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1. Introduction

In one decade, SAGD process has turned out toebedist promising strategy to develop
huge heavy oil and bitumen accumulations (Butlexd €1980), Butler et al (1981), Aguilera
et al (1991)). Like the conventional thermal preess(Butler et al (1980), Aguilera et al
(1991), Edmunds (1999)), this method aims at redyoil viscosity by increasing the
temperature. In the SAGD process, this is achidéyedrilling a pair of horizontal wells.
Typically, the two horizontal drains are locatedladrt distance one above the other, as

shown in Figure 1.

Figure 1- SAGD Principle, (courtesy of McDaniel)

Steam is injected into the upper well and hot 8uade produced from the lower well. This
progressively creates a chamber, which develogohglensing steam at the chamber
boundary and giving latent energy to the surroupdaservoir. Heated oil and water are
drained by gravity along the chamber walls towdhgsproduction well (Butler (1998)).
Stable gravity displacement is particularly impatte reach a favorable energy balance. In
SAGD, the heated oil remains always in contact Withheated region, as it gets drained
along the sidewalls of the steam chamber (Nadr(@089)). Thus, energy losses from heated
oil, which has not been produced, are minimized.

According to Butler’s original model (Butler et@998)), the drainage volumetric rate per
one meter of the well length is determined bythbight of steam chamber, as shown in
Figure 2; the reservoir effective permeability @kle gravity acceleration constant (g), the

thermal diffusivity of reservoird ), porosity (), displaceable oil saturatiod\§, ),
kinematic oil viscosity at steam temperature)( viscosity constant (m), and the model’s

constant C :

— 1
q = 2\/Ckga(pAso(h y) (1)

mu

S

Figure 2- Schema of SAGD process
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This equation has been derived with consideringessimplifying assumptions. Almost all
the researchers have assumed that complete stearidewccurs upon steam injection and
that oil is heated from top to bottom due to cotidumcsolely.

In the present work the transient temperatureiligion ahead of the moving interface into
the cold region is formulated. The relationshipnzstn the temperature distribution ahead of
the moving interface and the oil rate due to SAG&dpction system is then derived. After
doing a material balance formulation for the drdinegion based on a new method, the
position of oil-steam interface is presented. Thiea,interface positions into the half-width
of reservoir based on Butler and Stephens’ forr{il@81) along with TANDRAIN theorem

is formulated. By applying the new defined dimengss groups and taking advantage of
TANDRAIN phenomenon, the recovery factor of Buéeal (1981) is derived and compared
to that of the proposed scheme. Likewise, the fiterpositions into the half-width of
reservoir based on the proposed method along WAMDRAIN theorem is formulated and
the recovery factor based on such new method dgsileaéd afterwards. Also, a model which
is simulated by a thermal simulator is describedetail and its results are then compared to
those of the proposed method. Finally, a procettupgoduce sets of type-curves in order to
obtain a rough estimation of average interfaceoml@nd interface velocity number is

proposed.

2. Analytical Modeling of SAGD

Figure 3- SAGD production system

2.1Temperature distribution — Consider a small section of a mature SAGD ofeTas
depicted in Figure 3. At the steam-oil interfadeasn condenses and heat is liberated. A
thermal gradient is established via conduction betwthe steam temperature at the interface
and the original reservoir temperature. As liguidinls via gravity out of differential element,
steam moves in to replace the liquid. Consequéindynterface moves at a certain velocity
perpendicular to the oil-steam interface.

The governing equation for heat flow into the cadion via unsteady conduction heat

transfer may be read as below:



oT 107 @
x> a ot
97 Initial and boundary conditions (Pooladi-darvish et al (1994)):
t=0,x=20:T =T,
t
t>0, x=JU(r)dr:T =Ts
0
t>0,X - 00:T =T, (3)

98 A new coordinate system is defined to avoid workinth a moving boundary problem that
99 travels with the interface (Pooladi-darvish etl®l94)).

£=x-['U(n)dr 4)
100 WhereU (t) is the interface velocity in the directionéof This transformation fixes the

101 moving interface af =0 for all time (Pooladi-darvish et al (1994)).

