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Abstract

Fishbones is a new stimulation technology that aims to provide hydraulic fracturing like
stimulation while also leaving the operator in full control of the stimulation process. The
technology creates up to several hundred thin, 12 meter long laterals that extend orthogonally
out from the wellbore. This increases the effective wellbore radius and improves well to
reservoir communication. Three full scale tests of Fishbones have previously been conducted

and found successful.

This thesis considers fine scale simulation of a well with Fishbones in ECLIPSE. Two
different ways of modeling the Fishbones laterals, as fractures and as laterals, are compared.
Modeling the Fishbones laterals as fractures was found to give a more accurate solution than

defining them as laterals, but with an increased run time.

Several cases that investigated the effect of Fishbones in a well producing under steady state
conditions were run. Fishbones was found to increase production by up to 60% compared to
an unstimulated well, depending on spacing between the Fishbones laterals. The increase in
production from a well with Fishbones also depend on the Fishbones lateral length. Doubling
the Fishbones lateral length increased production rate by 80% compared to an unstimulated.
Long needles with long spacing was found to give a higher increase in production compared

to an unstimulated well than short needles with short spacing.

Cases with Fishbones in a well that had severe damage in the near wellbore area showed that
Fishbones was able to remove the effect of the damage and in some cases even increase the
production above that of an unstimulated and undamaged well. Fishbones also increased
production in formations with a low k,/k, compared to an unstimulated well. Fishbones was
also capable of penetrating impermeable layers close to the well and improving

communication throughout the reservoir.

Upscaling using an apparent wellbore radius was also investigated. An apparent wellbore
radius was found to be able to match the production rate and flowing bottom hole pressure

(depending on well control) from a well with Fishbones in all flow conditions.






Sammendrag

Fishbones er en ny teknologi for a stimulere brenner der mélet er & oppnd stimuleringseffekt
pa linje med hydraulisk oppsprekking, men med langt mer kontroll pa stimuleringsprosessen.
Fishbones lager opp til flere hundre tynne, 12 m lange lateraler ortogonalt til brennen, Dette
oker bade den effektive brennradiusen samtidig som kommunikasjon mellom brenn og

reservoir kan gkes. Tre fullskala tester av Fishbones er tidligere utfort med stor suksess.

Denne oppgaven tar for seg finskala simulering av en brenn med Fishbones i ECLIPSE. To
forskjellige mater & modellere lateralene som lages av Fishbones blir sammenlignet,
modelering som sprekker og som lateraler. A modellere lateralene som lages av Fishbones

som sprekker var mer neyaktig enn & modellere dem som lateraler.

Flere forskjellige simuleringer hvor en brenn med Fishbones ble produsert under stasjonare
produksjonsforhold ble kjert. Fishbones kan eke prouduksjonen med opp til 60% i forhold til
en ustimulert brenn avhengig av hvor lang avstand det er mellom lateralene. @kningen i
produksjon er ogsa avhengig av lengden pé nalene. Dersom lengden av lateralene ble doblet
okte produksjonen med 80% i forhold til en ustimullert brenn. Lange lateraler med lang

avstand var mer effektivt enn korte lateraler med kort avstand.

I brenner med alvorlig skade i nerbrennsomradet kunne Fishbones trenge igjennom omradet
og fjerne den negative effekten av skaden og til og med eke produksjonen i forhold til en
ustimulert og ustimulert brenn. Fishbones gkte ogsé produksjonen i en brenn i et reservoar
med lav ky/ky 1 forhold til en uskadet brenn. En brenn med Fishbones ble likevel stertk
pavirket av lav ky/ky. I et tilfelle med et impermeabelt lag som 1& over eller under brennen

trengte ndlene igjennom og okte kommunikasjonen i reservoaret.

