profit analysis of production. Shut-ins can
be planned better as water level approaches the well.

3. After a shut-in of a well because of too high water production, continued surveillance
can show how the oil column rebuilds over time. Hydrotells tool can thus help
increase efficiency, reduce costs, reduce waste and reduce the amount of exploration
wells. Reduction of produced water will also reduce waste to sea and reduce cost of
cleansing and reinjection.

16



1.3 Locating the free water level

Capillary forces in a petroleum reservoir are the result of the combined effect of surface and
interfacial tensions of the rock and fluids, the pore size and geometry and the wetting of the
system. When two immiscible fluids are in contact, a discontinuity in pressure exists between
the two fluids, which depends upon the curvature of the interface separating the fluids
(Ahmed, 2019). This pressure difference between non-wetting and wetting phase is called the
capillary pressure, p., and is defined by Lake (1989) as

20 cosf
P>—P1 = R = P. (D)

Equation (1) relates the capillary pressure across an interface to the curvature of the interface
R, the interfacial tension o and the contact angle 8. The equation shows that the capillary
pressure can only be zero if the interfacial tension is zero or the interface is perpendicular to
the tube wall which only holds true in simple uniform tube geometry and is not relevant in a
reservoir. As such, this thesis use the definition of capillary pressure as only the pressure
difference between non-wetting phase and wetting phase, that is oil and water respectively.
Thus

pc:poil_pwa[er (2)

The FWL is defined as the depth where the oil pressure is equal to the water pressure making
the capillary pressure equal to zero (Ahmed, 2010). The oil-water contact is immediately
above the FWL and it is defined as the lowest depth at which mobile oil occurs (Elshahawi,
Fathy, and Hiekal 1999), shown in figure 3.

p.orh ———»

100% Water saturation
WOC s aneaer an wrdl Al o i)
Ip

4 Displacement
pressure

*
FWLO"/ Su ; 100%
° e Water saturation ————» *

Figure 3: Capillary pressure curve denoting zero capillary

pressure at free water level and displacement pressure
separating OWC and FWL (Ahmed, 2019).
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To locate FWL, this thesis will use the technique described by Rolfsvag et al. (2019), shown
in figure 4 where the water pressure is measured inside the oil reservoir and by knowing the
densities of the water and the oil, the pressure trends can be extrapolated downwards. The
FWL is where the lines cross.

» P
Pw,h1 \ Po,hl

hl -

h

A

hO < EWL

- \Nater
v — oil
Depth

Figure 4: Method for locating FWL at hO. Pressure difference is measured
at h1 some depth Ah above hO.

The pressure graphs and their corresponding convergence point at hy in figure 4 is constructed
like this:

With measured points at h;, an arbitrary depth h; between h; and hy would have a capillary
pressure of

Py = (Pon+0ogAh;))=(p, n+p0,gAh)) (3)

where p;n; is measured pressure of phase i (i = o, w) at depth hy, p; is phase density in [kg/m3],
g is gravity constant in [kg*m/s?] and Ah; is change in depth from measuring depth down to h;.

Hydrotells tool will measure all three pressures in equation (2) and as mentioned above, FWL
is defined as the depth where p. = 0. Thus, locating FWL is now the simple task of setting
equation (3) equal to zero and solve for Ah to obtain

pP.o =0=p,,*+0,gAh—p,, —p,gAh

pc hil
Ah = —Feht 4
g(p,—np,) “@)
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Thus, Ah represents the distance from measured pressure difference down to FWL.

As seen in figure 3, FWL is generally not coincident with OWC but differs by an amount
related to the displacement pressure, pq. In a water-wet reservoir FWL will occur at some
depth d below OWC given by (Elshahawi et al., 1999):

Pa
rg

d = (5)

where pq is the displacement pressure of oil displacing water in [Pa].
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2 Reservoir Model

2.1 The simulator

For this project, the Open Porous Media (OPM) Flow simulator was chosen. OPM Flow is an
open source alternative to industry standards, which means all software and data sets are
available for use by anyone. OPM Flow “aims to represent reservoir geology, fluid behavior,
and description of wells and production facilities as in commercial simulators and hence
offers standard fully-implicit discretizations of black-oil type models and supports industry-
standard input and output formats.” (Rasmussen et al., 2021). OPM Flow is using the black-
oil model which is based on the premise that there are three different fluid phases (aqueous,
oleic and gaseous) and three components (water, oil and gas). Oil and gas can be found in
oleic phase, in the gaseous phase or in both. However, for this project, gas has been omitted,
leaving only water and oil, which are immiscible.

2.2 Mathematical description

The black-oil equations can be deducted from conservation of mass for each component with
suitable closure relationships such as Darcy’s law and initial boundary conditions. In OPM
Flow they are “discretized in space with an upwind finite-volume scheme using a two-point
flux approximation and in time using an implicit (backward) Euler scheme. The resulting
equations are solved simultaneously in a fully implicit formulation by a Newton-type
linearization with a properly preconditioned, iterative linear solver” (Rasmussen et al.,
2021).

