TPG4160 Reservoir Simulation 2018 page 1 of 12
Hand-out note 7

SATURATED OIL-GAS SIMULATION - IMPES SOLUTION

The major difference between two-phase oil-water flow and two-phase, saturated oil-gas flow is that the solution
gas terms have to be included in the flow equations. Recall from the previous review of Black Oil PVT behavior
that the oil density at reservoir conditions is defined as:

_ PosTt pgSRso
Po="p

o

First of all, for a saturated oil-gas system, the oil pressure is per definition equal to the bubble point pressure, or
saturation pressure:

B =5

and, in addition,

S, =0.

The implication of these definitions, is that the formation volume factor and the solution gas-oil ratio are
functions of oil pressure only,

B, = f(F)

Thus, for saturated oil, the solution gas term is no longer constant and will not be canceled out of the oil
equation, as it did in single phase flow and in oil-water flow. We will, for mass balance purposes, separate the oil
density into two parts, one that remains liquid at the surface and one that becomes gas:

_ PosTt pgSRso BO.S + pgSRsa

(4 B = B B =p0L+p0G

o o o

We will write the oil mass balance so that its continuity equation includes the liquid part only, while the gas mass
balance includes both free gas and solution gas in the reservoir, and thus all free gas at the surface:

d d
- a_x(poLuo) = E((ppoLSO)

2 (e +pucts) =265, +pucS )]

In the gas equation, the solution gas will of course flow with the rest of the oil in the reservoir, at oil relative
permeability, viscosity and pressure.

The Darcy equations for the two phases are:

or,
° U, Ox
Kk, P,
Uy = — o

Substituting Darcy's equations and the liquid oil density and the solution gas density definitions, together with
the standard free gas density definition,
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into the continuity equations, and including production/injection terms in the equations, results in the following
flow equations for the two phases:

LN A1
ox| u,B, ox ’ ot B,
and
k oP, P S, S
i ﬁ_g-i-Rmﬂ(uL&—& _qg,_RS(g;=£ ¢_g+Rm¢_:L ,
ox| pu B, ox u,B, ox Jt| B, B,
where

Relative permeabilities and capillary pressure are functions of gas saturation, while formation volume factors,
viscosities and porosity are functions of pressures.

Fluid properties are defined by the standard Black Oil model for saturated oil, as we have reviewed previously.
Before proceeding, we shall also review the relative permeabilities and capillary pressure relationships for oil-gas
systems.

Review of oil-gas relative permeabilities and capillary pressure
Normally, only drainage curves are required in gas-oil systems, since gas displaces oil. However, sometimes
reimbibition of oil into areas previously drained by gas displacement may happen. Reimbibition phenomena may

be particularly important in gravity drainage processes in fractured reservoirs.

Starting with the porous rock completely filled with oil, and displacing by gas, the drainage relative permeability
and capillary pressure curves will be defined:

P cog
K A
Drainage
process
gas
, S() =] oil
P dog
SD I : Sg
Sorg 1-S, Sorg 1.0

If the process is reversed when all mobile oil has been displaced, by injecting oil to displace the gas, imbibition
curves are defined as:
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P cog
K, A
Imbibition
process
oil _> S, o =S or
- . S() " » SO
Sorg 1-Sy, Sorg 1-S,,,

The shape of the gas-oil curves will of course depend on the surface tension properties of the system, as well as
on the rock characteristics.

Discretization of flow equations

The discretization procedure for oil-gas equations is very much similar to the one for oil-water equations. In fact,
for the oil equation, it is identical, with a small exception for the saturation, which now is for gas and not water.
Thus, the discretized oil equation may be written:

Txo1y2(Poiey = Po )+ Troryo(Po_y = Po )=y

= Cpooi(Poi — Pol-t)+ ngq(Sgi - Sgit), 1= l,N
Definitions of the terms in the equation are given below:

21{’”1/2

Ty =
Axi [ AxH—l + Axtj
k k.

i+1 i

2Der s

Tx”ifl/z =
Axi [ Axi—l + Axi J
k. k.

i—1 i

where

A{ kro

o u,B,

and the upstream mobilities are selected as:

).«Di+l if‘ PD >POZ

i+l —

< Py,

lom/z: p) if P

i+1

)uoi_l U“ Po >Poi

i-1 —

104 =
e Ao, if Po,_, <Py,

1

The right side coefficients are:

(1=S8¢)| ¢, d(d/B
Cpoo,' = ¢l( S )‘ —+ 7( 0)
At B, ap, |
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ngo i =

Left hand side of gas equation

For the gas equation, we will partly use similar approximations as for the oil equation, and also introduce new
approximations for the solution gas terms. First,

i kkrg &Pg +R kkro aPo _i kk’g ﬂ +i R kkro %
ox\ uB, dx " u,B, dx | Jdx\uB, dx | dx\ ' u,B, dx

o0

Then, we use similar approximations for the free gas term as we did for oil and for water:

[ kk, P,
g #—Bg = Txgi+1/2 (Pgi+1 - Pgi ) + Txgi—l/Z (Pgi—l - sz)
g8 i

1

where the gas transmissibilities are defined as:
2ﬂ’gi+1/2

Tigiypp =
Ax. ( AXi+l + sz)

"\ k. k.

i+1 i
218’1’—1/2

Txgi—l/Z =
Ax. ( Ax,_, + Ax; )

1

where

and the upstream mobilities are selected as:

A _ )“gm lf Pgi+l 2 Pgi
e lgi lf P3i+1 < Pgi
)“gi—l lf Pgi—l 2 Pgi

Agiyp =
e lgi lf Pgi—l < Pgi

The solution gas term may be approximated as the oil flow term, with the exception that the solution term has to
be included as follows:

o(  kk,6 IP,
g[Rm .uaBg ox 1 - (RS”TX" )i+1/2 (Pf"‘fl - P'") + (RSOTXO )H/z (Poifl - Pm)

For the solution gas-oil ratios, we will again use the upstream principle, just as for the mobilities:
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RSU[ l‘f PU
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i+l —
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Rmi—l U“ Po > Poi

i-1 —

Rsoi lf‘ Poi—l <Poi

Rso )y =

Right hand side of gas equation

The right hand side of the gas equation consists of a free gas term and a solution gas term:
(98, 0R,S,|_2(95.), 2 [0R.S,
Jt| B, B, Jt\ B, ) dt\ B,

Using similar approximations as for water for the free gas term, we may write:

S\ oS d(1/B dpP. |
N5 | @Sl e (AVBIN b poy| Bew | (s _ sy |45, —50).
Jt| B, At | B, ap, ) as, | Bg, At

l

The solution gas term may be expanded into:

O(0RS)_, 2(95.), 05,08,
or\ B, ) Yo\ B | B ot

o

The first term is identical to the right hand side of the oil equation, multiplied by R . Thus,

d (¢S
R — == = R‘vo-c 00. + Rsolc‘v 0:
|: soat(Bo ]:| i P00} i 589;

1

For the second term, the following approximation may be used:

¢S, 9R, | _[ S, dR, IF, | _ 1 (¢S, dR, (Po— P
B, dt ) \ B, dp, 9t ) M\ B, dp, ) " "

Then, combining the terms, the approximation of the gas equation becomes:

Tisips [ (Poroy = Po;)+ (Peoyyy = Peos;) |+ Trei_yy [ (Pory = Po;) +(Peos, — Peos;) |- @,
+(R,T),. ), (Poy = Po,) +(R,Tw) _, , (Po, = Po;)=(R,4)),

i+1/2 s0

:Cpogi(Po,»—Po§)+nggi(Sgi—ng), i=1,N

where
. d(l1/B d(1/B 1—-S ) dR
C'P%’i:ﬂ S i_i_(—g) +R30(1—S) i.|_ ( / 0) +( g) SO
Al 7\ B, dP, “\'B " dp, B, ap, |
and
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| d(1/B)\dP,, R, 1
Cory = | 5 | oy ABD A R, 1
At|"¢\ B, dP, )dS, B, B,

The derivative terms appearing in the expressions above:

d1/B,))\ (d(1/B,) ) (dR, and dar,,
dp, )’\ dpP, |\ dP, ds,

i

are all computed numerically for each time step based on the input table to the model.