Oppskalering ved a bruke en effektiv brennradius ble ogsé vurdert. En effektiv brennradius
klarer & duplisere produksjonsraten eller det strommende bunnhullstrykket (avhengig av

brennkontroll) fra en brenn med Fishbones for alle stremningsforhold.
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1. Introduction

Well stimulation is the process of improving the productivity of a well by physically altering
the formation in the area near the well. This can be done in many different ways and has
enabled operators world wide to exploit new resources that have previously been considered
non-profitable. The most recent, and perhaps best example is that of massive hydraulic
fracturing in shale. This has enabled production from liquid rich shales and has taken USA
from being the third largest oil producer in 2012 (Bjersvik, 2013) to the largest in 2014
(Qvale, 2015). Many analysts considers this to be one of the main events that caused the
unexpected drop in oil prices from the middle of 2014 to early 2016, which had a huge impact

on the market.

Stimulating a well brings with it many challenges and the most important one is perhaps the
lack of control over the stimulation job. When a well is hydraulically fractured the only
parameters the operator controls are fluid pressure and pumping rate along with viscosity
modifications to the fracturing fluids. The operator has no control over fracture propagation,
which can lead to fracture growth into unwanted reservoir sections. This has become a major
area of concern in the U.S. because hydraulic fractures are believed to propagate into ground

water resources leaving them heavily polluted.

The Norwegian company Fishbones AS has developed a new stimulation technique with the
goal to achieve hydraulic fracturing like stimulation, but with complete control over the
stimulation job and less resource consumption. Fishbones stimulates a well by creating up to
several hundred 12 m long, thin laterals extending orthogonally out from the well. The
Fishbones laterals (FBL) can increase the apparent wellbore radius as well as improving well

to reservoir communication.

In order to investigate the effect of a stimulation job in a well, reservoir simulation is often
used. This is done to determine which stimulation that will work best in a well and also to
design the stimulation so that it maximizes the stimulation effect. Because Fishbones is a new
technology there has not been published much work on how to model it in reservoir
simulators. The challenges are to model the complex geometry created by the laterals
accurately. This can of course be modeled by introducing a very detailed grid around the well,
but with detailed grids comes large run times. Another approach is to define an apparent
wellbore radius that will be able to capture the stimulating effect of Fishbones. This will

sacrifice some detailed information on flow around the FBLs, but run time will be reduced.



This thesis will focus on modeling wells stimulated with Fishbones on a fine scale using the
commercial reservoir simulator ECLIPSE, which is developed by Schlumberger. ECLIPSE
was chosen because it is a dedicated reservoir simulation software that is easy to use and is
used extensively within the oil and gas industry. It is also developed to be run on super
computers, which makes the run time per simulation significantly shorter. Super computers
also enables several simulations to be run simultaneously thus making the work more

efficient. The model will then be used to investigate the stimulating effect of Fishbones.

This thesis contains six chapters. The second chapter discusses how to model a well with
Fishbones on a fine scale in ECLIPSE. Two different models are created and compared. The
best method is used to investigate how Fishbones affects productivity in a well in chapter
three. Chapter three also discuss’ upscaling of a well with Fishbones laterals using an
apparent wellbore radius. A discussion about the results and limitations are given in chapter
four and the work is concluded in chapter five. Chapter six contains recommendations for
further work based on the discussion. There are also two appendixes. Appendix A shows
calculation for frictional pressure drop within the well and FBLs and discuss how they affect
the simulations. Appendix B contains tables with the PVT and relative permeability data that

are used in the simulation models.



1.1 Fishbones

Parts of the following sections have been taken from the autumn project written by the author
(Klovning, 2015) and have been modified where appropriate.

1.1.1 Technical Description

The Norwegian company Fishbones AS has developed a new technology called Fishbones.
The technology is based on the traditional fishbone well where several laterals are drilled out
from a main well so that the well ends up looking like the rib cage of a fish (Schlumberger,
2016). Fishbones creates up to several hundred small laterals by jetting small needles
perpendicularly out from the wellbore in a chalk or coal bed formation. The needles have a
maximum length of 12 m and create a lateral with a diameter of 10-20 mm (Fishbones AS,

2016). A well with Fishbones is illustrated in Figure 1.1.