Equations presented here assume flow of two immiscible and compressible fluids, oil (o) and
water (w) in a 3-dimensional space.

In compact form, for oil and water phase

v; =(Vi, vy, Vi), (i=0,w) is the Darcy velocity vector in [m/s], given by
Kk, .
v, = — m (Vp—0gVz), (i=0,w) (6)

Where K is the absolute permeability (ky, ky and k;), v; is Darcy velocity vector, k;; is relative
permeability, p; is viscosity, p; is pressure, g is the acceleration of gravity (9.81 m/s?), and z is
depth. The subscript i denotes phase.

As the two components are immiscible, they are only stored and transported in their own
phase. Thus, by adding a source term q to the continuity equation, mass balance is described

by
V-(ovi) = —o.(¢pisi)+q; , (i=0,w) (7)

Where @ is porosity and p; is phase density and s; is saturation.
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The four variables s,, p,, sw and p,, are constrained by volume conservation and capillary
pressure,

So+Sw:1,Pcow(Sw):po_pw (8)

If the mobility ratio

k.
A=t A=A, ©9)

[t}

Then the total Darcy flux vector vr is then defined by using equation (6)
v, = V,+v, = -K2,(Vp,—p,gVz)-K2,(Vp,—p,gVz) (10)
= —K(4,V p,=2,0,gVz+4,V p,—1,0,9V 2)
Substituting V p, for Vp+V p, vyields
v. = —K(4,(Vp+Vp,)=24,0,9V2+21,Vp,—1,0,9Vz) (11)
which is then rewritten as
V. = =KV p,—KA,Vp+K(Ap,+1,p,)9V 2 (12)

and A; and Ar is the phase and total mobilities, respectively. Equation (12) can be solved for
Vpw

V[+KA'OV pC_K(}LolOo"'A'wpw)gvz

Vp, = “K, (13)
Then, if f; is the fractional flow function of phase i.
f=2, (i=o,w) 14
==, (i=o,w
i, (14)
it can be substituted to produce the following
v
pr = - — - fonc + fopogvz + prwgvz (15)
KA,
Then, for the water phase, putting equation (6) into (7) gives
o ¢pysy)—aw = —V-(o,[-K2,(Vp,—p,gV 2)]) (16)

Now, substituting Vp,, with equation (15) gives

at(quwsw)_qw = _V(IOW[_KA'W(‘;Z; - fovpc + fopogvz + prwgvz_pwgvz)])

at(gbpwsw)_qw = V.(_pwfw ’Vt)_v'(prA'wfo Vpc)-i-
V(. K2,gV zlf 0o+ f Py =p0]) (17)
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If we say that the total flow is unity, and comprise two fractions, then
fo+fo=1>—-f=f,~1
o pous.)—qn =
Vi(=pufu)=V-(0. KA,[,V p)+V (0, K2,gVzlfop.*(f,—1)p.])  (18)

at(d)pwsw)_QW =
V'<_pwfw'vt) - v'(prA’wfonc)'i-V'(pr/’ngvzfo[po_pw]) (19)

Where p; is phase density, q. is source term (rate), f;is the fractional flow, K is the absolute
permeability, v; is Darcy velocity vector, A; is mobility ratio, z is depth, ¢ is porosity, g is
gravity constant, s,, is water saturation and p. is capillary pressure.

For more in-depth mathematical description of the simulator, please refer to the works of
(Andersen, 2021) and (Nygard & Andersen, 2020).
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2.3 Size, shape and content

The model is a modification of SPE1_Case2 which is available from the OPM homepage. It
was used as a basis for this project as it contained a run with only black oil and water.

The model was expanded to 2x2 km across and 200m deep. This larger size meant there was
enough oil content so that the FWL would hardly rise after 5 years of production. This
defeated our purpose and it was later changed to a 1x1 km across and 200m deep reservoir.

The final size and shape is given in table 1 and as can be seen in figure 5, a horizontal well
was chosen for this model. This was done first and foremost because vertical wells are hardly
in use today but also because a horizontal well

Cell Results:
oL
0.7605
07250
0.6800
06350

05450
05000
04550

Figure 5: Final shape of reservoir model

could spread the oil drainage over a larger area without the need for several vertical wells.
Here it should be noted that in OPM, a string of vertical wells in blocks next to eachother is
interpreted as a horizontal well. A horizontal well is then also chosen out of simplicity.

The input deck for the model can be found in the appendix.