Boundary conditions

The boundary conditions for oil-gas systems are similar to those of oil-water systems. Normally, we inject gas in
a grid block at constant surface rate or at constant bottom hole pressure, and produce oil and gas from a grid
block at constant bottom hole pressure, or at constant surface oil rate. As for oil-water flow, we may sometimes
want to specify constant reservoir voidage rate, where either the rate of injection of gas is to match a specified
rate of oil and gas production at reservoir conditions, so that average reservoir pressure remains constant, or the
reservoir production rate is to match a specified gas injection rate.

Constant gas injection rate

Again, as for water injection, a gas rate term is already included in the gas equation. Thus, for a constant surface
gas injection rate of Qgi (negative) in a well in grid block i :

4, =0,/ (AAx,).

Then, at the end of a time step, after having solved the equations, the bottom hole injection pressure for the well
may be calculated using the well equation:

Q.. =WCA, (P, — Pu,).
The well constant in the equation above is defined just as for oil-water flow:

2mk.h
WG ===,
In(—=)
rW
where r,, is the well radius and the drainage radius is theoretically defined as:

As for water injection, we will use the sum of the mobilities of the fluids present in the injection block in the well
equation. Thus, the following well equation is used for the injection of gas in an oil-gas system:

oi gi
or
B .
Qi = Wci[_m' Loi +)‘gi](Pé’i — Pory)
B,
gi
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If the injection wells are constrained by a maximum bottom hole pressure, to avoid fracturing of the formation, this
should be checked at the end of each time step, and, if necessary, be followed by a reduction of the injection rate, or
by conversion of the well to a constant bottom hole pressure injection well.

Just as for the water injection case, capillary pressure is normally neglected in the well equation, particularly in
the case of field scale simulation, so that the well equation becomes:

g1

le- = Wq[%‘u Z’oi +)‘gi](P"i - Pbl})

For gas-oil flow, the capillary pressure is normally small, so that even in simulation of cores used in laboratory
experiments, the errors resulting from neglecting capillary pressure in the well equation will be small.

Injection at constant bottom hole pressure

The well equation for injection at constant bottom hole pressure is the same as the one above:
Boi
0, =WC, —2A,+ ),gl. (Pg; — Pon,)
B i
or, if the capillary pressure of the injection block is neglected:
Boi
Qgi = WCz B_)um- + )’gi (Poi —Phhi) .
gi

Again, the terms of the equation must be included in the appropriate coefficients in the pressure solution. At the
end of the time step, the above equation may be used to compute the actual gas injection rate for the step.

Constant oil production rate

For the oil equation, this condition is handled as for the constant water injection rate. Thus, for a constant surface
oil production rate of Q ; (positive) in a well in grid block i :

q;- =0, /(AAx,).

However, oil production will always be accompanied by solution gas production, and in addition, the well may
produce free gas. The gas equation will thus have gas production terms given by:

Q;Si =q R, (solution gas)
and
’ ’ A’gi
qgﬁ = q()i 2/ ‘ + 2’gif)cogi (free gaS)

In case the gas-oil capillary pressure is neglected around the production well, the total gas production becomes:

A

A,
Q;n = qui + q;ﬁ =q,, (i"' Rso; |.
At the end of a time step, after having solved the equations, the bottom hole production pressure for the well may
be calculated using the well equation for oil:

0, =WC.A

i Voi

(Po; — Pon,).
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As for oil-water systems, production wells in oil-gas systems are normally constrained by a minimum bottom
hole pressure. If this is reached, the well should be converted to a constant bottom hole pressure well.

The gas-oil ratio at the surface is:

GOR[ — qg;li ,

oi

which for negligible capillary pressure in the producing grid block reduces to the familiar expression:

A
GOR, = =%

oi

Frequently, well rates are constrained by maximum GOR levels, due to limitations in process equipment. If a
maximum gas-oil ratio level is exceeded for a well, the highest GOR grid block may be shut in, in case more than
one gridblocks are perforated, or the production rate may have to be reduced.