102 Using the following standard relationships

0°T _9 0Ty _ 9 0T, 03¢ _0°T (5)
X2 Ox Ox’ 90& ox  ox &2

oT 0 oT at 0T & 0T oT (6)
— =Tt =—— LIT 06 0T 0T -U)

ot |, ot ot ‘ot oF ot ot 9

103 And substituting along with rearranging we may héReoladi-darvish et al (1994));
0T LU T _19T @

652 a 0 a ot

104 Defining the dimensionless groups and transforrtiiegheat transfer equation into a
105 normalized and dimensionless form enables us t& woranalytical modeling with much

106 more confidence. To do so, let us define them;

107 g=1"Te 2@ o2t U
T, -Tg h h a

108 Where the paramet®& may be called as “interface velocity number”. A, the
109 dimensionless heat transfer equation in a movingbary problem such as SAGD can be
110 found as;
0°6 08 06 (8)
-+ N—=—
ag? 0 or
111 For solving such equation there may be many mattieahanethods, though here the method

112 of Laplace transforms has been employed. Therefore;
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@, +NO, =0, =L[F,]=9-6((,0)=s0-0=s0 9)

This is the Laplace transform of the transient leggiation and can be solved (in s-domain)

analytically by applying the boundary conditionsbatow;

_N+\/N2+4s( (10)
2

0(f.s) =2

The inverse of this transform can be obtained thindhe use of some simple general
theorems, that is;

m (11)
_ 1| e ¢ NAir ¢ N+T
Q(Z,T)—Ee .erfc[zﬁ > j+erfc[2\/?+ > )

This is the transient temperature distribution a@hafathe moving interface into the cold

region, with the initial and boundary conditions(8y.
In the existing works that deal with analytical rebdg of SAGD process, the temperature
distribution is assume to be quasi-steady statealsudthe interface temperature remains
constant. Therefore, the boundary condition ofrfatee should be modified as the following:
t=0,¢>0:0=0
t>0,¢=0:0=¢ 12)
t>0, > »:8=0

T -T,
8 = _ R
Where, Yi Ts _TR

Now, for any specified dimensionless time and apgcdgied dimensionless distance,
normalized temperature ahead of the moving interfmay be expressed in terms of some
dimensionless variables. The result has been autaby solving the partial differential

equation (eqg. 8) over the initial and boundary ctorws 12:

m (13)
6(¢,r)= %‘ {eNC .erf({z—j; - NTﬁj + erf({z_j; + NTﬁj:l

This transient temperature distribution would hbgen more useful than that of Butler et al
(1981), why the temperature time dependency habeaer ignored. We may get to the point
easily as soon as we formulate the oil recoveriofaand compare the results with those of
Butler et al (1981) in the headway.
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2.2 Oil rate due to gravity drainage

This section is connected with the previous onectvidiealt with the temperature distribution
in a SAGD problem. We are seeking here for a wawbih we may recognize the relation
between the temperature distribution ahead of ttrmg interface and the oil rate due to
SAGD production system.

Applying Darcy’s law and considering schema in fgg@ oil rate is approximated as
(Aguilera et al (1991));

k(po, - sin (14)
dq= K2 =PIUSING
7
Since e L , Wwe obtain from equation 14 with integration othes entire length;

., red (15)
q= kgsm;ﬁ.fo 75

U is a fluid property which is a function of tempiera, may be determined by using an
equation of state (EOS) defining its dependence t@mperature. Here we use the equation
suggested by Butler et al (1981) which has beed usthe development of the SAGD
theory.

m (16)

Ys = —T ~Tg ="
v T, - Tq

So that oil rate is written as;

_Kkgsing (- .
a==, e

S

17)

Now, we may use the transient temperature distabudf 13 to predict the rate of drainage

to a horizontal well located at the ordinaye ‘above the reservoir base.

