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Abstract

Cold Heavy Oil Production with Sand (CHOPS) hasdnee one of the main recovery schemes for developeayy oil
reservoirs in Canada. This became possible wihrttroduction of progressive cavity pumps, therefmuch higher sand
cut in viscous heavy oil could be expected fromamsolidated/weakly consolidated formations as op@ds conventional
pumps with limited capacity.

In this study, combined reservoir simulation andsrsé& technology are applied for a heavy oil resénsituated in
Saskatchewan, Canada, for better understandinigeofetservoir properties and recovery mechanism.rilimerical model
was built based on the well log data and seveiatrge attributes. The integration of seismic atités improved modeling
reservoir heterogeneity, which is a main challeingmodeling sand production.

Firstly, we used geostatistical methods to estintla¢einitial reservoir porosity, using a seismiecv&y acquired in 1989.
Secondly, sand production was modeled using erabigalocity approach and the model was run basedhenoaoil
production. Finally, results of the true porosigrided from simulation were compared against thegity estimated from
the second seismic survey acquired in 2001. This firovides new tools that validate the simulatioodel results against
the seismic data.

Following this approach the extent and the shapéhefenhanced permeability region (wormhole regifmn)estimated
porosity distribution are modeled. The performanotéhe CHOPS wells is highly dependent on the odtereation of the
high permeability zone around the wells. This mdtlean be used for evaluating future developmentheffield such as
infill drilling and post CHOPS recovery methods (WVEX).

Introduction

Cold heavy oil production with sand (CHOPS) is a-tioermal recovery method used in unconsolidatedyeil reservoirs
in Alberta and Saskatchewan, Canada. In this psosasd and oil are produced together in order harre the oil recovery.
This process has proven to be economically suadeskin vertical wells are used.

Although the process has been mostly developedtsiern Canada, it was first applied in CaliforMande (1957) reported
that with the application of specially designed pimy equipment Husky Oil Co. was producing crudeasilow as 4API
with sand cuts of up to 70%. The wells were locatethe Brooks sand, Cat Canyon field, Califormgplication of the
progressive cavity pumps was a big step in impm@wit rate of CHOPS. PCP pumps allowed primary pobidn rates in
excess of 150 bbl/d (24 %d) oil from wells that were restricted to lessrth#0 bbl/d (1.5 rfid) when produced with
conventional rod pumps and sand control completiethods.
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McCaffrey and Bowman (1991) examined the perforreaot Amoco’s Elk Point and Lindbergh fields in Cdna The
program was to investigate the communication betweells using tracer material. Surprisingly theufessindicated that
wells were connected with a channel system excgealiar 2 km in length that connected up to 12 wells

There are two main mechanisms involved in unexpicteigh primary oil recovery observed in CHOPS mgpiens. The
first one is foamy oil associated with trapping gaslution from in the heavy oil and the second @neand production.
McCaffrey and Bowman concluded the high produgtiot CHOPS operations is related to three mairofact

Sand production creates an area around the welllbbieh provided a larger effective wellbore draieagdius.
This could be seen as a high negative skin effe€HOPS wells.

Reduction in the in situ oil viscosity of the bitem as a result of foamy oil.

Increasing the porosity of the reservoir by prodgcsand which leads to creation of high permegbdhannels
(wormholes). This improves the overall permeabitifyhe reservoir.

Sand Production Physics

From geomechanics points of view there are two manhanisms which could lead to sand production:

Shear failure, basically related to aggressive dmmn. This means that some plane in the near wellbegion is
subjected to a higher shear stress than it canisu3this may lead to a change of the near wellpooperties of the
formation, and to a change in the near wellboressts

Tensile failure, basically related to high prodantrate. The sand production is then related td fiwag forces on
the grains of the formation. Tensile failure coalslo be resulted by foamy oil exsolution.