Production at constant reservoir voidage rate

As for the oil-water system, the total production of fluids from a well in block |:|, at reservoir conditions, is to
match the reservoir injection volume so that the reservoir pressure remains approximately constant. Thus,

QOIB( +Q B Qgirnggilzj’

which, again assuming that capillary pressure is negligible, leads to:

A,
= B;, )/ (AAx,
qot /l B l B ( le gmj) ( )
and
: A (=Q,:Bs;,;) | (AAx,).
qgi A B )« B gi’8inj

The solution gas rate term thus becomes:

Rm ).«
RS()» ,» = — ol (-~ B . / AAX
lqOI )«oiBoi + )«giBgi ( le gl}'lj) ( l)

Production at constant bottom hole pressure

Using a production well in grid block I with constant bottom hole pressure, Pon, , as an example, we have an oil
rate of:

Q.. =WC,A,,(Po; — Pon,)

i"Yoi
and a free gas rate of:

Q.. =WCA, (P, — Pu,).

Substituting into the flow terms in the flow equations, the oil rate becomes:
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WC.
' = LA (Po, — Pon,),
qol AAxl 0[( 1 l)
and the free gas rate:
. WC,
qgi = AAX'I A’gi(Pgi - thi)

and finally the solution gas rate:

WC,
Rs()» ,» = Rso-—l/l . Po- —th<
lqOI 1 AAxl DI( 1 l)

Again, the flow rate terms have to be included in the appropriate matrix coefficients when solving for pressures.
At the end of each time step, actual rates are computed by the equations above, and GOR is computed as in the

previous cases.

Solution by IMPES method

The procedure for IMPES solution is similar to the oil-water case. Thus, we make the same assumptions in

regard to the coefficients:

Txot ,Txgt
Cpool N Cpogl
ngot ,C sggt
Pcogt
Having made these approximations, the discretized flow equations become:
t t ’
Txoi+l/2 (P”m - P”i ) + Txoi—l/2 (P"i—l - P"i ) ~Yoi
:Cpoof (Poi—P0;)+ngo:(Sgi—Sg£), lzl,N

Toso| (o = Poy) + (Pevsy = Pros,)' |

+Txgl{_1/2 |:(P”i—1 - Poi ) + (ngi—l - Pcogi )l :| - q;z

'y (Poyy = Po)+(R,T)_ (Po, ., — Po,)—(R,4.),
:Cpog; (Poi_P0;)+ngg; (Sgi—Sg:), l:1,N

+(R,Tw)

IMPES pressure solution

The pressure equation for the saturated oil-gas becomes:

Norwegian University of Science and Technology
Department of Petroleum Engineering and Applied Geophysics

Professor Jon Kleppe
18/1/18



TPG4160 Reservoir Simulation 2018 page 10 of 12
Hand-out note 7

{Tx‘1;+1/2 + ai |:Txg;+l/2 + (RsoTxo )Z+1/2 :|}(P0i+l - Poi ) +

{T’“’;—IQ +Q; |:T"gzt'—1/2 + (RsoTxo );_1/2 }}(P %17 P "i)
+0 Ty, (Peogiyy — Peog; ) + 0Tty (Peog; — Peog;)
—q,—, (q; + Rsotqz,)i)i =
(Cooot + 0, Coe )(Po, = Pof),  i=1,N
where
0, = —Csgo, | Csgg) .
The pressure equation may now be rewritten as:

aiP”i—l +biP"i +CiP”i+1 =d,, i=1,N

i
where
— 4 !
a, = Txai—l/Z + Oll. (ng + RsoTxo)i_]/z
— 4 !
¢ = Tmi+l/2 + Otl. (ng + RS()TXD)H,]/Z
t

t t t ! t
by = =Tl =Tty = G = 0| (Tt RT),, + (Tt RT), o+ oo |

i+1/2

di = —(Cpooﬁ + aiCpog; )Polt» + qz,)z + Oti (q; + Rsoq(:)

i

t t t t
- aiTXgH—l/Z (ngi+1 - Pcogi ) - (xiTxgi_l/z (Pcogi_l - Pcogi )

Modifications for boundary conditions

Again, all rate specified well conditions are included in the rate terms q:”. , q;i and Rmiq;i . With the coefficients

involved at old time level, coefficients, these rate terms are already appropriately included in the d, term above.

For injection of gas at bottom hole pressure specified well conditions, the following expression applies (again
using the case of neglected capillary pressure as example; however, capillary pressure can easily be included):

t

B,
Qi =WC,| 22 2yt Ay | (Poi=Poy).