_ [ZKagNgps, (=) |67 =] [ ¢ _NVT ¢ N[
q_\/ U.. \/sz |:e .erf{%/; 2]"‘9”{2\/; +2J} dC

This equation calculates the drainage rate forgustside of the reservoir. Therefore for the

(18)

entire reservoir we should multiply this by 2.
In this equation K’ is effective permeability to oil flow. Therefokge should have the
amount ofk,, that Butler and Stephen (1980) have assigned thiosake of convenience as

0.4 as an average measure. It cannot be indeedatald explicitly, so we should either
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guess a value being sound enough to cover thegurolvholly or acquire it by using some
nonlinear regression manipulations. For now, west®r it as a guess like that has been
allocated by Butler and Stephen (1980). Furthermag rearrange the equation 18 as below:

Jk.k gaghs, (h- (19)
q= 2.9922x10'4\/ X Zg?:; %(h=Y) X 0p

0s

— mKoNQmi “1 A-N¢ q _N\/; ¢ N\/; ;
qD_\/TIO {e .erf{z—\/? > ]+erf{2—ﬁ+ > H d¢

Wherek,, is 0.4, (Butler et al (1980))\/k Kk, is an estimation for effective permeability to

(20)

oil (md), g is acceleration due to gravity (m/s2),is the thermal diffusivity of the reservoir
material in (nd/day), As, is the displaceable oil saturation which is tHéedénce between
initial oil saturation and residual oil saturati@mensionlessh is the vertical height over
which drainage is occurring ( m)js the ordinate of a point on the interface ovarcl the

heated fluid is passing (m)y, is the kinematic viscosity of oil at steam tempera

(cp.n/kg), andq is the oil drainage ratenf/day per one meter of horizontal production well)

In this paper we have been seeking specially forgurposes; (1) Calculating the oil
drainage rate including the effect of transientt leeaduction effects, (2) Positioning the oil-
steam interface as it advances to the reservoimdames beyond the wells.

Equations 28 and 29 serve our purpose to attaifirfteyoal. For the second goal the
following calculations have been made.

The drainage oil rate via SAGD that is suggesteBimjer and Stephens (1980) is:

2,/k .k, gaghs, (h - y) (21)

mu

g = 29922 ><10'4\/

0s

2.3 Steam-Oil Interface Positioning — The proposescheme
Doing a material balance formulation for the drdinegion in an infinitesimal time step, we
may obtain this (Aguilera et al (1991)):

EARE ) -
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This expression accounts for the changing dimensidhe steam zone as it expands at
different rates vertically downward and horizontaltross. Considering this equation and

doing some mathematical manipulations the horizamt@city at the interface is as follows:

23

(ax/at)y:(ay/at)x (23)
(ay/ox),

Combining the two former equations we may have:

24
(9x /1), = (aq/at), (24)

" s, (0y/0x),

25

(ox/at), = ©al0y). (25)
@s,

Taking the partial derivative with respectyton equation 19 and placing it in equation 25

results in:

26
kk. 90 ap (26)

mUosmso(h - y) 2

Like the assumption that the steam chamber isllyita vertical plane above the well, the

(ox/ot), = 2.9922x10'4\/

horizontal displacemenmntis given as a function of tinteand heighy by the relationship:

(27)
k. k,ga
x = | 2.9922 x10™ 29 x do
mu @s,(h-y) 2
This may also be solved fgmwhich results:
q2 . (2.9922x107")* x \Jk,k,ga (t)* (28)
y=h-(-2) =
mUosmSo X

These mathematical arrangements have been done lbgf8utler et al (1981), however it is
modified here by both inserting the parameters ws&rve for the transient temperature
distribution as well as defining the novel dimem$sss groups. The schema in figure 3
depicts a typical interface which tends to progeesay from the wells to the side boundaries.

If the half-width of the reservoir i and the height ik, we may define some dimensionless

variables:
_y _X x _
_E ) X _W ' tD - thD
Wheret, is:
JKK. ga (29)
t, =2.9922 ><1O'4L VEKGT

w \ mu,@\s h
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As it is described before all the variables ar8limnit, and for the sake of more comfort

is in cp.n/kg. The parametet, is similar to that was obtained by Butler et &8Q) with a
little bit difference, inserting reservoir half-widin lieu of reservoir height in the
denominator of the time fraction. These dimensiemigroups are designated in a novel way
so that we could portray each side of the resefkara square with aspects of unity. It could
also help us for calculating the recovery factotriagking down the interface into the
reservoir during its period of progress.

