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ABSTRACT

Water-saturated faults with high oil entry pressure and very low permesbility may hinder the flow
of hydrocarbons in reservoirs due to formation of traps or fault-related compartments. This
compartmentalisation can lead to lower than expected reservoir performance as has been observed
in severd ailfidds in the Brent Province in the North Sea This paper presents numerica
smulations (using an Edipse Smulator) of twophase (oil/water) flow in modds that mimic
reservoir/fault Stuations. The fault rock isinitidly 100% water saturated and is expected to continue
acting as a seding fault/barrier to oil flow until its capillary entry pressure for oil is exceeded.

A ceramic materid has been sdected to represent the fault while the reservoir zone is Berea
sandstone - both rocks were characterised by specid core analyses. The ceramic materia can be
viewed as a porous membrane across which trangport is obtained by a potentia difference, which
was achieved by pressure drawdown due to production. Relative permegbility and capillary
pressure data were derived from established correlations and mercury porosmetry data. The results
show that fluid conductivity in the fault varies with initid water saturation in the reservoir zone.
Also, the ail breskthrough and recovery are highly controlled by the fault properties (permesbility,
entry pressure and thickness).

INTRODUCTION

The interaction between faults and oil production in hydrocarbon reservairs is a subject that needs
more understanding and atention. Although the subject has been under discussion for some time, it
is recently that improvements in technology have enabled mapping of fault distributions and alowed
study of their consequences to fluid flow [1,2]. Such technicd advances have been in borehole and
seigmic imaging and have heped mapping of faults and fracture distribution in reservoirs, but the
complexity of fault systems and heterogeneity has shown that different faults affect fluid flow in
different ways.

Faults can form trgps that kegp hydrocarbons in place or they can hinder flow by forming
compartments. In the Brent Province for example, compartmentaisad ailfields have been identified
and their reservoir performance have shown that such fault digtribution can lead to lower then
expected recoveries [3]. However, other fault sysems have been found to act as conduits that
fadilitate fluid flow resulting in improved performance [1]. The hindrance of hydrocarbon flow by
faults is due to very low permesability and high entry pressurecompared to reservoir rock. This paper



presents Smulaion senstivity sudies on fluid conductivity in a fault characterised by different
permesbility, entry pressure and thickness.

EXPERIMENTAL WORK

The experimentd work involved determination of fluid and rock properties to sdlect representative
materid for the fault zone - Table 1 Mercury intruson porosimetry was conducted on ceramic
material to represent the fault zone and on Berea sandstone as the resarvoir rock to establish
smuldion parameters. The oil breskthrough determined by the experimental set up in Fig. 1 was
used as acontral to the modding sengtivity Sudies.

SIMULATION STUDIES

Description of the simulation models: The models are two-phase oil and water with
smplified 1D geometry. They are composite and consist of reservoir and fault zones with aggregete
dimensons of 592 cm by 38 cm and 200x1 Catesan grid blocks in the x- and y-directions
respectively. The blocks have uniform sizes with center-point geometry. A smplified reservoir
mode with two compartments is shown in Fig. 3 but only zone A has been consdered. Table 2
shows the smulated models a laboratory conditions.

Reservoir zone: This zone is 4.93 cm by 3.8 cm and has 150x1 blocks. Three conditions were
modded by varying initid water saturation. Case 1. §,=1 - represents oil migration when ail is the
injected phase. Case 2: S,,=S,i (0 movable water) - represents a reservoir model located high on a
Su-log. Case 3: 1>S,>S,i (contains movable water, 20% PV) - represents a modd located lower
on a S,-og. Intermediate wettability was assumed.

Fault zone: The zone is 0.99 cm by 3.8 cm and has 50x1 blocks initidly saturated 100% with
water. The damage zone phenomenon often encountered in faults was ignored and a uniform rock
was assumed [4]. The fault is characterised by very low permesbility and high oil entry pressure.
The measured permeghility is 0.00295 md but modes with permeshility of 0.000295 or 0.0295 md
were dso smulated. Also, the measured entry pressure is 8 bar but other models with entry
pressures of 4 and 14 bar weresmulated - Table 2.

Relative permeability ad capillary pressure: Rddive permeshility and capillary pressure
data (Fig. 2) for the two zones were generated from Corey correations using the measured rock
parameters [5.]. Oil flow across the fault can only occur after establishing a differential pressure
grester than the capillary forces, achieved by pressure drawdown due to production or by buoyancy
from the oil column. However, pressure due to buoyancy forces in smdl-scale models may be
negligible to force ail into the fault pores. Here, differantia pressure was achieved by dravdown
due to production from the fault zone.

Production/injection controls: Two verticad wells - aproducer and an injector were defined in
the models - Fig. 3. The producer was located in the last grid block (200,1) at the edge of the fault
zone while the injector was located in the first grid block (1,1) in the reservoir zone. Production was



controlled by bottom hole pressure and the minimum pressure in the producer was set to
amospheric pressure. Injection was controlled by constant pressure of 18 bar. Production time was
limited to 500 hours

RESULTSAND DISCUSSIONS

The smulation results are shown in Figs. 4 to 17 and the discussion is mainly related to properties
of the fault zone. Figs. 4 and 5 show water saturation in the composte modd &fter oil
breskthrough; indicating high ail build-up at the Berealceramic interface. The breskthrough delayed
after the fault entry pressure was exceeded because the oil saturation had to exceed the critica

saturation to enhance mobility in the fault zone.