Figure 1.1 — lllustration of a well stimulated with Fishbones (HORN International AS, 2015).

Fishbones is a liner completion. It is run in an open hole by connecting several Fishbones
liner subs together into a long string in the same way that a normal reservoir liner is made up.
Each liner sub can contain up to four needles being spaced with equal distance around the
liner sub (i.e. four needles have a 90 degrees phasing). A Fishbones sub is shown in Figure
1.2. When the Fishbones string has reached the reservoir section and is secured in place by the

liner hanger and a set of backbone anchors', the Fishbones liner is connected to the rig pumps

' Expansion based stabilizers in the reservoir section to prevent axial movement of the liner.



and pumping begins. Water or acid” is pumped through the Fishbones string and out in the
formation through the needles. The end of the needle is equipped with a nozzle causing a
differential pressure over the nozzle that jets away the formation and drives the needles
outward. In addition to jetting, acid will also dissolve carbonates. Some needles can be
attached with a pressure indicator that creates a spike in the measured pumping pressure when
the needle is fully extended. When the needles are fully extended, pumping is stopped and the

rest of the completion string is run and attached to the Fishbones liner.

le.

,%
e | B

Figure 1.2 — A Fishbones sub. Different elements of the sub are shown; a) Liner port, b) Fishbones
needle, c) jet nozzle. The needles are only partially extended and will be oriented orthogonally to the
sub at full extension. (Rice et al., 2014)

Production can begin without an extensive cleanout. Fluid will then be produced in the
annulus between the needle and the FBL wall into the well annulus. Fluid may also flow
inside the needle if it flows into the tip of the needle. As Figure 1.2 shows each sub contains
two (only one is shown in the figure) one-way production valves with a 7 mm diameter that
allows fluid to flow from the annulus of the well into the liner. This also enables fluid close to
the well in between FBLs to be produced directly into the annulus of the well (Rice et al.,

2014).

Fishbones AS has also developed a stimulating method to be used in formations where the
FBLs cannot be jetted, called Dreamliner’. The technology is essentially equal to the
Fishbones stimulation method, but instead of the jet nozzle that is found at the tip of the

needles, a small drill bit is used on the Dreamliner needles. The maximum needle length is

2 Water in coal beds, acid in carbonates.
? Laterals created by the Dreamliner will also be referred to as “FBLs” for simplicity.



10.8 m and the number of needles per sub is three. This means that the needles will have a
120 degrees phasing. Several videos describing Fishbones and Dreamliner can be found on

Fishbones’ web page (Fishbones AS, 2016).

One of the main benefits with Fishbones is that operational time and resource consumption
are reduced. While a hydraulic fracturing job requires special high-pressure fracture pumps
and large fluid volumes, Fishbones can be installed using ordinary rig pumps and small fluid
volumes are consumed. Because the FBLs are all jetted simultaneously, the pumping time is
also short. A hydraulic fracturing job usually requires the operator to zone of small parts of
the well with packers, perforate the liner, run a pumping cycle to create the fractures and then
repeat for as many times as necessary to stimulate the entire well. The reduced operation time
and fluid volumes greatly reduces the health, safety and environment exposure and may also

reduce operation costs compared to other stimulation methods (Freyer and Shaoul, 2011).

Fishbones may stimulate the well in two ways. First of all the FBLs will improve the
productivity because they will increase the apparent wellbore radius of the well. Secondly the
FBLs will be able to penetrate impermeable layers and damage in the near wellbore region.
This will improve well to reservoir communication (Fishbones AS, 2016) and may also

improve the inflow conformity along a well (Shaoul, 2013).



1.1.2 Previous Work

Because Fishbones is a new technology there has not been published very much work on it.
This section presents the material currently available.