Hereby the equation 27 may also be representeidniengionless form:

« N2 30
4{ X

Values ofY calculated from equation 30 have been plotted ag&im figure 4. Note that in

figure 4 when time increases, the steam-oil interfimoves away from the point

(O,YP)Where the horizontal producer well is located. $team zone in the figure becomes

larger as oil drains by gravity out of the syst&wentually, after a long period of time, the
reservoir has been depleted of oil by gravity caganand only a steam zone above the
producer exists. It is easily obvious that not vehible reservoir could be produced via SAGD

but up to the depthY,” may be produced with the help of steam-assisteuity drainage.

The region below the horizontal producer that cabeoproduced is shown in figures 4 and 5
in a blue-bricked pattern. This assumption woulddasonable in comparison with Butler
and Stephens (1980) that they located the horizpraducer in the bottom section of the
reservoir at absolute zero ordinate but as itdarcin very rare situations a horizontal
producer could be drilled right at the origin. Téfere it calls for a modification to the

assumption they used.

Figure 4 Interface Curves- proposed scheme.

2.4Steam-Oil Interface Positioning - Butler Theory almg with TANDRAIN

Butler et al (1981) introduced a formula in dimeméess form like that of equation 30 in this

form:



'\ (31)
=

219 In this equationY is the same as defined in the pervious sectiantpand X' differ a little

T

220 bit. Also, the fraction% is indeed the same as the fractitdxh with the dimensionless

221 variables defined previously. They are:

JK.K. ga (32)
t) = 2.9922x1074 L [N 99
mu, @\s, h
x' =X (33)
h

222 In the interim, the basic SAGD analytical expressioes not take into account how the

223 heated oil flows horizontally to the horizontal duzer as the oil-steam interface moves away
224  horizontally from the pointQ, Yy). In reality, the oil-steam interface will frequbnstay at

225 the horizontal production well as the steam zomsvgriarger above the well, rather than

226  moving horizontally away from the horizontal wellduilera et al (1991)). It means that a

227 modification to the previous works ought to be atldad this modification is referred to as
228 TANDRAIN (Butler and Stephens (1980)). Basicalljhat TANDRAIN does is draw a

229 tangent line from the horizontal production webtdtion to the steam-oil interface curves for
230 particular points in time (Aguilera et al (1991)).

231
232 Figure 5 Interface Curve- TANDRAIN assumption
233

234 At point X, two criteria must be satisfied:

t2 1
Criterion (1) 1 Yine =MX +Y, =1—ED-7 (34)
t
o Y
Criterion (2): m= g—x‘ X (35)

235 Solving these two equations simultaneously we naaxeh

J8a-Y)?
236 X, =t, |— : ng
21-Y,) 3,3

20-Y,)
3

237 If X, <1 = t; < and hence:

1C



2-Y,) (36)

J8L-Y.)? - 3
Y-[ 8( p) }X+Yp if X<t,

2
t Lz it X >t |
2 X 2a-Y,)

(37)

: 21-Y,)
238 Andif X 21 = tp 2/

v o[ B 38
T e, (39

239 Finally, the interface position into the half-widthreservoir based on Butler and Stephens’

240 formulation (Butler et al (1981)) in the most gealdorm is as the following:

Y = VBAY, ) X +Y. |[1-U| X~ 3 +
BTG P b 21-Y,)

@—ﬁviﬂu[x—%/—éi—}
2 X2 2(1-Y,)

241 Regarding equation 38, valuesYfhave been plotted againsin figure 6.

242

243 Figure 6 Interface Curves-based on Butler et a8{)9
244

245 As we can see in figures 4 and 6 the interface of Betlat (1981) and those which are

(39)

246 obtained in this work are similar in behavior, howethety differ quantitatively. The

247 precision of the proposed theory is to be examined beitiwthe help of recovery factor
248 matching.

249

250 2.5 Recovery Factor determination - Butler Theory bong with TANDRAIN
251 For comparison purposes, the recovery factor of ButleiSaephens' (1980) and that of the
252 proposed scheme have been calculated. They were comparedchithtiear to provide us
253 judgment about the accuracy of the method. By applyiegéw defined dimensionless
254 groups and taking advantage of TANDRAIN phenomenon theveegdactor of Butler et al
255 (1981) could be expressed as:

11
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ti? t2

PTTox? T 2x2!