Table 1: Reservoir size and shape for OPM model

Direction Size Grid Aquifer Wells (gridblocks) Injectors
X 1 km 20 Fetkovich 5-15 None
1 km 20 10 None
Z 200 m 100 150 — 200 m 20 None
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2.3.1 Choice of aquifer

In almost all cases of reservoirs, they will be surrounded by water-bearing rocks called
aquifers. These can range from so large in size they can seem infinite to so small that they are
negligible in their effect on reservoir performance. As pressure declines in the reservoir
during production, a pressure differential develops from the surrounding aquifer into the
reservoir. In some cases the pore volume of the aquifer is the same as the reservoir or not
significantly larger. If so, the expansion of the water in the aquifer is negligible relative to the
overall energy system and the reservoir behaves volumetrically. In that case, the effects of
water influx can be ignored. Another case is if the aquifer has a relatively low permeability. In
that case, a large pressure differential must build up before a meaningful water influx is
attained (Ahmed & McKinney, 2005). The purpose here is to have a large enough aquifer
with high enough permeability to provide a steady influx of water as pressure drops in the
reservoir. The same could be achieved using multiple water injectors, but an aquifer will
provide a more even distribution of water across the OWC. Thus, its main purpose in this
model is to act as an active water drive for oil production, that is, “the water enroachment
mechanism in which the rate of water influx equals the reservoir total production rate”
(Ahmed & McKinney, 2005).

Two aquifers are available in OPM Flow: Fetkovich and Carter-Tracy. The model in this
thesis uses the Fetkovich aquifer which has an influx of water proportional to pressure drop in
the aquifer.

Fetkovich described the aquifer in detail in (1971) and is based on the premise that the
productivity index concept will adequately describe water influx. The Fetkovich method starts
with two basic equations, the productivity index equation:

_dwe _
ew - dt - J(pa pr) (20)

and the material balance equation for a constant compressibility (equation 22).

However, the model has evolved over time and contemporary simulators such as Flow and
Eclipse use an aquifer inflow model based on the equation (Schlumberger, 2014):

Qi = %(Wai) = Jai[pa+pc_pi+pg(di_da)] (21)
where Q; is the inflow rate from aquifer to connecting grid block i, W,; is the cumulative
influx from the aquifer to grid block i, J is a productivity index specified in the simulator, a; is
the area fraction for the connection to grid block i, p, is the pressure in the aquifer at time t, p.
is the capillary pressure, p; is the water pressure in a connecting grid block I, p is water
density in the aquifer, d; is the depth of grid block i, d, is the datum depth where the aquifer is

connected to the reservoir.
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The pressure response in the aquifer which states that the amount of pressure depletion in the
aquifer is directly proportional to the amount of water influx from the aquifer (Ahmed &
McKinney, 2005) is also described by (Schlumberger, 2014):

Wa = CtVWO(paO_pa) (22)

where W, is the cumulative total influx from the aquifer, C; is total compressibility (rock +
water), V., is initial volume of water in the aquifer and pq is initial pressure of water in the
aquifer. W, is incremented at the end of each timestep and its pressure is updated using
equation (22)

When the py value is defaulted in OPM Flow, the simulator will set the initial pressure to be
in equilibrium with the connecting grid blocks. With the assumption of this pressure being
uniform and by integrating equation (21) and (22) we obtain the equation for average influx
from the aquifer used by the simulators:

N 1 —e(iA/T“)

Qi = ai‘](pa_pi + pg(di_da)) 7 (23)
T,

where Q,; is the average influx of water into the reservoir, T, is the aquifer time constant and is
given by

T.= —= (24)

We see from equation (23) and (24) that if C,V., (and by extension, T.) is allowed to be big,
i.e. large volume of initial water, then the time constant is large enough to make the last part
of equation (23) approach 1. This results in the boundary pressures remaining unchanged and
the aquifer takes on a steady-state behavior. However, if say J is allowed to be large, T.
becomes small and the pressure will be in approximate equilibrium with the reservoir at all
times.
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2.4 Leverett J-scaling (JFUNC)

The capillary pressure at a given saturation is a measure of the smallest pore being entered by
the non-wetting phase at that point, suggesting the curvature of the capillary pressure curve is
a function of pore size distribution (Lake, 1989). Additionally, capillary pressure data are
measured on core plugs with varying quality and perhaps from different reservoirs. It is
therefore necessary to determine averaged data, before employing the data in engineering
calculations. Leverett (1941) proposed how this could be done with a non-dimensional form
of the drainage capillary pressure curve that should be independent of the pore size. The
Leverett J-function, is defined by the OPM reference manual (Baxendale, 2021) as

kﬁ

o

@

Pc,res (Sw)

g

I(S,)=

where J (Sw) is a dimensionless function of water saturation. J depend only on saturation and
is the same everywhere . Pc,res is the capillary pressure at reservoir conditions, k is
permeability, ¢ is porosity and o is interfacial tension. The power values o and 3 can be scaled
in the model, however in this thesis they are kept at the standard 0.5, thus the equation takes
the following form:

i
ponlS @)

J(S,) = —

Equation (25) is actually a combination of equation (1) and a single-phase, one-dimensional
permeability equation given by Lake (1989) as

R2g

k = ——
81

(26)
where R is radius, ¢ is porosity. The tortuosity T and the numerical constant has been
absorbed by J in equation (25).