1.1.2.1 Field Tests

Three field tests have been conducted and documented. This involved one test with Fishbones
in a coal bed methane (Fishbones AS, 2016), one test with Fishbones in a chalk oil reservoir
(Rice et al., 2014) and one test with Dreamliner in a tight sand stone (Torvund et al., 2016).
The well in the coal bed was completed with a slotted liner and two Fishbones subs and the
needles were jetted to full extension using water. The initial flow rate was four times higher

compared to a similar well that had been completed with a cemented liner.

The carbonate test was installed in a well in the Austin Chalk formation in Texas that had
been producing for 20 years. A total of 60 Fishbones needles were successfully jetted to full
extension after five hours of pumping. A positive pressure spike from needles that had been
equipped with the pressure spike mechanism confirmed the full extension. Productivity index
after stimulation was 30 times higher than before stimulation and cumulative production over
30 days was increased by a factor of 8.3. The stimulation job was considered to be a great

success, both operationally and in terms of the stimulation it provided.

The tight sand stone test was installed in one of the laterals in a duo-lateral well in the Asgard
field in Norway. The other lateral was completed with a pre-drilled liner. 144 Fishbones
laterals were created in the lateral containing the Dreamliner subs after six hours of pumping.
Computational fluid dynamics (CFD) simulations had indicated that the lateral containing
Dreamliner could have up to a 20% higher flow rate compared to the lateral with the pre
drilled liner. The current production results indicate that the production from the lateral
containing Dreamliner is higher than the production from the lateral containing the pre drilled
liner. Sufficient information to accurately determine the difference in production between the
laterals is unfortunately not yet available. The operator found that the downside risk of
running a Dreamliner stimulation was similar to the risk of running a pre drilled liner, but the

upside potential of the Dreamliner was much greater.

1.1.2.2 Experimental Work

The Fishbones laterals can essentially be considered as very long perforations. (McDowell
and Muskat, 1950) investigated the effect that perforations would have on the productivity of

a cased and perforated well compared to an open hole well. They conducted experiments



where perforation density and length were varied using an electrical analogue model. Results

are presented in Figure 1.3 and Figure 1.4.
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Figure 1.3 — Relative productivity as a function of perforation density for various perforation depths.
Left: perforation diameter 0.5 in, right: perforation diameter 0.25 in. (McDowell and Muskat, 1950).
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Figure 1.4 — Relative productivity as a function of perforation depth for various perforation densities.
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1.1.2.3 Simulation Studies

(Shaoul, 2013)* describes how a well with Fishbones can be modelled in common reservoir
simulators as a multilateral well. A grid geometry that resembles the Fishbones well can be
made either through the main gridding or by using local grid refinement (LGR) in the grid
blocks containing the well. Figure 1.5 shows an illustration of a Fishbones grid where the
surrounding reservoir blocks have been removed. The blocks can then be given lateral
properties using completion keywords to define laterals with a diameter corresponding to the

jetted diameter.

1500 200

Figure 1.5 — Illustration of a grid used to model Fishbones in conventional reservoir simulators
according to (Shaoul, 2013). Only the blocks containing the needles are shown.

In order to capture the effect of Fishbones it is important to make the grid near the well
detailed enough. This is especially important in the vertical direction because of the vertical
heterogeneity that exists in many reservoirs. A common method to model vertical
heterogeneity in a simulation model is to use large grid blocks with a low k,/k, value.
However, one of the main features about Fishbones is that it will completely penetrate
impermeable layers close to the well and enabling production from more layers. It is therefore
important that the reservoir grid 12 m above and below the well contains a detailed gridding

in the z-direction to fully explore the effect of Fishbones (Shaoul, 2013).

Three different simulation cases of reservoirs containing wells with Fishbones were
investigated by (Freyer & Shaoul, 2011). The first case was a gas condensate reservoir just

below the high-pressure threshold. Test production had been disappointing, despite promising

* The paper is unfortunately not published an was aquired from Fishbones AS.



log interpretations. Poor well placement due to low seismic resolution was thought to be the
reason. A well with 160, 12 m long FBLs was introduced and compared to a well without
stimulation. Both wells were placed in what was considered the reservoir sweet spot. Well
productivity was found to increase by 20-30%. Placing the unstimulated well outside of the
sweet spot resulted in dramatically reduced rates, but adding Fishbones re-connect the well
back to the sweet spot and production increased to that of the unstimulated well being placed

in the sweet spot.