8l

In a block with a well of this type, the following matrix coefficients are modified (assuming that there is not a
production well in the injection block):

— t _ t _ t
bi - T’“’i—uz Txoi+1/2 C”‘”’i

t

WC. | B,
—o| —L| =22+ A, | +(Tw+ R, Tw)  +(Tw+R,Tw),  +Cro,
o i i-112 50" %) i412 i
AAx,\ B,
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t

WC.| B,
di = —(Cpoo; + aiCpog: )Polr - ai —L ﬁloi + l i thi
Ax; | B, #

t t t t
- (XiTxgi+1/2 (Pcogi_'_1 - Pcogi ) - aiTxgl-_l/z (Pcogi_] - Pcogl- )

For production at bottom hole pressure specified well conditions, we have the following expressions:

qoi AAxl l (Po, — Pon;),
, WC
Gy = AAx (Pgl Pon,)
and
WC.

i“~oi

Rso» ,» = —Rw 2, Po th» .
lqol AAX' ( ,)

l

In a block with a well of this type, the following matrix coefficients are modified:

WC.
b~ = —th» - Txo{ - C 00{ - ! /lt»
i i—1/2 i+1/2 Poo; AA)C oi

L

i“Yoi

-1/2

wC, ;
_a[ . LR+ M) + (Tt R,T)_ +(Toe+ R Too), 1/2+c,mg,}

l

t t t WC[ t WC[ ’ !
di = —(Cpooi +(xiCpogi )Poi - Ax Z’m‘thi —(Xl Ax (Z’gi +quo )i thi

i i

- aiTxg;H/z (PcogiH - Pcogi )t + aiTxgl{_l/z (Pcogi_] - Pcogi )t

As for oil-water, the pressure equation may now be solved for oil pressures by using Gaussian elimination.

IMPES saturation solution

Having obtained the oil pressures above, we need to solve for gas saturations using either the oil equation or the
gas equation. In the following we will use the oil equation for this purpose:

Txom/z (P"m — P, )+ TX"I 172 (P"i—l — Py, ) —q,,
—Cpoo (Po P0;)+ngo:(Sgi—Sg£), lzl,N

Again, since gas saturation only appears as an unknown in the last term on the right side of the oil equation, we
may solve for it explicitly:

Sgi = Sglt +%[Tx"§+l/2(P"i+l - Pol-)+Txo;_l/2(Poi_l —Poi)— q;i - Cpoz); (Pol- - Po;)], i= l,N

580;

For grid blocks having pressure specified production wells, we make appropriate modifications, as discussed
previously:
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1 WG
Sgi = Sgi +S—gqt|:Tx0§+l/2(Poi+1 —Pol-)-i-Txoit_]/z(Pai_l - P”i)_A_/lfoi(Poi - Phhit)— Cp(m; (Poi —Pol.t):|

l

i=1LN

Having obtained oil pressures and water saturations for a given time step, well rates or bottom hole pressures
may be computed, if needed, from, from the following expression for an injection well:

WC. | B .
qgi= Apit+ Agi (Po; — Pbi;),
AAx, | B,,

and for a production well:

WC.
——L ) (Po; — Pbh
AAX ()l( 1 bhl))

i

’ —_—
4doi =

WC.

AAx, ;Lgi(Pgi — Por;)

q;i =
and

wC
Rstr ":_LRso/,L i P0<—P i)
i9oi AAX. i m( i bhz)

l

The surface gas-oil ratio is computed as:

GORiZq;,i_{——I?SUiq;i.

oi

Required adjustments in well rates and well pressures, if constrained by upper or lower limits are made at the end
of each time step, before all coefficients are updated and we can proceed to the next time step.

Applicability of IMPES method
Applicability of the IMPES method for oil-gas systems is fairly much as for oil-water systems. However, since
saturation changes in gas-oil systems generally are more rapid than for oil-water systems, due to the fact that the

gas viscosity is much smaller than for liquids, smaller time step sizes may be required.

Textbook: Chapter 6, p. 57-62, Appendix B, p. 132-139, Appendix C, p. 140-144
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