It should here be noted that after substantial trial and error, it was discovered that the J-
function values entered in the input deck was not read correctly or not calculated correctly by
OPM Flow, and lead to erroneous capillary pressure curves and any estimates involving
capillary pressure would produce incorrect results. As the data used from Kleppe and Morse
(1974) were scaled with the J-function, it was decided to reverse formula (25) in Excel to find
the Pc curves instead of the J-curves, and then use these values in the input deck.
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2.5 Hysteresis

A reservoir will most likely be filled with water before oil enters the reservoir and reduces the
water content down to a certain residual water saturation. As such, any found hydrocarbon
reservoir starts with a certain connate water saturation (unmovable water). The process of
generating the capillary pressure curve by displacing the wetting phase i.e. water, with the
nonwetting phase (such as gas or oil), is called the drainage process. Equally, when the non-
wetting phase is displaced by the wetting-phase, the process is reversed, but the curve will not
take the same path. The resulting curve is called the capillary pressure imbibition curve
(Ahmed, 2010). Thus different curves will be generated over time as imbibition and drainage
takes place.

This concept is also true for relative permeabilities. At some low saturation, hydraulic
conductivity is lost and flow stops. This saturation is often referred to as the residual
saturation. Also, the fluid must reach a certain saturation in order to begin flow. This is
referred to as the critical saturation. These two saturations are not equal as the “critical
saturation is measured in the direction of increasing saturation, while irreducible saturation
is measured in the direction of reducing saturation. Thus the saturation histories of the two
measurements are different” (Ahmed, 2010). As such, as discussed for capillary pressure data,
there is a history effect for relative permeability as shown in figure 6. The difference in
relative permeability and/or capillary pressure when changing the saturation history is called
hysteresis. For the sake of this models water phase pressure measurements, capillary pressure
hysteresis was a wanted option. However, it was discovered that OPM Flow (as of version
2022.04) only support the relative permeability data in implementing hysteresis. Thus,
capillary pressure hysteresis was unavailable. It was then decided that hysteresis would be
taken out of the model as it could lead to unwanted or “harder-to-interpret”-results.

1.0 Q

K, /%
K, /K

0

0 s, 100
Figure 6: Hysteresis effects in relative
permeability (Ahmed, 2010).
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2.6 Properties

Table 2: Base reservoir properties for the OPM Flow reference model

Permeability X =256 mD Y =256 mD Z =256 mD

Saturation Swr =0.3 Sor = 0.395

Porosity 0.218 for all cells

Rock Type Berea Sandstone

Fractures None

Water Compressibility = 4.67E-5 | Viscosity = 0.87 [cp] Viscosibility = 0 [1/bar]
[1/bar]

Liquid prod. rate 3000 [sm3/d]

Production well Xloc= 5-15 Yloc =10 Zloc =20

Several key input data used in the reference model is shown in table 2. For the saturation,
relative permeability and J scaling curves, several data sets were tried before the author
became aware of J-scaling not working correctly in OPM Flow. The data set were
systematically tested in the simulator without yielding realistic results (such as a non-existent
transition zone). Some data were supplied by Arild Lohne at Norce, but in the end, data from
Kleppe and Morse (1974) were used and scaled with an extended corey formula provided by
Pal @. Andersen. However, even with the scaling, krw would surpass 1, as seen in figure 7,
and could not be used.

Modified dataset

1.8
1.6
1.4
1.2
1 e KW
0.8 j
0.6 s KO
0.4
0.2
0

Rel. Perm / J-curve

02 03 04 05 06 07 08 09 1 11

Saturation

Figure 7: Kleppe and Morse data scaled with extended corey formula. Krw curve
surpass 1 and could not be used. J function curve which was later discarded is in

yellow.
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Thus, a “quick” solution was to create a linear line for krw between saturations 1-Sor (0.605)
and 1. This would ensure an intact crossing of the curves, and provide a steady increase in
krw up to a saturation of 1. Also, after the J-function had been reversed, the highest Pc value
at Sw = 0.3 was only 0.7. This resulted in a very small transition zone and meant that Pc
would not change until the top of this zone would reach the sensor at the well. This in turn
meant that the calculation for FWL would remain constant until a change in saturation levels
occurred as we will see is still the case later. The final dataset used in the reference model

can be seen in figure 8.

Final dataset
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Figure 8: Final saturation curves used in the reference model. Reverse calculated Pc
curve in yellow.
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3 Results

3.1 Reference model

First, as seen in figure 9, field water cut remain at zero until 2025-01, meaning we have water
breakthrough (WBT) after about 3 years. Thus, this timestamp is a point of interest. An
uneven increase in water cut takes place for about six months before we see a steady increase

in water cut until end of production, ending after 5 years with a produced water fraction
around 15%.