The second case investigated a layered, low permeability, layered sandstone gas reservoir.
Horizontal permeability varied between 0.05 mD and 0.08 mD and k/k, varied between
0.001 and 0.01. The effect of Fishbones was investigated by comparing an open hole well to a
well with Fishbones and a well with propped fractures. A well with 160, 12 m long FBLs was

found to give equal rates as a well with two propped fractures.

The final case is a mature chalk reservoir with permeability of 3.5 mD and k./k, of 0.1. A
well with Fishbones was found to give a significantly higher rate than six propped fractures
over a period of five years. The fractures were modelled to be degrading with time based on
observations from field data, but an open hole stability analysis showed that the FBLs could

also be expected to experience instabilities.

(Freyer and Shaoul, 2011) also did CFD simulations to investigate pressure drop due to the
small diameter of the FBLs in a high flow rate gas condensate well. No simulations showed a
larger pressure drop than a 0.7 bara pressure drop in the FBLs and this was considered to be

insignificant compared to the draw down in the reservoir.

(Priskila, 2014) compared simulations from Eclipse and Brilliant (a multi-physics CFD
simulator) of a well with 12 m long FBLs and 20 m sub spacing. Brilliant was assumed to
represent the “true” solution because of the ability to simulate several different flow models’
and the ability to generate a more flexible grid. Eclipse was found to give a cumulative
production after 90 days (Qgo) that was roughly 25% higher than the cumulative production

from Brilliant.

(Priskila, 2014) also did simulation studies on sensitivity of different FBL parameters in a
declining reservoir. The reservoir was homogeneous and isotropic and contained a vertical

well with 12 m long FBLs and 20 m sub spacing. Cumulative production after 90 days was

® i.e. pipe flow in the well and FBLs and flow in porous media in the reservoir.



found to be 35% higher compared to an open hole well. Varying the number of FBLs per sub
between zero, one and two gave a 34%, 14% and 6% reduction in Qg9 compared to a well
with four FBLs per sub. Increasing or decreasing the jetted diameter of the FBLs by 25% only
resulted in a 5% change in Qgy. Reducing the needle length to 10 m and eight m reduced Qgg
by 10% and 13%. The FBLs were also found to be able to penetrate vertical barriers close to

the well and improve reservoir communication.
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1.2 Skin Factor and Apparent Wellbore Radius

Darcy’s law describes the relationship between the fluid production rate and the drawdown in

the formation for ideal® wells.
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Eq. (1) shows the Darcy equation for a cylindrical well that completely penetrates a
cylindrical drainage area. Very few wells behave ideally however. Usually a well is either
damaged during the drilling of the well or it is stimulated after drilling. These effects mainly
affect the permeability in the near wellbore area and thus pressure profile close to the well is

different than in an ideal well. Figure 1.6 shows the pressure profile for Eq. (1) on a semi-log

plot along with the deviations due to damage and stimulation.
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Figure 1.6 — lllustration of an ideal radial pressure profile (continuous line) in a radial drainage
area. The x-axis is logarithmic. Pressure deviations due to damage (short dashed line) and stimulation
(long dashed line) with the corresponding apparent wellbore radius are also shown.

In order to calculate the effects that damage and stimulation have on production, two
approaches can be made. The first is to use Eq. (1) twice, once for the interval between the
edge and the outer, unaffected zone with the formation permeability and once for the affected
zone with the damage/stimulation permeability. The total reservoir behavior is then found by

summing the two equations together. This approach is quite unpractical however as it requires

% Ideal means neither damaged nor stimulated and without turbulent flow.
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solving two equations. It is also unlikely that the permeability and extension of the

damaged/stimulated zones are known.