3 N t2
X =1p = RF=1-| Y, X, +m=t+ | 1- 2 |dX
21-Y,) 2 3 2X
3 t 2(1-Y,)
RFB_TANDRAINztD( E(l_Yp) —EDJ[l—ULtD - . p B

+{1—Yp— 1 [2a-v,) JU{tD— 2(1—\@)}
3, | 3 3

As it is clear the recovery factor here based erBitler and Stephens (1980) theorem is not

(40)

a straight line with a constant slope but a pamkdeanwhile, in figure 7 it can be seen that
while the location of horizontal producer varies thitimate recovery varies consequently. It
means that by varying the location of producertenvertical axis, the recovery factor varies
thereafter. It clearly seems logical because tbhdymtion mechanism in SAGD is just due to
gravity drainage. Therefore, it looks to be necgsgainclude the location of horizontal
producer in the analytical modeling of SAGD. Ndtattthe equation 40 has been derived as
a consequence of defining new dimensionless gr@gading the reservoir dimensions into

the range of 0 to 1) and establishing the draimed between two consecutive time steps.

Figure 7 the effect of Horizontal Producer locatmwnRF- based on Butler and Stephens (1980)

In this figure, it can bee seen that the higherldloation of horizontal producer, the less the
value of ultimate recovery would be. It seems qretesonable why the height of oil column
above the production well decreases and conseguéind gravity forces diminishes

somewhat.

2.6 Steam-Oil Interface Positioning — Proposed schee along with

TANDRAIN
The TANDRAIN modification along with the new fornatlon gives:

From equations 27 we have;

2 2

k.k,ga

y=h-| 29922x10* %o X—Zg(lj (27)
2 ) mu ghs, \ X

12
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2 2
=1-| 2.9922x10* %o MG) (41)
2 ) mu,ghs h\ x

280 Like it is done based on Butler's (1981) at po¥t two criteria must be satisfied:
£ 1
Criterion (1) : Yo =mX +Y, :1—%.7 (42)
t

_ﬂ‘
x|

281 Solving these two equations simultaneously we naaeh

Criterion (2): m (43)

t 3

X =_D

Y, (44)
41-Y. 1-Y

m=ALY,) 17V, (45)

3t 3

. [1-Y
282 It X, <1 = tp <2/~ P

[ 4 a-Y,)? it x<fo |3
Y—[st—; T X+Yp 2 1_Yp (46)

"2 : t, | 3
Yzl—%.% it X220 75 (47)

283 Where:t, =q,t,

. 1-Y
284 AndIf X, 21 = t; =2 3”:
_[ 4 ja=yy
Y= o XY, (48)
D

285 Finally, the interface position into the half-widthreservoir in the most general form is as

286 the following:

3 3 P 2\1-Y,

* 2 *
l—tl.i2 o x-to |3
4 X 2\1-Y,

p

(49)

+
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This equation may be put into an equation withdineensionless time similar to that of
Butler and Stephens (1980). It gives:

Y:[ 4 (l_YP)S}xw][1—u(x—thD\/TD
39, tp 3 P 2 \1-Y,

) , (50)
t t

W1 (qD D) iz U X - 0o b 3
4 X 2 :I.—Yp

Op tp 3
2 1-Y

p

t
t OifX<qD2D —13\(
q 1z
u(x— DZD 1_3Y }z 0t P (51)
p) i x>0 |3
2 \1-v,

Now we are seeking for estimating the fractionhef original oil in place that has been

The functionu(x - J is acting as a step function with this definition:

produced due to steam-assisted gravity drainagewky the location of interface at any
particular point in time, we may easily calculdie airea that has been drained. Subtracting
this calculated drained area from the displaceatda could lead us to recovery factor up to
that particular time. The described process foovery calculation has been done in another
way by Butler et al (1981). They did the calculatlyy means of a numerical method by
combining equations 29 and 33. The proposed equat#s as below:

X, ==X, )Wn-i -+n-i-1) (52)

This equation is used repetitively to calculatecessive positions of the interface (Butler et

al (1980)). Alsan denotes the index of each stage of calculationsvgter in this work it has
mentioned that it is possible for suggesting ariexfanalytical-method stands for the

recovery calculations precisely.

