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Question 1 (12 points)

Use Taylor series to derive the following approximations (include error terms):

a) Backward approximation g—i (constant Ax)
2

b) Central approximation of — Y > (constant Ax)
2P

c) Central approximation of > (variable Ax)

6 k 0P
d) Central approximation of Ix (u_B 6_) (constant Ax)

Solution
a) Taylor expansion applied to the following grid:

i-1 i i+1
° ° ° ° °

L E—
Ax

2 3
(AX)P( t)+( Azx) P”(x t)+( 3)

P(x—Ax,0) = P(x,1) + P”(x,0) +.....

Solving for the derivatlve.
P(x,t) — P(x — Ax
P'(x,t) = () Ax( ) + 0(Ax)

b) Forward and backward expansions of pressure:

Ax o,
P+ A1) = P(x0) + 7 P, 1)+

2 3
() (Aéx) P”(xt)+.....

P’(x,t)+
o (x,1)

2 3
(AX)P( t)+( Azx) P”(x t)+( )

P(x—Ax,0) = P(x,1) + P”(x,0) +.....

to yield (using sub- and superscrlpts)
(azp P!, -2P'+

a 2 )1 - (Ax)z
which applies to the following grid system:

+O(AX),

i-1 i+
° °

Ax

c) Variable grid size system:

i-1 i i+1

o (] o [ ]

Axi-] Axi AXHI

Taylor expansions now become (dropping the time index for convenience):

(A.X +Ax+l)/2 / [(A}C +Ax+l)/2] [(Axi+Axi+l)/ 2’]3 P//I
I B 21 h 3! Lo

Pi+l_B
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2 3
—(Ax; +Ax,_)/2 [—(Ax +Ax;,_)/ 2] " [—( Ax, + Ax;_ )/2]
+ —p+ - = P+ : =

P_,=P 0 : 7 a P
to yield
2 A)(:1'—+_Axl‘—l Pi+] _2Pi +2 A'xl +Axi+l Pi—]
2Ax; + Ax;, + Ax; 2Ax; + Ax;, + Ax,
P’=4 +O(Ax) .

(Ax; + Ax;  N(Ax; + Ax;_,)

e rewrite 2 (JOPY Ao - "
d) First, let’s rewrite 9% (MB ax) as 8x[ fx) &J, where f(x) includes permeability,

mobility and flow area. Then we derive a central approximation for the first derivative:
and apply it twice to this flow term.

oP oP Ax; /2 0 oP Ax; /2)? 92 oP
[f(X)—} =[f(X)5—} +—_—[f(x)—] +(—x’—) [f(x)—} + ...
i+1/2 X ox J; ox J;

ox 1! ox 1! ?
and

[ ot INECTER:1 gt 3 JNCSVESE St gl 4
[f(x) 8xll/2 - [f(x) 3xl +_1!_8x [f(x) 8x} +_{!_8x2 S ox i+
which yields

JP oP

i[f(x)i} - [f(X) axlﬂ/z _{f(X) ox i|i—1/2 +0(AYY)
ox a . Ax. ’

Similarly, we may obtain the following expressions:
[apj P, —P
— =—-oL—— 1 O(AY)
i+1/2

ox C(Ax + Ax, ) /2

and

[apj P-P_
— =—l—=— 4 0(AY) .
ox )iy (Ax;+Ax, )2

By inserting these expressions into the previous equation, we get the following

approximation for the flow term:
(B —P) (P=PB_)

. — . Sl ST £ T
i{ )2} = e (Ax;, ) +Ax) 20 (Ax; + Ax; ) +O(Ax
ox s a i_ Ax; ) -
Question 2 (10 points)

Use Taylor series and show all steps in the discretization of the following two equations (you
may refer to the derivations in Question 1):

IP_ guc oP
ox: ko

9k oP)_ fe, darB)op
ox\uBox | \B  dP )or

a)
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Solution
a) Right side:

_ a 2 _ 3
P(x,t):P(x,t+At)+$P’(x,t+At)+( gf) P”(x,t+At)+( éf) P7(x,t+At)+.....