Another and simpler method is to modify Eq. (1) by including a skin factor according to Eqs.
(2) and (3) to account for the increased or reduced draw down. If the radius of the
damaged/stimulated area and the permeability in the area is known then the skin factor can be

calculated according to Eq. (4).
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Eq. (5) can be used to calculate the skin factor in a well if the flow rate from the

damaged/stimulated and the unstimulated well and the size of outer drainage radius are

known.
In(*)
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Eq. (5) is derived using Egs. (1) and (2), which are based on a radial drainage area. (Golan
and Whitson, 1996) do however suggest that Eq. (5) can be used with negligible error for all

drainage areas if one uses an equivalent r. according to Eq. (6).

A
I L (6)
T

The concept of skin also introduces the apparent wellbore radius seen in Figure 1.6. The
apparent wellbore radius can be considered as the imaginary wellbore radius in a well due to
the damage (smaller apparent radius) or stimulation (higher apparent radius). Eq. (7) shows

the definition of the apparent wellbore radius.
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1.3 Well Modeling in ECLIPSE

The foundation for fluid flow simulation in ECLIPSE are the solution of the material balance
equations for each fluid phase given by (Kleppe, 2016). This is done by discretizing the
reservoir into a model consisting of a finite number of grid blocks and using numerical

approximations for the differential equations to solve for phase saturations and pressures in

each grid block.

In a typical model of a full field reservoir in ECLIPSE the size of the grid blocks are usually
around 50 m long in each direction. Most of the draw down in a radial flow regime happens
within a few meters of the well however. When the size of the grid block containing the well
is much larger than the radius of the well the average pressure of the block is much higher
than the well pressure. The draw down is therefore not accurately modeled. To calculate a
flowing bottom hole pressure (FBHP) based on the average pressure in the block ECLIPSE
therefore uses a connection factor. The default connection factor in ECLIPSE is the peaceman
equation, which was introduced by (Peaceman, 1978). The peaceman equation relates the
average pressure within a grid block containing a well to an equivalent outer radius in Eq. (1).
This equivalent outer radius can then be used in Eq. (1) to calculate a connection factor that
relates the average pressure to the FBHP. The FBHP or the flow rate (depending on well

control) in a well can then be calculated.

Eq. (1) assumes that the flow into the well is completely radial, but there are many situations
where the flow towards the well is in fact not radial at all. Two examples are wells that are not
completed along the entire reservoir height/length, i.e. that experience spherical flow into the
tips, and wells that are so closely spaced that they affect each other’s flow. Thus there will be

an error when using a connection factor that assumes radial flow.

(Shu, 2005) compared three different definitions of the connection factor used in numerical
simulations to an analytical solution. He found that using the peaceman formula to compute a
connection factor gave significant errors for a horizontal well with a length shorter than the
reservoir section, i.e. where one would expect to find spherical like flow into the tips.
Simulated flow rates from a horizontal well that had a vertical well placed close by also
deviated from the analytical solution. The reason for this was that the closely spaced
completions created a non-radial flow pattern in between the two wells. (Shu, 2005) also
showed that an alternative way of determining the well index, know as the semi-analytical

well index (Wolfsteiner et al., 2003), was able to match the analytical solution for all cases.
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1.4 Grid Refinement

The process of discretizing a continuous partial differential equation into a grid with a finite
number of grid blocks brings with it an inaccuracy. This happens because the parameters
calculated in each grid block are applied over a distance equal to the length of the grid block.
Thus if a parameter changes rapidly over a large interval discretized into few grid blocks the
system will not be able to capture the real change in the parameter happening in the interval.

This typically happens near a well because this is where the pressure drop is greatest.

A way to improve the accuracy is to use a more refined grid with smaller blocks around the
well, as this will better capture the changes close to the well. Because the flow towards well is
usually radial, a popular grid refinement to use is logarithmic gridding. Eq. (8) shows the

definition of logarithmic gridding.