2.7 Recovery Factor determination- Proposed scheme
Since the cumulative recovery factor could be cotewdirectly to the progress of interface
within the reservaoir, it could be formulated baseda simple frame as below:

RF = Displceabk Area— Area right now (53)

14



305 The “area right now could be obtained by establishing the area utiteinterface curve at
306 any particular time. Since the half-width reserfas been scaled as a unit aspect square and

307 itstotal areais 1, the displaceable area willH§,. Provided that:
_ X, f(g oy 2
RF=1-Y, - YpXt+mX1x7+J 1- (%) [dX (54)
Xy

308 Also note that while using this formula the recgviactors are to be obtained based on the
309 recoverable oil. It means that the calculated regpfactors according to the equation 52

310 must be multiplied by- s, in case the residual oil saturation for gas imggcts nonzero.

311 This point should be well considered all over traper.

312 If X, <1 = t; <2 3":

t- t . 1-Y
RF =7D(\/3(1—Yp) _EDJ it <2 — P (55)

313  Where:t, =q, t,

1-Y,

314 AndIf X, 21 = t, 22

2 |@-Y,)’ 1-Y
RF=1-Y, —| —,[—2— if t P 56
b [StD 3 if t5>2 3 (56)

315 The recovery factor could be also presented imrtbst general form:

tp v S0 [ U DO S 8
7(,/3(1 Y,) 2](1 u[tD 2/— B

+[1—Y —(i*,/(l_Yp)SBu{t; —21/1_Y"J
R 3

316 and in the form with similar dimensionless timeBlatler’s it could be expressed as:

qD tD qD tD 1_Yp
5 (,/3(1—Yp)— 5 J[l—u(thD—Z 3 JJ

RF = 1-
+1-Y, - ,/ u qpty —2
3qD tD 3 3

317 Inthe figure below it is easily visible that th@ra the value oYy, the less the ultimate

RF (-s,,) (57)

318 recovery. It also depicts the connection betweemthin dimensionless groups which have
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been described before; they are dimensionless(tigje dimensionless rate parametey, {§,

and dimensionless producer locatiofy X, as well as recovery factoRF ).

Figure 8 the effect of Horizontal Producer locatwnRF- based on “New Method”

In the meantime, a set of calculated interfaceesirs given in figure 9 that depicts the

position of interface at different dimensionlessdi
Figure 9 Interface curves with TANDRAIN assumptidew Theory (Half-width Reservoir)

It is also possible to locate the interface inwhmle reservoir. Figure 10 portrays the
location of oil-steam interface within a heavy miservoir over a long period of time in
dimensionless scale. As it is clear, having bee tise TANDRAIN theorem (Butler and

Stephens (1980)), interface is fixed at the hoti@ioproduction well at all the times.

Figure 10 Interface curves with TANDRAIN assumptidaw Theory (Full-width Reservoir)

A comparison has been made among the results ofarewlation in this work with those of

Butler et al (1980, 1981) and also simulation rssul has been done in the following.

3. Simulation Model Description

The model used to obtain simulation results wa$ bfla box-shaped reservoir with a
drainage area of 7.5 acres and a constant thickefe§® m. The porous medium has a
homogenous porosity of 0.33, allowing areal pernigalisotropy and vertical anisotropy
with values in X, y, and z directions of 2000, 2080d 800 md, respectively. Two horizontal
well of radius 0.0875 m are located one above amaith the lower part of the reservaoir,
spaced vertically 12 m apart from each other. Tdreycentered at mid-width and completed
wholly along the reservoir. Initially, there areaywhases: water at an immobile saturation of
0.2, and oil with a high viscosity of 10000 cp. @lapy pressure effect is ignored. The effect
of condensation over the interface, for the sakeooivenience, is ignored as well. It means

that the dimensionless temperatuég) (at the interfaced = 0) is always equal to 1, same as

all other previous works.

3.1 Simulator
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The simulator used in this study is a three phasermial simulator. It allows an adaptive
implicit-explicit grid formulation. This formulatio reduces computer execution time by
applying an IMPES type solution to certain griddis that do not need to be solved fully
implicitly.