Solving for the time derivative, we get:
&P A PAHAI _ P»l
—) =———L 4+ O(AY).
( » )i v (Ar)
Left side

(Ax) P’(x,t+At)+ (Ax)

P7(x,t+At)+ .....
2! 3!

P(x+Ax,t+At)=P(x,t)+ %P'(x,t +At)+

_ _ 2 _ 3
P(x—Ax,t+At)=P(x,t)+ %P'(x,t +At)+ ( A;) P’(x,t+At)+ %P”’(x,t + A+ .....

By adding these two expressions, and solving for the second derivative, we get the
following approximation:
(82_P){+At _ P,-ijm _ZI)itJrAt + Pir_Jerr N O(sz)
x> (Ax)’
Substituting into the equation, we get:
RIJ:I-AI _2Pit+At + Pit_YAt _ (Q)‘I.LC) RI+AI _Pit
Ax’ k At
b) Right side:
We use the same approximation for the pressure derivative as in a):

t+At t+AT A '
q{i , d/B) 8_P)} z[ ¢{i +d(1/B)H PP,
\B ap Ja’) B dpP )| At
Left side:

k  OP k oP| Ax/29d|, k oP| (Ax/2)’ | k  OP
(—)— J =l (—)— +——[(—)—J +( ) —{(—)—J + e
L uB ox|,, LuB ox] 1 odx| uB ox| 2! ox"| uB ox |

k oP k oP| —Ax/2d|, k oP| (-Ax/2)* |, k oP
(—)— =[(—)—| + A=) |t )| + ...
| uB ox|,, L uB ox] Il ox[ uB ox | 20 ox"L uB ox |
Combining: )

koP {(k)ﬂ
d| k oP| LuB oxl, 6 LuB ox] s
I = it ’ O(Ax?).
&C[(MQ 8x1» = +0(AY?)
Using similar central difference approximations for the two pressure gradients:

(a_Pj :Pi+l_Pi+O(Ax)
ax i+1/2 Ax

(a—P) BB o,
8)( i~1/2 Ax

the expression becomes:

(k)aﬂ—ﬂ _{k)P,-—P,-_I}
i[(i)8_P:| ~ HB Ax i+1/2 uB Ax i—1/2
ox| UB” ox Ax

i
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or
i{(i)&iJ ~(i) Pi+l_Pi_(i) Pi_Pi—l
&X ‘LlB ax i ‘UB i+1/2 sz ‘LLB i-1/2 sz

Thus, the difference equation becomes

k Pu-P_ k. P-P, | [(c, da/B)\" PP
( )i+1/2 2 —( )i—1/2 2 ¢ +
uB Ax uB Ax B dP )| At
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Question 3 (17 points)
Sketch the coefficient matrix for the grids below. Label diagonals (a, b, ¢, d, e, f). Itis

sufficient to label diagonals as straight lines, and to mark individual points with an x.
a) For two-dimensional (x,)), one phase flow, the pressure equation is:
el-’]-Pi'j_l + al-J-Pi_l_j + bi,jPi,j + Ci,jPi+1,j + fi,jPi,j+1 = di,j) i= 1, ...,Nx,j = 1, ,N

applicable to the following grid system, where numbering is in the shortest direction:

i

1 2 3 4 5 6
Jj 7 8 9 10 11 12
13 14 15 16 17 18

19 20 21 22 23 24

25 26 27 28 29 30

31 32 33 34 35 36

37 38 39 40 41 42

43 44 45 46 47 48

.
Solution
b ¢ f
abc f
abec f
abc f
abec f
abec f
abec f
ab f
e b ¢ f
e a c f
e abc f
e abec f
e abec f
e abc f
e abec f
e ab f
e c f
e abec f
e abec f
e abec f
e abc f
e abec f
e abc f
e ab f
e c f
e abc f
e abec f
e abc f
e abec f
e abec f
e abc f
e ab f
e b ¢ f
e abec f
e abec f
e abc f
e abec f
e a c f
e abec f
e ab f
e b c
e abec
e abec
e abec
e ab
e a

v o e

v o N
o 0
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b) For two-dimensional (x,y), one-phase flow, with the pressure equation:
ei'jPl"]'_l + ai‘jPi_Lj + bi,jpi,j + Ci,jPi+1,j + fi,jPi,j+1 = di,j' i = 1, ""NX'j = 1, ...,Ny

applicable to the following grid system, where numbering is in the longest direction:

