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Outline

* Gridding in Reservoir Simulation

e Calculation of Block to Block Flows in
Reservoir Simulators

 Wells in Reservoir Simulation
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Gridding in Reservoir Simulation

* Reservoir Simulation Model
— grid block model of a petroleum reservaoir...
» Gridding
— process of dividing up a reservoir into grid blocks
(spatial discretization)

e Discretization

— process of dividing up a continuous quantity into
discrete intervals
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Gridding in Reservoir Simulation
—|  Discretization ~ |—

| Spatial | | Temporal |

Ax, Ay, Az > .

P,k ¢S, p At (timeste
PVT P) 4
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Gridding in Reservoir Simulation

MSc Programs
MarucTepckue nporpammbi

| Grids |

{1 Dimension |
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|
-| Structure
—{  Cartesian
— Radial
— Distorted

Hybrid, LGR

|_




MSc Programs
Maructepckue nporpaMmmbl

Pefroleum Learning Centre

LIBHTP NPOCHECCMOHANLHOM NEPErnofroTOBKM
CMELMACTOB HepTEra30BOro Jiena

Gridding in Reservoir Simulation
| Grids |

{1 Dimension | {1 Structure |
— 1D | — Cartesian |—_
¢
— 2D | — Radial — _-(_;I‘
@]
—| 3D | —| Distorted I—i
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Gridding in Reservoir Simulation

* 1D Cartesian (Linear) Grids

— Horizontal
» Buckley-Leverett type water displacement

1D horizontal grid . S
Q4 ::83 ‘ ' >

1D vertical grid
— Vertical Q, *

« gravity drainage
« gravity stable gas displacement of oil

Az

T
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Gridding in Reservoir Simulation

° 2 D C a rteS| an G r|d S 2D (x/z) cross-sectional model showing a waterflood

- A
— Cross-sectional (x/z) } ¢
- vertical sweep efficiency ? Az
« water/oil displacements i \ =
geostatistically generatec. _.___ ______ T e

 generation of pseudo-relative permeabilities (2 phase upscaling)

* mechanism of gas displacement (importance of gravity)
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Gridding in Reservoir Simulation

o 2D Cartesian Grids 2D areal grid we
— Areal (x/y)

« areal sweep efficiency
(water/gas flooding)

* benefits of infill drilling
in an areal pattern flood

Just 1 x z - block

* near-miscible gas injection in a homogeneous layer
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Gridding in Reservoir Simulation

« 3D Cartesian Grids 3D Caresian gsid
— Default grid type Wa*efl"im

» easy to set up

* less time consuming simulat
(equations are derived for th

A/
\
\\W¥

/1 ,_

 wide range of field wide reseivon
production processes (full field simulation of
water/gas flooding and etc.)

10
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Gridding in Reservoir Simulation
| Grids |

{1 Dimension | {1 Structure |
— 1D | — Cartesian |—_
~
— 2D | — Radial I -(_;‘
5
—| 3D | —| Distorted |— -
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Gridding in Reservoir Simulation

 Radial Grids
- 1D

* pressure front propagation

— 2D (r/z), 3D L
* near wellbore processes T@;ﬂﬁ//
. x_’/ z
(water/gas coning) | -
l¥—r—> i \ l

v ' 12
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Gridding in Reservoir Simulation

 Radial Grids

— pressure change near well is stee

AP@y~m(r]

I8

— logarithmically-spaced grid
* grid is divided such that

Ar, =1 =1,

P(7) - P(r,.,) —const
)T
P(r)—P(r,)~mIn|

Vi 1
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Gridding in Reservoir Simulation
| Grids |

{1 Dimension | {1 Structure |
— 1D | — Cartesian |—_
¢
— 2D | — Radial — _-(_;I‘
@]
— 3D | — Distorted |—i




Petroleum Learning Centre | MSc Programs

LIBHTP NpOcheccroHabHOM Nepenoarotoskn | Maructepckue nporpamMmbl
CMELMACTOB HepTEra30BOro Jiena

Gridding in Reservoir Simulation

 Distorted grids

— Corner Point
 account structure features (faults)

Corner Point Geometry

8 corners

15
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Gridding in Reservoir Simulation

 Distorted grids

— Perpendicular Bisector (PEBI), Voronoi
 account structure features (faults)

 horizontal well modelling
. ' )\H\ Q\H\ [T ]

&) l |
-

16
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Gridding in Reservoir Simulation
| Grids |

{1 Dimension | 1 Structure |
— 1D | — Cartesian |—_
¢
— 2D | — Radial — _-L_;I‘
@]
—| 3D | —| Distorted I—i
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Gridding in Reservoir Simulation

* Local Grid Refinement (LGR)

— Simple grid refinement

Refinement in
~~ area of interest

.

a h Refinement where not
q\ 1)4 required (e.g. aquifer)

18




Petroleum Learning Centre | MSc Programs

LIBHTP NPOChecCHOHabHOM NepenoaroTosku | Maructepckue nporpammbl
CneLuanicToB HedhTerasoBoro Aena

Gridding in Reservoir Simulation

* Local Grid Refinement (LGR)

— Local Grid Refinement
Refinement in

// area of interest

Keep coarse grid
where not required
(e.g. aquifer)

19
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Gridding in Reservoir Simulation

* Local Grid Refinement (LGR)
— Hybrid Grid Local Grid Refinement

Schematic of Local Grid Refinement (LGR)

i'nject'or

y Tproducer Coarse grid |

in aquifer

A

Hybrid Grid

20
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Gridding in Reservoir Simulation

* Local Grid Refinement (LGR)
— Hybrid Grid Local Grid Refinement

21
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Gridding in Reservoir Simulation

 Distorted grids

— Faults modelling
* Non-neighbor connections (NNC)

Fault /
L1

L3

L2

L4

L3

. /

/

47L

L1 ~—
-
771_

22
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Gridding in Reservoir Simulation

—{ Numerical problems |—

| Numerical dispersion | | Grid orientation

1.0

\ Front moving in this direction — g

Numerical Grid block size = Ax

Water saturation = S, (x,t;) time =1,

] with velocity V,, |
\

I

I .