3.2 Grid Selection

In the numerical study of steam-assisted gravigyrdrge in a heavy oil reservoir it is usual to
simulate just one side of the reservoir and comsigesymmetry. Also, it is important to
ensure that the simulator grid block sizes do nfitiénce the performance results. Unless a
proper griding system is obtained, we may incurfthetuation in oil rate and underestimate
the recovery factor due to temperature dispersi@ar the grid block volume. Since it takes
much more time to heat a larger grid block to odlilization temperature, fluctuation in oil
rate and underestimation in recovery factor magrmountered.

To study the sensitivity of simulation results todgsize, simulation runs were made at
similar conditions and the results were then ptbttersus grid sizes and an appropriate grid
block size is selected at the point where perfomraresults converge as grid block size
becomes smaller (Figure 11).

Fluid flow is expected to be fast and radial néarwell bore. For this reason, Cartesian grid
blocks should be small enough for high flow resolutand equally sized for better accuracy.
With increasing distance from the well, flow proes change less rapidly. In this case, grid
blocks may become large in order to save compimer and storage. With this in mind, four
grids have been simulated: Uniform Coarse Grid Wi#® blocks, Uniform Fine Grid with
23595 blocks, Non-Uniform Fine Grid with 16830 btecand Non-Uniform Medium Grid
with 1309 blocks.

Figure 11-Influence of Grid System on simulatiogules

According to Figure 11 the Uniform Fine Gridingnere than acceptable for representing an

element of symmetry to the SAGD process.

4. “New Method” versus “Butler et al (1980, 1981)"
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After being described the new formulations in dessid being done a modification to the
definition of dimensionless variables of Butleraat(1980, 1981), some comparisons among

the precision of “New Method” and “Butler’'s” as wak simulation results have been made.
Since the effect of condensation over the interfaceverlooked, the value @™ would be

equal to 1 all the times. Hence, the equation &9ishbased on recoverable oil (disregarding

the effect of residual oil saturation for gas imiec) could be rearranged in this way:

1-Y,

b to Up to Ko N
RF = 3k N@L-Y)—-———||1-u qpt, -2 p
2 [ o ( p) 2 qD D 3 k N

To

(59)
2 @-v,)? . 1-Y,
+1-Y, - - U dpty —2
35ty | 3 kN 3k,N

Where,

o e e gred 6 CNNT, e € NVT]
qD_\/zm-l.[o {e .erfc{z—\/; 5 J+erf{2ﬁ+ 5 H d¢ (60)

In the above equation there are two parametershvarie quite ambiguous and there is no any

straight method stands for obtaining them expliciAlso, despite the idea of Butler and
Stephens (1980) that considerkg being normally about 0.4, we still have to obttie
value ofN . Of course it would be very worthwhile to proposemethod to calculate
because doing that, we can obtain the value ointiegface velocity- a parameter which has

not been formulated or estimated as of yet.

All'in all, from equation 58 it is clear thad should be calculated to make the SAGD process
completely clear in a heavy oil reservoir, althowlyle to the lack of an explicit relationship
to do so we may have to use the theory of typeesurin the figure below, we see a set of
type-curves depicts the relationship among dimeresss time, and recovery factor as well

asN for a particular amount of; .

Figure 12-New Type-Curves for Recovery Factor v@dimensionless group- yp=0.04

This is a set of type-curves by which we may obgamugh estimation oN that would be a

good representative for average interface velagithe duration of SAGD process.
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In figure below an attempt of matching the simwatresults over the type-curves has been
done. It illustrates a comparatively good matciwieen the simulation data points and those

of curves related tbl equal to 0.015 or 0.035.

Figure 13- setting up matches between SimulatisuReand Type-Curves

Figure 14 compares the recovery factor calculatech the “New Method” by allocating the
parameterN equal to 0.025, 0.035, and 1 with those calculdtech Butler using the
TANDRAIN assumption and the recovery factor obtdifi®m the Thermal Simulator.

Figure 14 Cumulative drained Oil Recovery to hanizb producer

From this plot we can see that the proposed fortimmdequation 57) works well in general,
however that of Butler and Stephens (1980) oveesline recovery factors together with
drainage rates. According to this figure, at eairlyes the “New Method” (like Butler and
Stephens (1980)) overestimates the recovery fa@o8AGD, however at late time it shows
a good match among the curves and simulation tréfidle in the “New Method” and any
other researches, so far, the effect of heat teans the overburden and underburden has
been ignored and also the effect of heat loss @lséem condensation over the interface has
been overlooked, it would be quite reasonabler@eant such consequences.