HYDRO, Water Cut

Water Cut

Fi lgure ., : Field ater cut for reference model Water breakthrough happns dfter three
years of production.

The water phase pressure shown in figure 10 is measured in block (11,11,20). This block is at
the same depth as the horizontal well and is one of the connecting blocks.

HYDRO, Block : 11, 11, 20, Water phase Pressure

Water phase Pressure [BARSA]

Fi lgure 10: Water phase pressure for block (11,11,20) next to the producing well

As we know that Hydrotells measurement tool can not be installed inside the well, this block
was chosen as it is the best representative to a possible location although it must be mentioned
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that the blocks in horizontal directions are 50m across, and Hydrotells unit would not be
installed 50m away from the well.

However, it is still a well-connecting block and should represent what could be observed in a
real reservoir. Thus, further measurements of other cases will also be measured in this block.
As seen in figure 10, the water phase pressure steadily decreases from start of run until WBT.
At WBT a very uneven behaviour is observed until end of production, starting with a quick
increase for the next 4 months, then rapid decrease for the next two. After WBT, a peak of
326 bar is observed at November 2025, almost a year after WBT.

We may now implement equation (4) in ResInsight to see how the FWL is rising based on the
formula. As FWL rises during production, Ah should decrease steadily until WBT. However,
what is observed in figure 11 is that the FWL is at an almost constant 88 m down the reservoir
until WBT which was established above at 2025-01.

Estimated distance to FWL

2022-01 2 01 2C )7 -01 2024-07 2025-01 2 . 2027-01

Figure 11: Esimated distance to FWL from block (11,11,20). Oil saturation is shown
in red. It is observed that only slight saturation changes happen before WBT.

When FWL starts to decrease, it decreases rapidly over a course of about 8 months before it
flattens out at about 11m, signaling that FWL should be at a constant 11m depth from the
well. The reason for this is that Pc must become zero for equation (4) to become zero. This
will not happen as Pc(1-Sor) > 0. Pc is only zero at the bottom of the transition zone. A shift
in the Ah curve is observed right before the 2025-07 mark, which corresponds to a bottom of
a dip in the water phase pressure. Comparing figure 10 and 11, we see a steady decrease in the
water phase pressure while Ah remain unchanged indicating that water phase and oil phase
pressure both decline steadily, keeping Pc unchanged.

What is also observed from figure 11 is the relationship between oil saturation (in red) and the
estimated distance. The FWL starts to increase at the same time as oil saturation starts to
decrease. Again this makes sense as Pc is a function of the water saturation. Thus, Pc is
unchanged as long as saturation levels remain unchanged. Only negligible saturation changes
is observed for the first three years, and consequently Ah seem almost constant for this period.

It should be noted that if hysteresis had been implemented as intended, these graphs would
turn out differently. In that case, Ah would eventually become zero given enough time.
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Cell count. Total: 40 000 Active: 40 000
Main Grid LLK: 20, 20, 100 Z-Scale: 4
Cell Property: SOIL

Statistics: Current Time Step and Visible Cells
SN Vin P20 Mean P10

BN 000269216 0388965 0.630788 0.699961 777.93
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F iure 12: Cross section view though the x-axis showing oil saturation levels at WBT
showing WBT has yet to happen for block (11,11,20)

An I-slice (a cross section through the x axis) which shows the saturation states at the time of
WBT for cells (11,5-15,10-46) can be seen in figure 12. Here it is observed that WBT has yet
to happen for the marked block (11,11,20). Also, each block in z-direction is 2m thick. This
means the water front can be seen at 12m down the column.

If we define the “real” FWL as “the point where water saturation has reached 1-Sor”, then
FWL is indeed much deeper in the reservoir. In fact, figure 13 shows a water saturation of
0.605 was not observed until block z=65, corresponding to 65-20 = 45 blocks - 45*2m =
90m. 90m fits the observed results in figure 11 of an FWL estimate of 88m. However, this
was only at WBT. At earlier times, such as 2022-02, such high water saturation is not reached
until block 69, which would mean a Ah of 98m.

4 Time Step: 37/60 15.Jan 2025

- HYDRO --

Cell count. Total: 40 000 Active: 40 000
Main Grid LJ.K: 20, 20, 100 Z-5cale: 4
Cell Property: SWAT
Statistics: Current Time Step and Visible Cells
Min P90 Mean P10 Max Sum
0.300039 030222 0.611035 0.9972 1 1222.07
e T : Mobile W Mean: 0.611035

i

= =

Iaﬁﬁ Reslnsight v2021.10.3

Figure 13: Actual position of water saturation equal to 1-Sor = 0.605 observed 90m
down from the sensor.
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Thus, it is already indicating that the further away the sensor is from the transition zone, the
more inaccurate the estimate.
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3.2 Changing Pc curves

In order to further study the results from above, varying transition zones were desired. Thus,
the Pc curves in the input deck was modified such that the capillary pressure of interstitial
water saturation of 0.3 was decreased to 0.7, then increased to 5, 10 and 100 respectively and
run in 4 seperate runs. Water breakthrough for all four runs plus reference run in blue can be
seen in figure 14. As expected, WBT happens earlier for the run with 100 Pc as the transition
zone is higher and consequently there is both more water close to the well from the beginning
of the run and down the column and water is produced earlier.