1 9 17 25 33 41
1
H 2 19 18 26 34 42
J
2
3 11 19 27 34 43
3
4 13 ZT 2 36 44
5 13 21 24 31 4%
5|
6 14 22 30 34 44
6)
7 15 23 31 34 4%
7
8 16 243 37 4( 48
8
1 2 3 4 5 6
Solution
b f c
e b f c
e b f c
e b f c
e b f c
e b f c
e b f c
eb c
a f c
a e b f c
a eb f c
a e f c
a eb f c
a eb f c
a eb f c
a eb c
a b f c
a e f c
a eb f c
a ebf c
a eb f c
a eb f c
a eb f c
a eb c
a b f c
a ebf c
a e f c
a ebf c
El ebf c
a e f c
El ebf c
a e b c
a f c
a ebf c
a ebf c
a e f c
a e b f c
a ebf c
a ebf c
a e b c
a b f
a ebf
a ebf
a ebf
a e b f
a e b f
a e b f
a eb
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c) For two-dimensional (r, ), one-phase flow, with the pressure equation:
ei_jPl-,]-_l + ai‘jPi_Lj + bi,jpi,j + Ci,jPi+1,j + fi,jPi,j+1 = di,j' i = 1, ""Nr"j = 1, ...,Ng

applicable to the cylindrical grid system below, where numbering is in the longest
direction. Note that this grid is similar to the Cartesian grid under b) with one key

exception.
41 33
48 40
.
Solution
b f X ¢
ebf c
eb f c
eb f c
eb f c
eb f c
eb f c
X eb c
a b f X c
a eb f c
a eb f c
a ebf c
a eb f c
a eb f c
a eb f c
ax eb
a b f c
a eb f c
a eb f c
a eb f c
a eb f c
a ebf c
a eb f c
ax eb c
a b X c
a e c
a f c
a eb f c
a eb f c
a eb f c
a eb f c
ax eb c
a b f c
a eb f c
a eb f c
a eb f c
a eb f c
a eb f c
a eb f c
ax eb c
a b f X
a ebf
a eb f
eb f
a eb f
a eb f
a eb f
ax e b

d) Explain the similarities and differences of b) and c)
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Solution

The additional coefficients for c), labeled in yellow above, are due to the closing of the
circle, ie. the additional connections between blocks 1 & 8,9 & 16, 17 & 24, 25 & 32, 33
& 40, 41 & 48. All the rest of the coefficients have the same structure as in b).

e) The next grid is the same as in a), but now a well producing at a rate Q is perforating blocks
19, 20, 21, 22, 23, 24. Redraw the coefficient matrix of a) and indicate with x’s the added
coefficients due to the well. Note that:

¢ Bottom-hole pressure (Py},) is the same for all perforations and is an additional
unknown
e The flow rate from a perforated grid block is q; ; = PI; ; (Pi, i th)

e Total production rate is Q = g9 + G20 + g21 + G22 + G23 + G24

1 2 3 4 5 g
1 Q
7 8 9 10 11 12
2 A
/
13 14 19 16 17 18 /
3 /
/
19 20, 21 22 23 24 Pid
') SR, U Y MR R T e YRR &
J
25 2 27 24 29 30
5
31 32 33 34 35 36
6
37 38 39 40 1 42
7
43 44 45 46 47 48
8
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Solution
b ¢ f
abec f
abec f
abec f
abec f
abec f
abec f
ab f
e b ¢ f
e abec f
e abec f
e abec f
e abec f
e ab f
e a f
e f
e b ¢ f
e abec f
e abec f X
e abec f X
e abec f X
e abec f X
e abec f X
e ab f X
e b ¢ f
e abec f
e abec f
e abec f
e abec f
e abec f
e abec f
e ab f
e b ¢ f
e abec f
e abec f
e abec f
e abec f
e abec f
e ab f
e a f
e bl ¢
e abec
e abec
e abec
e abec
e abec
e abec
e ab
ABCDEF G