AL

i+1 T

Technically true logarithmic gridding is only possible in circular grids modeled using
cylindrical coordinates where it ensures equal pressure drop in all the grid blocks. However,

logarithmic gridding will still improve accuracy in a Cartesian grid.
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2 Modeling Wells with Fishbones on a fine Scale in ECLIPSE

There is no doubt that Fishbones creates a complex inflow geometry around the well. In fact
the sole purpose of Fishbones is to alter the inflow to a well” so that it becomes more efficient
than a radial flow. As discussed by (Shu, 2005) and (Priskila, 2014) this new flow profile can
therefore lead to serious errors in the simulations if care is not taken when the model is made.
This section focuses on creating a model with a grid that is able to capture the details of the

flow near the well as good as possible.

There are two ways of creating a grid that can be used to model the well and FBLs; local grid
refinement and through the main grid. The advantage with local grid refinement is that it
limits the refinement to the grid block(s) where the refinement is needed. This reduces the
number of grid blocks in the model and thus the run time. By defining the needles using the
main grid every grid block in a direction will be affected by the refinement. This results in
significantly more grid blocks in the model and run time will be increased. The models
considered in this thesis will be so small that run time is not a problem and because it is more

convenient to only work with the main grid this is the method that will be used.

All the simulations in this section use mostly the same reservoir model, but with some
differences. The FBLs were placed in the xz-plane, which measured 104 m x 104 m. The
length and gridding in the y-direction varied in the different sections. The reservoir was
homogeneous and isotropic with a permeability of 1 mD and 30% porosity. An illustration of
the gridding used in xz-plane is shown in Figure 2.1. The grid model can be divided into to
areas. The inner area (inside the green square) contains the FBLs and is 24 m x 24 m. The
outer area is all the grid blocks outside the inner area with a 10 m length (width varies due to
the refinements in the green area as Figure 2.1 shows). The inner area is refined using an ngr =
2 (defined in section 2.1.1). The block inside the white square has dimensions 10 m x 10 m x

10 m.

Reservoir pressure was 350 bara and the well was run on a 310 bara constant FBHP
constraint. The FBHP was set above the bubble point pressure to assure single-phase flow in
the reservoir. PVT and relative permeability tables used in the model can be found in
Appendix B. The flow inside the FBLs, annulus between the liner and wellbore wall and flow
through the liner ports were all assumed to have a negligible pressure drop based on the

results of (Freyer and Shaoul, 2011). Appendix B confirmed this.

" From here on the term well refers to the mother bore that Fishbones is run in.
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Cases that are run on a constant FBHP constraint, but produce different rates due to different
skin factors will have different declines in reservoir pressure. This causes the rates to decline
accordingly and the cases are therefore not comparable any more. In order to make the cases
comparable they should be simulated under steady state conditions, which ensures that the
cases have equal FBHP and reservoir pressure. In order to make a steady state regime the pore
volume in the outer grid shell was multiplied by 1000. This does not create a true steady state,
but the change in reservoir pressure during the simulation was in the fourth decimal so the

error was negligible.

0.0

240

72.0

1042
0.0 240 48.0 720 96.0 1042

Figure 2.1 — lllustration of the main grid in the xz-plane. The inner area has been refined using an ngg
that is defined in section 0.

Modeling the FBLs as laterals is done by using completion keywords with a diameter of the
FBL. There are two potential problems with this. First of all there will be an area within the
grid that have a lot of completions in close vicinity and thus they will affect the flow area in
different ways creating a non-radial inflow. In addition the FBLs will behave as partially
penetrating wells because they do not penetrate the entire reservoir section. These are exactly
the cases that (Shu, 2005) found to give significant errors when the peaceman connection
factor was used. Increasing grid refinement around the laterals will bring more grid blocks

inbetween the completions however and this may reduce the error.
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To model the FBLs as fractures, small grid blocks with very high permeability and the same
cross sectional area (CSA) as a FBL are used. This will remove the need for completions
inside the FBL blocks leaving only the main completions along the well. This should

eliminate the errors associated with the lateral model.