Tremblay and Oldakowski (2002) performed two ladigdo investigate the wormhole growth. The usedral box and they
produce oil and sand from a perforation. In fietttthey only used one perforation. Later on thexjopmed the second test
where they used a larger sand pack (80.4 cm lodg?8rB5 cm diameter) than the one used in preveopgriments (36.5

cm long and 10.2 cm diameter). In the second kest &lso had two production orifices (1.27 cm ditane rather than the

single orifice used in previous experiments (6.9)mm

The second test validates the first test resuiidé wormholes porosity was increased from th@linialue of 36% to 55%.
They observed that the wormhole was composed ehtal region of loose sand surrounded by conaebtnds. Based on
the results of these tests they suggest that #meter of wormholes in field could be as high &s. 1

Later on K. Oldakowski et al (2002) conducted aieseiof lab measurements at Alberta Research CoyA&IC) to
investigate the impact of stress anisotropy on viae growth. The results suggest that the wormhatesdeveloped more
toward the direction of the lower horizontal stress

Wong (2003) conducted a series of test to seentipadt of the foamy oil and sand production in CHORS studied the
effects of the interlocked structure of oil sarigssure gradient, and gas exsolution on sand ptioduUsing a triaxial cell
gave him the opportunity to apply confining stressthe sample. On his test with live oil he obsdrifeat sand production
before reaching the bubble point in the outlet wakvery significant. However as soon as the oyttesser was about 0.1
MPa below bubble point pressure significant amadisiand and foamy oil was produced.

Wong concluded that the fact that heavy oil behae cement around sand provides a high sheartagsis against the
seepage force generated by the fluid flow. Howelerargues that the oil sand is very weak in liegigensile failure under

gas exsolution. Therefore he concluded that saodygtion is in most part due to the tensile sttessause of the foamy oil.
It should be noted that in Wong laboratory measer@s) he decreased the pressure very suddenly. t€heckange in

pressure could cause the creation of cavity ardbh@dvell and. This can bring some uncertainty amstijgests exaggeration
of foamy oil impact in his test.
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Sand Production Modeling

Main challenges in modeling Cold production raikgdhigh oil flow rates in field which are up to tithes higher than the
flow rates predicted by using Darcy’s flow equatidn Addition the oil recovery factor has also beeported to be
significantly higher than predicted by Darcy’s flomodels.

Vardoulakis et al (1996) proposed hydro-erosion ehollased on rigid porous media. In this theorysrizeance is applied
to a three-constituent system consisting of sdllidd and fluidized solid using homogenization mire theory. Wang (2003)
extended this pure erosion model to include theceibf the deformation of porous media in a comsisianner.

Based on Erosion modeling when the well is put modpction after reaching critical velocity, the gian process begins.
Sand erosion is initiated by degradation of thedsamatrix strength and the drag force imposed big faressure gradient.
Therefore locally around the wellbore the stresell®ecame higher than the yielding stress and mah&rosion and stress
re-distribution starts. Please see appendix seftioexplanations of the erosion model used is $hidy.

Plover Lake Field History

Plover Lake filed is a heavy oil reservoir currgniperating by Nexen Inc. Plover Lake is situatedhie heavy oil belt of
Canada that extends over Alberta and Saskatche®ibis produced from of the Devonian-Missippian Bak Formation.
This formations are found in NE-SW trending shelfid tidal ridges that can be up to 30 m thick, 5waitle, and 50 km
long. Overlying Upper Bakken shales are preferéptiareserved between sand ridges. The Bakken Rawmas

disconformably overlain by Lodgepole Formation ceréites (Mississippian) and/or clastics of the Lov@etaceous
Mannville Group (Mageau et al., 2001). Figure 1spré the map of study area.

Section 9 from township 35 and range 26 was saldotethis study. Oil rate of different wells ihi$ section range from 1
to 5 ni/d prior to installation of PCP pumps. After usiRGP pumps oil rates increased 3 to 5 times, thenhapf sand
production has happened during this period. Unfately sand production measurements of individuallswvere not
available for this study. The cumulative sand patidun of wells suggests 30% to 60% initial sandwhich drops to 5% as
oil rate declines.