All the perforated blocks (19, 20, 21, 22, 23, 24) will be connected through the well, and we
introduce one more unknown, the bottom hole pressure, which is represented by the added
column at the right side above. Noe-zero coefficients will be in the locations of the perforated
blocks. One additional equation is needed, namely the rate equation:

Q = G19 t G20 t q21 + G22 + q23 + qa4, Where
qij = Pl;,j(P,; — Pon)

yielding the coefficients A, B, C, D, E, F, G, as shown in the bottom row.



Solution to Final Exam page 11 of 20
TPG4160 Reservoir Simulation, May 26, 2017

Question 4 (9 points)

For a completely water-wet system, make sketches of saturation functions (including labels
for important points/areas)
a) Oil-water system: imbibition and drainage k
b) Oil-gas system: imbibition and drainage k

kP, vs. S,

w? row? " cow

ro> Krogs Prgg VS S,

rog?® = cog
¢) Typical contours of three-phase k,, in a ternary (triangular) diagram (with axes
So ’ Sw ’ S g )
Solution

a)

Drainage curves

A

P A

wir wir
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b)
P cog
Kr A
Drainage
process
—»| S,=I
P dog
» S,
Sorg 1.0
P cog
K, A
Imbibition
process
oil _> S, o =Sor
S, » S,
Sorg oro Sorg 1-Sg,,
c)
100% gas
........ S

minimum liquid .

saturation under -

gas displacement

100% water - 100% oil
' - .
minimum oil plus Sir

& gqgs saturation under
water displacement
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Question S (18 points)

For a one-dimensional, horizontal, 3-phase oil, water, gas system, the general flow equations
are (including well terms):

o, p,) ,_ afes,
x\uB x| T\ B |
kk = OP

Vgag_i_R kkm&Po_’ R [

d
o\uB, ox ' uB, dx s =%l =

i kkrw 8Pw ]_ ’ _i£%]

A)
& + Rm (pSU
B B

8 o

oxluB o | M al B
Pcog:Pg_Po

P(,()W:PO_PW

S, +S,+5,=1

a) Write the three flow equations on discretized forms in terms of transmissibilities, storage
coefficients and pressure differences (no derivations needed).

Solution

Tx”i+l[2(P”i+l —Pﬂi)+TX0i—1[2(P0i—1 —Po) =g

= Cpoai(Poi —Poit)'i‘ Cbpq(Pbpl- —Pbp?)'l'Cswoi(Swi - Swit), i=1,N

(RS()YWXO)I‘JrIIZ (P0[+l - PO[)+(RS0’TX0)Z‘_II2(P0[71 - Poi) _(R‘Y()q:))i - q;l

= Cpogi(Poi —Poit)-i- Cbpg(Pbpi —Phpf)-l-Cswgi(Swi - Sw;), i= I,N

T)‘Wi+1/2 [(P"m - P"i ) - (PC”Wi+1 - chwi ):I + wai—l/Z I:(P”i—l - P"i ) - (PC"Wi—l - PC"Wi )] - qv,ui
= Cpou;(Po, = Po} )+ Cow, (S, = Suf),  i=1N

b) List the assumptions for an IMPES solution, and outline briefly how we solve for pressures
and saturations

Solution

(Note: solution does not have to include all these details, it is sufficient that the student

shows that he/she understands the principles)

IMPES solution:
Assumptions: all coefficients and parameters at time t, ie.