Water Cut

Water Cut

0.05

0=

2022-01 2022-07 2C

0 2026-07 2027-0

Figure 14: Field water cut for reference model and increasing Pc curves. Gray line
indicates earlier WBT for the run with highest Pc curve and highest transition zone.

Also, the red line indicates the run with a shorter transition zone, and as expected, the WBT
happens later than the other runs.

FWL Estimate

20

10-

2022-01 2022-07 2023-01 2023-07 2024-01 2024-07 2025-01 2025-07 2026-01 2026-07 2027-01
100

Figure 15: Ah for reference model and increasing Pc curves. Highest transition
zone is achieved for the highest Pc indicated with a gray line.

When estimating FWL in these scenarios, we obtain the results seen in figure 22. Compared
to the reference model (in blue), all other runs start with a distance to FWL lower than 88m.
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This is expected as a higher transition zone should provide more water towards the sensor.
However, both Pc = 5 and 10 are constant at 70m while Pc = 100 start at 78, then slowly
decrease down to 70m and stay at 70m until WBT. It is difficult to explain this behavior.
Also, it could be pointed out that for run with Pc = 10, the water saturation at block (11,11,20)
was Sw = 0.3001 at the beginning of run while for the run with Pc = 100, the saturation at that
block was Sw = 0.3099, indicating that the block is at a point further into the transtion zone,
as it was supposed to be, yet Ah is higher for this run, indicating a longer distance down to the
FWL initially. This should not be the case. This could be a result of the artificially inflated Pc
curve at the endpoint as the yellow Pc-line in figure 8 would become an almost 90 degree
curve.
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3.3 Changing oil viscosity

To observe effects of more viscous oils, the oil viscosity at 621 bar was increased to 1, 5, 10
and 25 for 4 separate runs according to table 3.

Table 3: Values for reference model and 4 runs of increasing viscosities at their
corresponding reference pressures.

345 bar 621 bar

Reference run 0.449 cP 0.631 cP
Run 1 0.449 cP 1 cP
Run 2 1cP 5cP
Run 3 5cP 10 cP
Run 4 15 cP 25 cP

Figure 16 shows change in water breakthough for reference model and the corresponding runs
with increased oil viscosities. WBT happens earlier as viscosity is increased. This makes

sense as viscous fingering becomes more prevalent and water will take the path of least
resistance and reach the producer earlier and earlier.

Water Cut

Water Cut

Figure 16: Field water cut for reference model and increasing oil viscosities.
Earlier water breakthrough follows an increase in viscosity due to viscous
fingering.

However, when estimating FWL with increasing oil viscosities, the run with 25cP is not the
run to first indicate a rise in FWL.
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As seen in figure 17, the run with 25cP registers an increase in FWL after the run with 10cP

FWL Estimate for increasing viscosities

2027-01

Figure 17: Estimate of FWL with increasing oil viscosities. The run with 25cP
(gray) shows an increase in water level later than the run with 10cP (orange)

This is explained by looking at the I-slice in the 3D model as shown in figure 18. The
distance down to the water front is impacted by the water cone effect from the viscous oil to
such a degree that saturation changes (and thus changes in FWL estimate) is “squeezed” in
towards the middle and down.

Cell Results:
SOIL

0.7000
06300

0.5400
0.4500
0.36500
0.2700
0.1800
0.0900
0.0000

Figure 18: Water cone from high viscosity oil (25cP) at water breakthrough
showing a larger cone effect.

Thus, although WBT happens earliest for the 25¢P run, an FWL increase happens later for
this run as the the viscous fingering effect has become the larger factor compared to the lower
viscosity making saturation changes happen later. However, checking the actual distance to
Sw = 1-Sor, we find this to be between block 68 and 69. Choosing block 68, this gives an
FWL at 96 m which does not correspond to what is observed in figure 17. This shows that
viscous fingering does not show up on the estimate for FWL as these fingers does not have
high enough water saturation.
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3.4 Thief zone