The initial seismic survey was performed on thigdfiin 1989. The second seismic survey was do26®1. Drilling spacing
in this area is one well per LSD. Well 04-09 waeskd for sand production modeling.
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Figure 1. Plover Lake CHOPS operation Map
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Methodology

The reservoir simulation part of this study was elarsing QuikLook simulator. The initial reservoiontlitions were
described based on the core data and the geolagmas provided by Nexen Inc. The structure of Bakken Formation
was constructed using the seismic survey conduntd®89 which was tied by well log tops. The deptimvertion for the
top and base of the reservoir was done using tigingrwith external drift (KED) geostatistical amach. The tops from
wells (in depth) provided the primary attribute d@hd seismic time horizons were used as the secpatiaibute. Given the
complexity of the structure in this area and thespnce of sinkholes in this reservoir, this metivad very successful to map
the top (Upper/Mid Bakken) and the base (Lower Bsljlof the reservoir. Figure 2 present the refltsED for mapping
the Upper/Mid Bakken.

04-09 well

Figure 2. Surface of Upper/Mid Bakken created using KED for well tops and seismic time horizons. Note the presence of sinkholes

The initial porosity of the Bakken formation wadatdated using KED with porosity maps, obtainednfroeural network
analysis, as secondary variable. This allows agpetonouring of the porosity at the well locatiohbe seismic survey from
1989 is a conventional acquisition. A neural netwanalysis for porosity used the petrophysical yaed porosity logs as
target logs and six seismic volumes available fAV© and inversion analysis.

The total thickness of the Bakken Formation wasdéi into three equal layers for modeling. Well@twas perforated in
the first two layers of the model. The grid sizeébaf by 5 m was used to model drainage area of 480400 m of the 04-09
well. Based on the well log data and core permiglailrelationship between permeability and posogiais derived. Figure
3 presents the cross plot of permeability and ptyras 04-09 well location. The permeability valugfsthe simulation model
were calculated using this relationship and poyosilues estimated from KED method explained above.
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Initial reservoir pressure of Bakken Formation veatimated to be 6,000 kPa based on a DST tesei®&09 well. The
reservoir was initially undersaturated. The bubbtént pressure of reservoir was 6000 kPaa, thexefar gas cap was
initially considered.

Table 1 presents the PVT properties of the reseflid used in reservoir simulation. The gas pmigs were estimated by
Satnding (Z factor) and Call et al correlationss(gacosity), respectively, using gas specific gyaof 0.66.

Table 1. PVT properties assumed for Plover Lake oil

Pressure (kPa) GOR (m3/m3) Bo Oil Viscosity (Cp)

200 0.221 1.00100 1820.0

1500 2.502 1.00555 1701.7

2500 4.257 1.00905 1610.7

3500 6.012 1.01255 1519.7

4500 7.767 1.01605 1428.7

5500 9.522 1.01955 1337.7

6000 10.400 1.02130 1292.2

6500 10.400 1.02305 1246.7

7500 10.400 1.02655 1155.7
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Figure 4. Initial porosity map estimated from KED m  ethod
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The reservoir simulation model was run for two sase the first case no sand production was consitiem modeling. The
simulator was driven based on the produced oil taedminimum bottomhole pressure of 500 kPa (reptése pump off
condition).

The second model was used to match the product&iarh of the 04-09 well in the Plover Lake resarv@able 2 is a
summary of the sand production parameters usednéiching the oil rate of the 04-09 well. The reaship between
dimensionless porosity (relative change in porysityd permeability multiplier is presented in Figx.

Table 2. Sand production Parameters

Parameter Value assigned
Initial fluidized sand saturation 0.08
Maximum porosity 0.65
Velocity coefficient Water 1.00
Velocity coefficient Oil 1.00
Velocity coefficient Gas 0.00
Critical velocity for onset of 0.00
sand production (m/S) '
Sand slip coefficient 1.00
Initial erosion coefficient (1/m) 5.00
Initial deposition coefficient 0.00
(2/m)
Critical fluidized sand saturation 0.15
Time scale exponent n 0.50
51 Permeabhility plot 51 51
41 41 41
31 31 31
¥ z =
21 21 21
11 ) 1 11
—— — Kx modifier
— — Ky modifier
— Kz modifier
1 1 1
0.0 02 04 06 0.8 1.0

Dimensionless porasity change [ |

Figure 5. Relationship between dimensionless porosi ty and permeability multiplier (same modifier was u sed for all directions)
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The following Figures 6 to 9 present the resultsheftwo models. Figures 6 and 7 present theatél and the cumulative
oil production of the two models respectively. Tinedels results are compared against the actualugtoxh history of
the 04-09 well. Examination of this plot shows theithout considering sand production, we wereatdée to honor the oll
production rate. This is due to the productivitywell being much less than the case which consisng production.