Tw' T', T
Cpoo' ,Cpogt , Cpog'
Cuso' ,Coe', Cogn'
Peog’, Peov' , R,
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Having made these approximations, the discretized flow equations become:

Tx0:+1/2 (P0i+l - Poi ) + Tx{’§—1/2 (P()i—l - Poi ) - q;i
= C,pooi (Poi - Po,t»)'i‘ Ctsgoi (Sgl- - Sg§)+ Ctswoi (Swi - Svtw»), l = 1,N
Tes | (Poyy = Poy)+ (Peosyy = P, )|

+Tng{—l/2 |:(P0i—l — Poi)+ (Pcogi_] — Pcogi )t:|_ q;z

t
i+1/2 i

+(R, )., (Poy = Po;)+ (R, T, (P, = Po)—(R,'q.)

i

=C'pos; (Po;— Po} )+ C'ses, (S, =S ), i=LN
TrxwiH/z |:(P0i+l - Poi)—(PcowiH _PCOWi )t:|+wal-_l/2 |:(P0i—1 _Poi)_(Pcowi_] - Pcowl- )t:|—q:vl

= C'pow; (Po, = Pof )+ C'ou, (S, = Suf),  i=1LN

IMPES pressure solution
By combining the three equations in order to eliminate the unknown saturations on the right
hand sides of the equations, the pressure equation becomes:

aiP()i_l +biP0i +ciPUi+1 = di’ l:l,N

It may be solved for pressures using a number of solution methods, such as Gaussian
elimination.

IMPES saturation solution

Having obtained the oil pressures above, we need to solve for gas and water saturations using
either the oil equation or the gas equation. First using the water equation, we solve explicitly
for water saturations

1 TtXWH—l/Z |:(P”i+1 - Poi) - (Pcowl-+1 - Pcowl.)t:|
‘

Clome| oy | (P = Pey) = (Peow = Peowy) | =1 = C'pon, (P, = P2

l

Swi = Sw: +

Then, the gas saturations may be solved using the oil equation:

Se, =Sl + CL[TW;M (Poses = Poy)+ Ty (P = Poy) = s = Cooof (Po, = Pot )= C'awo, (S, = 8L, ) ]

t
580;

i=1,N

c¢) Outline briefly how we can solve for pressures and saturations by Newtonian iteration (ie.
fully implicit solution).
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Solution

Newtonian iteration

Let us express the oil equation as Fo, and the gas equation as Fg,. Each equation will depend on
pressures and saturations in blocks i-/, i and i+1., as indicated below.

Fo;(Po_,Po;,Po,;,Se; 188,881 58w, 588w, ) =0
ng(Poifl’Poi’Poiﬂ’Sgifl’Sgi’SgiH7SW1‘71’SWiaSWi+1): O
Fu;(Po_y,Po;,Poyy,Swi_ 8w, 8,,,) =0, i=1,N

By first-order Taylor series expansions, we obtain the following expressions, where iteration
level is given by k:

Fof' = Fof + ; 0’1<P0"“—Po, 1>+g 0’ (Po" = Po)+ ; D’ (Poii = Poy)
;Sglll (Sek! = Sk 1)+ > g’ (Se™ = Sf )+ 35, B (St =ik
;sw (Sl =80k )+ aF” (ka“— Swi)+ ;W’ (Swisi = Suis)

F = Fof + ;zi gl (P! — Pol. ,)+§ g (P = Pof)+ ap: (P = Pof )
jSF (55 giw _ S8y Offsiw -5
;Si g (Sl = Suk. 1)+8Fg’ (S = Su)+ al:f" (Swisy' = Swisy)

Fuf™ = Fuf + j F ‘“1<Po"“ P} 1)+ a 7, L (Pof ™ = Pof )+ j P, (Po,’:l—Pofil)
j’: (s — sl 4 2 a S (8wl = Suf)+ j F (Swfff—Swﬁ]),

l=1,...,N

Thus, for a one-dimensional system we have 3N equations and 3N unknowns, and we can
easily solve for estimates of oil pressures and gas and water saturations. By applying
Newtonian iteration until we converge on a solution within some tolerance, we may obtain a
solution to the equations. Our linear equations for iteration step k+/ would then take the
form:

k+1 k+1 k+1 k+1 k+1
Clpooi[)oi__'—l +bp00iP0 + Cpoo, PUI+1 +asgvngi_+l +bsgoiS5l + Csgo, S51+l +asw0iSWi_+l +bswoiSwi+ -|-Cswol-Swi:1 =db.