The breskthrough and subsequent recoveries aso depend on the fault thickness as shown in Fig. 6.
It should be noted that the recovered ail is higher than the pore volume of the Berea sample because
of cotinued ail injection. When the fault thickness was ten times the measured vdue the
breskthrough ddlayed by over ten times while it was much earlier when the fault thickness was
reduced by a factor of ten. This shows that fault thickness can affect performance of a
compartmentalised reservoir and may experience gborupt increase in oil recovery in its lifetime or
continuous decline, depending on well location.

The influence of varying fault permesbility on oil recovery is shown in Figs. 7 and 8 where the
entry pressure and thickness were kept constant at the measured values. As expected the
breskthrough is much earlier in the modd with highest permesbility and the corresponding ail
recovery is highest. This is because the entry pressure was exceeded much earlier due to a faster
drawdown - Fig. 9. The reults clearly show that tight faults affect oil migration and can
sgnificantly influence the performance of compartmentalised reservoirs.

The variaion in the fault entry pressure on reservoir performance is summarised in Figs. 10 and
11 where early ail breskthrough and high recoveries were observed in modds with lower entry
pressures. A combination of entry pressure and permegbility shows tha the performance is
controlled more by variation in permesahility rather than entry pressure. However, this could dso be
due to the narrow varidion in the entry pressure compared to the variation in permesbility. The
entry pressure is a key rock parameter and can be predicted from NMR capillary pressure curves
[6]. It is essentid when it comes to problems such as predicting the strength of sedling rocks or
understanding trangitiond zones.

The pressure profiles in the fault zone in Figs. 12to 16 show shorter transent periods and early
steady-state water flow in models with high permeability and low entry pressure. This is expected
and is dso reflected by the early oil breskthrough. Fig. 16 shows pressure profiles before/after oil
breskthrough; indicating virtud Steedy-Sate oil flow in the fault zone a later sages of production
when the water flow has apparently ceased.



Fig. 17 shows that the ail breskthrough and recovery can dso depend on initid saturation
conditions in the resarvoir zone. This, however, has more to do with fluid flow properties in the
reservoir zone rather than properties of the fault. A vertical fault was assumed in this work but
other factors neglected like fault orientation and dead zones may dso influence reservoir
performance [4]. A comparison of the experimental and Smulation results in Table 2 shows more
or less the same breskthrough periods, but proper procedure requires that such results are up-scaed
to field conditions before find interpretation and gpplication.

CONCLUSIONS
The smulations have shown that oil breskthrough and recovery across fault zones in

compartmentaised reservoirs are controlled by the interplay of fault rock properties (i.e. entry
pressure, permeshility and thickness) and fluid properties.
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NOMENCLATURE

k = permesbility, md PV = porevolume, cc

Pe = capillary entry pressure, bar WWCT = well water cut

Sy = water saturation f = porosity

t =time, hour m= viscosity, cp

t BT = breskthrough - Table 2 & Fgs 12-15 | = poresizedistribution index

ABT = after breskthrough - Fig. 15 r = densty, kg/m?®

BBT = before breakthrough - Fg. 15 s = surface tenson, mN/m

FOPT =fidd oil production total, scc Subscripts: o=ail, w=water, i=irreducible

L = fault thickness, cm

Table 1? Measured rock and fluid properties.

Core Material type Function Sui L.an f k. md L Pe, bar
Ceramic artificid compound fault 02 106 0.3 0.00295 2 80

Beea sandstone reservoir 0.1 493 023 230 115 0.05

Chak chak fault 0.20.3 105.0 0204 ~3 29 11



Fluid properties
Water density, 2, (kg/m’) 1027 water viscosity, 1, (cp) 1.0
Oil (Exxd-D60) density, 2, (kg/n°) 790 oil visosity, W, (cp) 128
Surfacetension, s (mN/m) 37.0 sdinity, g/l 26.7

Table 2?Simulated cases: Therock propertiesarerepresented as: k1=0.0295 md, k2=0.00295 md, k3=0.000295 md,
Pel=4 bar, Pe2=8 bar, Pe3=14 bar, L 1=0.099 cm, L 2=0.99 cm and L3=9.9 cm.

Model Reservoir Fault zone Injected phase T_BT, hours
zone
Sw Sv k (md) Pe(bar) L (cm) Simulation  Experiment
M1 1.0 1.0 0.0295 8.0 0.99 oil 12
M2 1.0 1.0 0.00295 8.0 0.99 oil 14 13
M3 1.0 1.0 0.000295 8.0 0.99 oil 15
M4 1.0 1.0 0.00295 8.0 0.099 oil 5
M5 1.0 1.0 0.00295 8.0 99 oil 232
M6 1.0 1.0 0.00295 4.0 0.99 oil 14
M7 1.0 1.0 0.00295 14.0 0.99 oil 16
M8 1.0 1.0 0.000295 4.0 0.99 oil 140
M9 1.0 1.0 0.000295 8.0 0.99 oil 145
M10 1.0 1.0 0.000295 14 0.99 oil 160
M11 0.1 1.0 0.00295 8.0 0.99 Qil 8 6
M12 0.3 1.0 0.00295 8.0 0.99 oil/water 10 9
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Fig. 4? Water saturation: contour plot.

Fig. 5? Water saturation: later time step.
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Fig. 14? Fault pressure M7.

Fig. 15? Fault pressure: M10.

Fig. 16? Water cut and il recovery