04-09 well
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~—Model using Sand Pro History Data  =—Model No Sand Pro History Data ~ * Model using Sand Pro == Model No Sand Pro
Figure 6. History match of oil  rate Figure 7. History match of cumulative oil production
04-09 well 04-09 well
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date 79 8 8 8 91 94 97 00 03 06 09
date
— Model using Sand Pro === Model No Sand Pro
— Sand rate = Cum Sand
Figure 8. Average reservoir p ressure Figur e 9. Sand production and cumulative sand production

Figure 8 presents the simulated average reservesspre for the two models. A recent pressure gui2@07) in this well
suggests that the reservoir pressure is about ®J@@ kPa. The average reservoir pressure of thaelnwehich does not
consider sand production is substantially highemtithe case with sand production. This is due wetooil and gas
production in this model. Examination of this psaiggests that after installation of the PCP punthagyressive drawdown
against the Bakken Formation average pressurengsciignificantly. After analyzing the results iasvconcluded that by
lowering bottomhole pressure a significant amodmas is coming out of solution. The gas is thedpoed and the reservoir
pressure decreases consequently. The sand prmdacil cumulative sand production of the modetésented in Figure 9.
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Discussion

The second seismic survey (2001) was processed ssiilar processing flow. The porosity map of Bekken Formation
was estimated from neural network analysis. Theogty logs for 14 wells on the seismic 3D were usagkether with
several seismic attributes (such as AVO attribated seismic inversion volumes) to derive a nonainelation that was
applied on the whole 3D, creating a set of pseudlisvat each seismic trace. For the 2001 survegideot used KED to
constrain the porosity map to match the well lopea since the porosity within the reservoir wdsered. Specially, around
the wellbores the porosity increased as a resudanfl production. The results of the second sesumieey are presented in
Figure 10.

|
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Figure 10. Porosity of the Bakken Formation estimat  ed by 2001 seismic survey

The dynamic porosity of the Bakken Formation walstscted from the initial porosity to investigateetchanges in the
reservoir porosity. The simulated difference pdso&ir different layers of the reservoir is presshin Figures 12, 14, and
16. The difference porosity maps are compared witlal permeability maps shown on Figures 11, hd &5. It is clear that
most of the change in porosity happened in the idaers. In addition, the areas with higher pdsoaind lower structure
experienced more porosity change. The change sfigris an indication of the presence of wormhatethose blocks.

The next step was to compare the porosity diffexemaps against the porosity difference map estonbyetime lapsed
seismic. Figure 17 presents the porosity differemep estimated by time lapsed seismic. No diregetation between the
porosity values estimated from seismic and simutativas observed. However a closer look at the gagation map
showed a reasonable correlation between the gasatah and the porosity values estimated fromnsieis The gas
saturation map is presented in Figure 18. Moredberporosity changes estimated by time lapsednseisccured at the top
areas of the structure that shows the presenceedandary gas cap.
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Figure 11. Initial permeability map

Figure 13. Initial permeability map

Laver 3. Time = 2/1/1981

Figure 15. Initial permeability map
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Figure 12. Porosity  change of the first layer

Figure 14. Porosity cha  nge of the second layer
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Figure 16. Porosity  change of the third layer
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Figure 17. Porosity change map estimated by time la  psed seismic

Figure 18. Gas saturation map

Conclusions

By using seismic attributes and geostatistic metfiOED), a more accurate structure map was generfaedeservoir
simulation. Given the complexity of the structunethis area and the presence of sinkholes in #sisrvoir, this method was
very successful to map the top (Upper/Mid Bakkerg the base (Lower Bakken) of the reservoir.