k+1 k+1 k+1 k+1 k+1 k+1 k+1
apogiPoi:r] +bpogiPo +Cp0glP0l+1 +Clsggngi+l +bsggl-Sgl-+ +nggl-Sgl-++1 +aswgl-Swijl '|‘bswgiSWiJr +CswgiSwi:] =

ClpowiPof_-:l + bpowipo + Cpow; Pa + Asww, Sw _1 + bvww Sw + CswwiSwf_:—ll = dwl-
i=1, N

The equations are solved for pressures and saturations iteratively, updating coefficients after
each iteration.
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Question 6 (12 points)

For three-phase flow (constant flow area) the right-hand side of the gas equation may be
written (general case):

i{&-FR (PSUJ

o\ B, B,
a) Rewrite the expression above for under-saturated flow and state the pressure
dependencies of B, and R, for both saturated and under-saturated systems.

b) For one-dimensional flow of saturated oil, gas and water, the discretized form of the
right-hand side of the equation may be written:

Crogi( Po; = Poj ) + s Se; = S} ) + Congy (S, = S
Show the complete derivation the three storage coefficients ( Cpos;, Csss;, Cong; ).

¢) For one-dimensional flow of under-saturated oil and water, the discretized form of the
right-hand side of the equation may be written:

Cpas;((Po, = Pof ) + Cot( Pon, = Pyt ) + Cone (S, = !

Show the complete derivations of the three storage coefficients ( Cpog;, Cobg,, Cowg)).
Solution

Since P, =F,
a) Saturated: B,(P)
R,(F,)
F,2F,
Undersaturated: B,(P,.P,)
R,(P,)

b) The right hand side of the gas equation consists of a firee gas term and a solution gas term:

(95, , oR,S, |_0[95.), 9 oRs3,
ot\| B B | o\ B | o B

8 4 g 0
The free gas term may be written:

o[ ¢S, 1 do d/B) | (dp,, \as, | ¢ s,
—| == [= 8¢ — + +H — [+——=
B dP, " dP, |or| | dS, | o | B o

ot B

8

5. d(1/B dPp
- ¢ng, i + M (P(,i — P();) + cog
A \B, " dp, | ds

8 8 Ji

t ¢ t
Sg; = Sg;) [+ ———(Ss; — Sg;
.( g g,)] B, ~(Sei = 8si)

The solution gas term may be expanded into:

2 M =R 2 ¢S0 +¢S0 (9Rm
o\ B, | “o\B | B o

o
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The first term:

R, 2195, =R, S 219 +££ =R, S[Lﬂ+¢d(l/80)—|aP"+Rm¢£
“or\ B, )| | ‘o\B,) B, | LB, dP dP ot B, o

- ¢iRSOi SOI' C, n d(l/B,,):| (Poi _PO;)+(RB§_O¢J [—(Sgi —Sg;)—(Swi —Swl[)]

At | B dP

o i

o Ji

The second term:

05, R, :[cvsu R, P, ] _ L[ﬁdij (P —P)

B, o B, dP, o ) At\ B, dP, ) i
Then, collecting the terms:

A d(1/B 1= S, — S,
Cpogi :ﬂ Sg,- Cr +u +RS0i(]‘_SWi_Sgi)(Cr + d(l/Bo)] +( i gz)[dej]
(531: [ Bf— —d(l/ﬁgggjﬂ)pg _ Rm 1 1 BO dPO i Boi dPO i
8

ng B B

ngg =+
' B dpP , B,

At A o

¢iRsoi
AtB

i
Cswgi =

oi

c) We expand the right hand side of the gas equation as follows:
I p 95 |_p 2[0S, |, 85, dR, Iy _