A thief zone is defined by Bane et al. (1994) as “laterally continuous stratigraphic units of
relatively high permeability which have approached residual oil saturation.” In this thesis,
the stratigraphic unit will not start with Sor, but rather approach Sor faster than the blocks
around it. We have already seen effects of a water cone in chapter 3.3. However, in all of
those scenarios, the water cone was directly underneath the well. Here, we artificially create a
column of water that fills up faster than surrounding blocks, essentially creating a water cone
effect positioned differently than above in order to observe the effects on FWL estimate. The
thief zone was constructed such that the top 40 layers (80m) of the reservoir were of equal
permeability of 200mD in the z direction (x- and y-direction same as reference at 256mD).
Then, in layer 41, 700mD in z-direction was put into block (8,7,41) and all subsequent blocks
directly beneath it. As the model had 100 layers, it now had a thief zone in blocks (8,7,41-
100) (the X position). That is, the model now had a column of blocks from layer 41 to the
bottom of the aquifer where the permeability was much higher than the surrounding blocks.
For comparison, a separate run was done where the thief zone was moved to a position in the
corner of the reservoir, in block (20,20,41-100) (Y position), furthest away from the first
position in order observe any changes in the estimate of FWL. The position of the thief zones
as seen from above is illustrated with an X and Y in figure 19 for first position and second
position respectively.

Well blocks

Figure 19: Illustration of thief zone position as seen from above. First position
marked by X. Second position marked by Y.
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Then, thief zone X was run again with a permeability column of 1500mD in order to fill the
column with water faster than the first run, that is, to produce a more “pointy” water cone. As
can be seen in figure 20, WBT happens earlier for the reference run, but at the same time for
all thief zone runs. This is expected as the size of the thief zone is the same for all runs, and as

Water Cut
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Figure 20: WBT for reference run and three separate thief zone runs. X, Y and X
with 1500mD all have WBT at the same time.

long as the water influx from the aquifer remains the same for all runs, the time required to
“trap” the water is the same, and WBT should be unchanged. However, as water escape into
the thief zone, less water moves towards the producing well, and as such, all runs produce a
WBT later than the reference model without theif zone.

Block : 11, 11, 20, Water-Oil capillary pressure

12023-072024-012024-07 2025-012025- 012026-072027-01

alculated Calculati ( . } ulated

YDRO_ - Calculation_4 ( HYDRO_THIEFX_1500, BWPC:11, 11, 20 ), Calculated
Figure 21: Ah for runs with thief zones. All thief zones show an increase in
EFWL at the same time.

Again, equation (4) was run for all four to produce the results seen in figure 21. Here it is
observed that increase in water level is registered later than for the initial run for all thief-zone

runs, while at the same time is almost identical for the three thief zone cases. This indicate
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that it does not matter where in the reservoir the water column is rising. However, it is
unexpected that the run in thief zone X with 1500 mD is the same as the first two runs. As the
water colum rises faster for this run, an increase in FWL should be registered earlier here.
However, it is possible it is not fast enough to make an impact on this scale. Another reason
for this could be what we saw when we had viscous fingers, the saturation of these were not
enough to have an impact on FWL readings, and as such, these thief zones may not be
registered by the sensor at all. Looking at the 3D model for the 1500mD run, this is confirmed
as shown in figure X. The highest point in the reservoir with a water saturation of 0.605 is
found in the thief zone column in block (8,7,56) for 14" of July 2025, giving an actual FWL
depth of 72 m. This is not completely accurate, yet not too far off what is observed in figure
21 which gives an estimate of around 78 m for that date.
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Figure 22: Water saturation in the thief zone X with 1500 mD on 14th July 2025,
indicating a distance to FWL should be 72m.
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3.5 Changing production rate

Changing the production rate would let us control the speed at which the water level rise in
the reservoir as a whole in order to check if this has an impact on FWL readings. Rate of 500,
1500, 3000 (reference model) and 4500 sm3/day were run to produce the first two runs with
no WBT and the last two with WBT as seen in figure 23.
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Figure 23: FWC for reference modeland varyin liquid prouction rates of 500,
1500, 3000 (reference model) and 4500 sm3/day. The former two shows no WBT
while the latter shows an earlier WBT than the reference model.

The observations from figure 24 is as expected. The two runs without WBT hardly show sign
of FWL increasing at all while the 4500 sm3/day run shows increase in FWL exactly one year
earlier than reference run, on par with the observations from figure 23.

Block : 11, 11, 20, Water-Oil capillary pressure

Figure 24: Dlstance toF WL for runs w1th varying llqu1d productlon rates. The run
with 500 sm3day show no change in FWL, while the run with 1500 sm3/day show
only a slight sign towards the end of production.
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The most noteworthy here is that the run with 1500 sm3/day seem to drop slighty more in Ah
towards the end of production. According to Ah, FWL at that point should be 88m down from
the sensor. Looking at the 3D model for this run, shown in figure 25, we see that block
(11,11,64) has Sw = 0.605, meaning the FWL is exactly 88 m below the sensor at that point.
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Figure 25: Actual distance to FWL at end of production for run with production rate of
1500 sm3/day. The water saturation of 0.605 is marked for cell (11,11,64).