KED helped for the initial estimation of the res@rvsimulation parameters, e.g. porosity. The pityasap obtained from
KED honour both the seismic data and the well lagad The seismic attributes are more sensitivédhéochange in gas
saturation rather than change in porosity. This vedislated through this study using Plover Lakeetiapsed data.
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The hydro-erosion method was successfully appliechatch the Cold Heavy Oil Production with Sand (@*§) in the
Plover Lake reservoir. This was not possible usirgiatic model without considering sand productiime presence of the
wormholes and their positive impact on CHOPS wellsrate was modeled succesffuly. This method cquiedict the
wormholes growth as a result of aggressive drawdagainst the formation. In general, grid blockswitgher porosity and
lower structure experienced more porosity changgh@ér wormholes density).

The application of this technique allows us to e the CHOPS operation. The results of historyched model could be
used for developing post CHOPS operations to imprthe ultimate recovery factor from the reservétiris crucial to
understand the impact of the high permeability cleds» (wormholes) on the sweep efficiency of difféarpost CHOPS
Improved Oil Recovery method (IOR) such as VAPEXtmrmal methods.
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Appendix:

For modeling hydro-erosion a Representative Eleargnfolume (REV) is considered. There are five glsdaavolved in the
REV:

Solid grains §),
Fluidized solidsf§),
Fluid (f),

Water (v)

Gas )

arONE

Using mixing law, volume fraction, porosity and wattion of each phase, the volume V of the REVert the individual
phase’s contribution presents in the REV. For gdwdse, mass balance, equilibrium, and erosion mézisequations can
be derived. The set of governing equations are sanmed as following.

Figure 19. Schematic of different phase’s involved in hydro-erosion modeling using REV approach Wang ( 2003)
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Vs jfa- f)u?g]+rﬁ =0

qt s 4)
f(Sx-Df -~
- w+ N-Ll—’snp S @- 7+ st)@é =0
T (5)
Where;
/ = porosity,
SiEsaturations,

Bi= the formation volume factors,i
Vi = volumetric velocity of each phased, g, w,f 3,
Rs= the solution gas oil ratio,

L&S = the volume-weighted velocity of deforming sollceketon.

— = the source or sink term to account for the loated of solid loss or gain per unit volume duernms®sn.
r

S

h

are eroded from sand matrix but would not flowhaiiid, while 1 means that there are no slippagevben sand particles
and fluid sand particle velocity is equal to fluid mixturdaty.

sip = aconstant between 0 and 1 to account for thpatje between sand and viscous fluflg-rp = 0 means sand particles

Equations 1 to 3 are the mass balance for oil, ayak water relatively. Equations 4 and 5 are thesienomechanical

&
equations. Term—in equation 4 is related to the erosion model usihmgconstitutive law derived from inverse filtiii
rS

theory by following equations:

S S . r
1 wax - ) S 1-?% | it N 2 [V |

0 if M, [<Von | o

VSn isinthe above equation presents the criticaraye velocity of mixture below which no sand prdihrt occurs.
Maximum possible porosit{ max is the value which no erosion is occurred altbigevalue. The critical fluidized sand
saturationSfscrprevents all the mass from being eroded.i¥ the average velocity in the REV,,\fs depending on the

wettability (capillary forces), and saturation aicé phase in REV./ is the erosion coefficient.

R SRS

Computation Method:

An iterative coupled model was used for modelingdsaroduction. The steps of this method are presen¢low:

Solving 3D, 3 phase reservoir simulation model ibta the pressure, saturation and velocity of gawse in all
blocks

Check for erosion through equation 6

Update porosity values by mass balance equations

Update permeability values based on change in figros

Update Viscosity of different blocks

Resolve reservoir simulation model with updatedhpsaters and repeat until convergence criteria ts me

Move on to the next time step
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Nomenclature

/ = porosity

S=saturations

Bi= the formation volume factors (i=o0, g, w)

Vi = volumetric velocity of each phase (i=o0, g, W), f
Rs = the solution gas oil ratio

L&S = the volume-weighted velocity of deforming sokélston

— =the source or sink term
r

h

S

sip = Slippage coefficient

Ci " .
V™~ = critical average velocity
Vi, = average velocity
/ = erosion coefficient