—| R =2 |= =

o\ B, ) “o\B,) B, dP, &

Rso i % + SO iﬁ%_ﬁ_ ¢ d(l/BO) % + ¢ d(l/BO) (9Pbl7 + ¢S0 dRso anP
B, | o B, dP, or dP, O P, o || B, dP, &

oP,
= RsuSo L d(p + ¢ d(l/Bﬂ)WBPg + So¢ Rm d(l/B()) + L dRs(’W bp _ Rso¢ aSw
B, dP, dP, ) or dr,  B,dP,)d B, o

o

d(1/B d(l1/B oP.
_R5 g Cop AUB)IP, o ) d/B) 1 dr, \OP, R0 35,
s B, dp, ) or dP,, B, depJ & B, or

Using standard discretization formulas, we get the discrete form:

S.0).
2 Rxo ¢S0 = ( = 0¢)l & + d(l/BO) (I)oi _I)oti)
ot B At B dP,

S,0).(  d(1/B) 1 dR, o [R0) 1 ,
+( A )l RSO ( )+— - (Phpi_Phpi)_ _¢ _(SWi_Swi)
P dep BU dep i B iAt

Thus, the coefficients are:

(R,,9).(1-Sw,) [& . a(1/30)]

o

C 0g. —
i At B, OP,
Covs, = ¢, (1= Sw,) R, d(1/B,) N 1 dR,
At | 9P, B,dP,|
Cswgi = —&

B, Al
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Question 7 (10 points)

In Exercise 4 we injected gas into an under-saturated oil reservoir, and considered two cases:
with and without swelling of the oil. Make following qualitative plots (approximate):

a) Pressure in the injection grid-block vs. time for the two cases (on the same figure)

b) Production rates (oil and gas) vs. time for the two cases (on the same figure)
Explain why the curves differ based on the physical behavior of the two cases. Use plots of
Rso vs. Po and Bo vs. Po in the explanation, and indicate typical pressure paths (for oil
pressure and bubble point pressure) on these plots.

Solution

a) A Dpressure

swelling

/\noswelling

time

b) A rates

swellinge /7 -~ gaq —---ee=

no swellin,

.

time

>

Because of the lower compressibility in the reservoir when oil is swelling (remaining liquid)
compared to the case with free gas in the reservoir, pressure is increasing quicker. In the non-
swelling case, free gas will move along the top of the reservoir, and gas break-through will
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occur quickly. The oil production will go off plateau quicker. The gas production will remain
at initial solution gas ratio level until break-through (with a possible small increase in case of
swelling). The increase in gas production will be slower in the non-swelling case, since there
is the same amount of gas to be produced over time.

Question 8 (12 points)

The discretized form of the oil equation may be written as

Teopy0(P,y — P,) + Toopy ) (P, — P,)— 4, = Cpoi(Poi - Pat:) +C.(S,, — S

a) What is the physical significance of each of the 5 terms in the equation?

Solution
Tw,,,,(P,, — P,)=flow between grid blocks i and i+1
Ty, (P, — P,) = flow between grid blocks i and i- 1

q,; = production term
C,,i(P,,— P,)= fluids compression/expansion term

C,,.(S,,—S,;) = volume change due to saturations

Using the following transmissibility as example,
Teo. — 2ki—1/2}“’i—1/2
i—1/2 A.xi(Axi + A)CH)

b) What type of averaging method is normally applied to absolute permeability between grid
blocks? Why? Write the expression for average permeability between grid blocks (i-1) and

(i).

Solution

Harmonic average is used, based on a derivation of average permeability of series flow,
assuming steady flow and Darcy’s equation

7 Ax,, + Ax,
ko= a0 Ax,
— + 1

k. k.

i-1 i

c) Write an expression for the selection of the conventional upstream mobility term for use in
the transmissibility term of the oil equation above for flow between the grid blocks (i-1)

and (7).
Solution
2"’i—l lf P”i—l 2 P"i
)“"i—l/Z = .
//L)l- l]c Poi—l <P0i
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d) Make a sketch of a typical Buckley-Leverett saturation profile resulting from the
displacement of oil by water (ie. analytical solution). Then, show how the corresponding
profile, if calculated in a numerical simulation model, typically is influenced by the choice
of mobilities between the grid blocks (sketch curves for saturations computed with
upstream or average mobility terms, respectively).

Solution

exact
— average
=~~~ upstream

> X