Besides, it is easily visible in this figure thhetvalue ofN affects the recovery in SAGD to
an upper limit and that is around 2 arises frora ghot. Also in this figure it can be seen that
Butler and Stephens’ (1980) could lead us to reswar to those of “New Method” witN
equal to 2. It means that applying the “New Methadkth high values ofN (greater than 1)
acts as if we have nearly applied the formulas ssiggl by Butler and Stephens (1980).
Regarding the simulation model described beforas itlear in the figure below that the
values of N greater than 1 do not affect the SAGD recovery aihgrroduction rates. For
this, if some operational parameters are subjeittethange beyond a certain limit, the oll
production and steam chamber sustainability witllm®improved any more. For example the
rate of steam injection or the injected steam teatpee could be in any order, but more than
a particular range nothing would be gained in cBeing obtained that range, extra expenses
could be avoided. It's a point which is ought to dmncerned thoroughly while studying

production optimization in SAGD.
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443 Figure 15 “Interface Velocity Number” vs. UltimaRecovery of simulation model

444

445 And in Figure 16 the conceivable values of intezfaelocity in this case is drawn versus
446 ultimate recovery factor.

447

448 Figure 16 Interface Velocity vs. Ultimate Recovefysimulation model
449

450 According to this figure and figure 13 there is ayw proposed in this work -to get the
451 interface velocity calculated which seems compjetielbe innovative.
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Nomenclature
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<

o

)

Po

Reservoir permeability ix direction (md)

Reservoir permeability irz direction (md)

Acceleration constant due to gravity (A)/s
Thermal diffusivity of reservoir (Aiday)

Porosity (dimensionless)

Displaceable oil saturation (dimensionless)

Cinematic oil viscosity at steam temperature (¢fkg)
Oil viscosity (cp)

Viscosity constant (dimensionless)

Reservoir thickness (m)

The distance from the reservoir base (m)

Reservoir half-width (m)

New coordination variable (m)

Dimensionless distance in the new coordination
Dimensionless distance from the origin toward ¥heaxis
Dimensionless distance from the origin toward tbgigal axis
Dimensionless producer location

Time (day)

Dimensionless time

Butler's dimensionless time
The proposed dimensionless time

Interface velocity (m/day)
Interface velocity number (dimensionless)
Temperature ahead of the moving interface (° K)

Dimensionless temperature
Dimensionless temperature at interface
Laplace transform variable

The angle between the producing element and thedmor
Oil density (kg/m)
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Gas density (kg/M

Oil production rate (fiday)
Dimensionless oil rate parameter

Dimensionless oil rate parameter

Recovery factor (fraction)

Step function
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Figures Captions:

Figure 1. SAGD Principle, (courtesy of McDaniel)

Figure 2- Schema of SAGD process

Figure 3- SAGD production system

Figure 4- Interface Curves- proposed scheme.

Figure 5- Interface Curve- TANDRAIN assumption

Figure 6- Interface Curves-based on Butler et al (1981)

Figure 7- the effect of Horizontal Producer location on RF- based on Butler and
Stephens (1980)

Figure 8- the effect of Horizontal Producer location on RF- based on “New Method”
Figure 9- Interface curves with TANDRAIN assumption-New Theory (Half-width
Reservoir)

Figure 10- Interface curves with TANDRAIN assumption-New Theory (Full-width
Reservoir)

Figure 11- Influence of Grid System on simulation results

Figure 12- New Type-Curves for Recovery Factor versus dimensionless group-
yp=0.04

Figure 13- setting up matches between Simulation Results and Type-Curves

Figure 14- Cumulative drained Oil Recovery to horizontal producer

Figure 15- “Interface Velocity Number” vs. Ultimate Recovery of simulation model

Figure 16- Interface Velocity vs. Ultimate Recovery of simulation model
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Figure 2. Schema of SAGD process
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Figure 8 the effect of Horizontal Producer location on RF- based on “New Method”
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