This was also the saturation directly beneath the well, meaning this was indeed the highest
point for FWL at that time. It is clear, that Ah and “real” distance in this scenario agree with
each other for this dynamic scenario.
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3.6 Shut-in of the well

Finally, a run was done where the well was shut-in after 1 year of production. This was done
to observe if any change in FWL would be detected after 4 more years of shut-in. As expected
only negligible amounts of water is produced until it goes to zero after 1 year of production as
shown for FWC in figure 26.

HYDRO_CUTOFF, Water Cut

D 71—'—1—'—|—'—Y—'—|—'—|—'—Y—'—Y—'—l—'—l—'—|
2022-01 2022-07 2023-01 2023-07 2024-01 2024-07 2025-01 2025-07 2026-01 2026-07 2027-01
Figure 26: Field water cut for a well that is shut in after 1 year of production. Only

negligible amounts are produced until it drops to zero.

In this case, as seen before, Ah starts by dropping slowly, indicating a rise in FWL, and then it
jumps up to 88,4 m after the shut-in at 2023-01 as shown in figure 27.

HYDRO_CUTOFF, Block: 11, 11, 20, Water-Oil capillary pressure
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Figure 27: Distance to FWL for a well that is shut in after 1 year of production.
The graph shows the water level receding slightly over 4 years after shut-in.
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At Jan. 26™ 2023, a water saturation of 0.605 was measured in cell (11,11,68), shown in figure
28, giving an actual FWL at 96 m below the sensor.

After 5 years, a water saturation of 0,605 was registered in cell (11,11,67), giving an actual
distance from sensor down to FWL of 94 m. This means that after 4 years of shut-in, the FWL
had actually risen by 2m (a smaller Ah), yet this was not picked up by the sensor who, on the
contrary, detected the FWL falling (increasing Ah). This shows that the two definitions of
“FWL is where Pc = 0” and “the point where water saturation has reached 1-Sor (the point
where 0il is no longer mobile)”, will yield conflicting results in this scenario. Equation (4)
which is used for Ah instantly picks up that the well is shut in, yet when the receding water
cone as seen in figure 28 spreads out over the next 4 years, the equation shows the FWL is
sinking on a scale of mm, not increasing 2 m.

Cell Results:
|| SWAT

1.0000
0.9200
0.8300
0.7400
0.6550
0.5650
0.4750
0.3850
0.3000

& X R F X

5 on Relative Permeability, ening on loc
Cell: [11, 11, 68]

(SATNUM=1)

Clear  Stop

igure 2: Actual distance to Sw = 1-Sor for column 11,1i. Marked ell (11,11,68) is
shown with Sw = 0.6049

This could be an indicator, that when water is receding in a static condition, it can take a
longer time than 4 years to be picked up by the sensor.
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4 Conclusion

Simulations were done in order to look into how pressure differences between oil and water in
a water wet reservoir is influenced by various mechanisms. From this, we wanted to see how
the free water level could be estimated in different scenarios. With this goal in mind, we first
observed the effects of a reference model to use as a basis. Then, we observed effects from
different capillary pressure profiles, oil viscosity , thief zones, production rates and effect
from a well that is shut in.

It was found how saturation levels plays an important role in the estimation for the free water
level. Unless there is a change in water saturation, the capillary pressure seems to be
unchanged in all scenarios, leaving the distance to FWL in a constant position. This means
that if the sensor is placed in a spot above the transition zone, this method will not detect any
changes until oil saturation starts to decrease. As such, a higher transition zone led to a shorter
distance to FWL, although these simulations also produced some inconclusive results.
Moreover, we learned how columns of water, such as thief zones or viscous fingers would not
be detected. As such, the FWL further down in the reservoir would be correctly estimated as
further down, while the water breakthrough would not be seen in advance with the method
used in this thesis.

However, we also saw how the positioning of the thief zones made no difference to the
estimate of the FWL, meaning the distance would be correctly estimated even if the FWL is
not directly beneath the sensor.

And lastly it was shown how receding water seemingly gave conflicting results where the
estimate showed an increase in distance while what actually happened was a decrease in
distance.

In closing, it should be pointed out that the reservoir used in the simulations are by no means
a representation of a real reservoir. It is a relatively simple model with a purpose of isolating
specific effects. Moreover, with hysteresis implemented, results would turn out differently
and with the heavily modified Pc curves used in the model, it brings into question how
reliable the results are. As such, the results from changing viscosity and thief zones are
perhaps the most reliable ones as it clearly show how these zones and fingers are not detected
with the method and definitions used in this thesis.

For future work I would recommend implementing hysteresis and increase time to see how it
impacts the estimates and time required for FWL to become zero. Shut-ins over longer
periods and series of shut-ins could be done to see if consistent results could be produced as
the result obtained here is only indicative and not conclusive. Even further, a system
containing gas is a highly relevant scenario to simulate in order to see how Hydrotells tool
will respond to three phases instead of two.
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