Section 2.1 discuss’ how the FBLs can be modeled as fractures and section 2.2 discuss’ how

they can be modeled as laterals. Section 2.3 compares the two methods.

2.1 Fishbones Laterals Modeled as Fractures

As the previous section discussed, FBLs can be modeled as fractures by using long and thin
grid blocks with a very high permeability (fracture blocks). The square CSA of the fracture
blocks was equal to the circular CSA created by the jetting. Based on this the Fishbones
lateral blocks were given a square CSA with 0.012 m sides, which equaled a 0.014 m circular
diameter. The fracture blocks were 12 m long and the permeability in the fracture blocks, ks,
was set to 10’ mD. Section 2.1.2 discusses the magnitude of ky in the fracture blocks in order

to ensure a negligible pressure drop.

Modeling the FBLs as fractures also requires the well to be modeled as a fracture (hereby
referred to as a modified well). By adding four extra, 0.0179 m wide blocks on each side of
the fracture blocks a square area in the middle of needles that had the same CSA as a circular
well with 0.175 m diameter was created. A well completion was placed in the center, with a
small wellbore diameter, and the permeability in the well blocks, ky, was set to 10° mD. This
created an area within the reservoir with zero pressure drop and with the same CSA as the
well. An illustration of the modified well with the Fishbones laterals can be seen in Figure 2.2.
Section 2.1.3 compares the modified well to a conventional well in ECLIPSE. Because of the
small blocks close to the fracture blocks a grid refinement will be needed to ensure accurate
simulations. This is discussed in section 2.1.1. Section 2.1.4 combines the results from

sections 2.1.1 to 2.1.3 into a horizontal well with four FBLs.
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Figure 2.2 — Close up illustration of the modified well (blue squares) and fracture blocks (white). The
completion is the white dot in the middle block. The full length of the fracture blocks is not shown.

2.1.1 The Effect of Grid Refinement around the Fracture Blocks

To see how the grid refinement around the fracture blocks affected the simulations, four
different cases were run. The grid in the inner area inside the green square in figure Figure 2.1
was refined by dividing the 12 m fracture block length into two, four, eight and 12 segments
using logarithmic gridding. The number of segments a fracture block is divided into is hereby
referred to as ngr. This corresponded to a Cgr from Eq. (8) of 25.4, 4.8, 2.1 and 1.6 where the
AL; was 0.0179 m. Logarithmic gridding was found to have no effect in the outer area so a
constant length of 10 m was used, but the width of the blocks varied according due to the

refinement around the fracture blocks. This can be seen in Figure 2.1.

The length and gridding in the y-direction was the same as in the x- and z-direction. The
resulting grid with ngr = 2 and ngr = 12 is shown in Figure 2.3. Because this section focuses

on determining the effect of grid refinement around the needles no well was included, but a
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single well “slice” with a completion had to be placed in the xz-plane where the needles were

located to allow production.
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Figure 2.3 — lllustration of a grid refinement in the inner area around the fracture blocks with ngg = 2
(left) and ngg = 12 (right).

Figure 2.4 shows the simulated oil rate during the first 50 days for the four grid refinement
cases. The rates show that steady state flow starts after roughly seven days. The curve for ngr
= 2 has a slightly different transient period than the three other curves as it seems to start at t
= 1 day instead of t = 0 days as the other curves. This is because the simulator is run with a
one day time step, but the simulator is unable to achieve convergence with such large time
steps for the cases with ngr > 2 during the early infinite acting flow (IAF) period. The time
steps are therefore chopped until convergence is achieved thus resulting in a more detailed
output during the early transient. For ngr = 2 there are no convergence problems and the
simulator jumps straight to t = 1 day. The model is able to converge without chopping the

time step for all the simulation after approximately two simulation days.

Figure 2.4 also shows that grid ref