I N l«— Analytical
A= solution

| 1

| |

N

b e e —
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Gridding in Reservoir Simulation
—{ Numerical problems |—

| Numerical dispersion | | Grid orientation |

1.0

Numerical Grid block size = Ax

|\ Water saturation = S,,,(x,t;) time =t P1
| e p e
| \ Front moving in this direction — g
|
|
|
|
|

——— with velocity V,, |

I

I .

I 8 l«— Analytical
A= solution

| T

| |

N

b e e —
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Gridding in Reservoir Simulation

* Numerical Dispersion

— numerical error due to grid block approximation for
solving the flow equations

t=@t 1.0 Relative Permeability to Water
Q, Q

K E
S5, Swe I 20% i_sor = 30%

0 20 40 60 80 100
S %o

w
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Gridding in Reservoir Simulation

* Numerical Dispersion

— numerical error due to grid block approximation for
solving the flow equations

t= ZAt 1.0 Relative Permeability to Water
Q, Q

K E
Swe I 20% i_sor = 30%

0 20 40 60 80 100
S %o

w
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Gridding in Reservoir Simulation

* Numerical Dispersion

— numerical error due to grid block approximation for
solving the flow equations

t= 3At 1.0 Relative Permeability to Water
Q, Q

- E
Swe 1 20% i_sor = 30%

0 20 40 60 80 100
S, %

w

27



Pefroleum Learning Centre | MSc Programs

LIBHTP NPOChecCHOHabHOM NepenoaroTosku | Maructepckue nporpammbl
CMELVATIMCTOB He(hTera3oBoro Jiena

Gridding in Reservoir Simulation

* Numerical Dispersion

— numerical error due to grid block approximation for
solving the flow equations

t= 4At 1.0 Relative Permeability to Water
Q, Q

- E
Swe 1 20% i_sor = 30%

0 20 40 60 80 100
S, %

w
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Gridding in Reservoir Simulation

* Numerical Dispersion

— numerical error due to grid block approximation for
solving the flow equations

QW t= SAt QW Qo 1.0 Relative Permeability to Water

Wate rsQreakthro h féer Hé\t

0 —1y ™ T ]
0 N)5161Ued' 80 100
S % i
NX=5 Water-breakthrough-after 10At

29
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Gridding in Reservoir Simulation

* Numerical Dispersion

1.0
Analytical solution "
| (Buckley-Leverett) 1

\'\

Numerical
solution

— saturation front spreading 30
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Gridding in Reservoir Simulation

* Numerical Dispersion
— Methods of reducing

» Grid refinement (increase in number of grid blocks)

1.0 4 Relative Permeability to Water

» Use of Pseudo-relative permeabilities
(2 phase upscaling)

0 20 40 60 80 100
o,

Sy %

« Use of alternative simulation scheme
(Streamline simulation)

31
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Gridding in Reservoir Simulation
—{ Numerical problems |—

| Numerical dispersion | | Grid orientation |

1.0

Numerical Grid block size = Ax

|\ Water saturation = S,,,(x,t;) time =t P1
| e p e
| \ Front moving in this direction — g
|
|
|
|
|

——— with velocity V,, |

I

I .

I 8 l«— Analytical
A= solution

| T

| |

N

b e e —
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Gridding in Reservoir Simulation

* Grid Orientation effect

— arises when the fluid flow both oriented with the
principal and diagonal grid direction

I DA
P2 diagonal flow result
Oil i —]"true"
SELEFTR s recovery
| recovery T eSS *
’ P]- grid
aligned
Time result
T Irz

33
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Gridding in Reservoir Simulation

* Grid Orientation effect
— Methods of reducing

N
H-H

T
i B B Vi B

» Use of distorted grids (PEBI)

T

« Use of improved numerical schemes (9-point)

5-point . 9-point | _ | . | .

: | i i N b

Use of al : llatlon_ NIz
scheme ( *~T71"T° |mulation) =

! SN,

34
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Gridding in Reservoir Simulation

e Streamline Simulation
Pressure Streamlines Saturation

IEESNENE =NNa) ]
‘_‘('/V :;.';““\‘ M % “l ’
‘ ‘ /

l

SE=—CEEs T e mEmEREs

|
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Gridding in Reservoir Simulation

* [ssues in Choosing Reservoir Simulation Grid
— Grid Dimension 7

« 1D, 2D, 3D ?
— Grid Geometry/Structure should be related to
e Cartesian, Distorted, LGR ?  the Simp|iciW/comp|eXity

of the problem

— Grid Fineness/Coarseness

 Grid block size (number of
grid blocks) ?

36
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Gridding in Reservoir Simulation

* [ssues in Choosing Reservoir Simulation Grid

100 Process ==> Waterflooding
90 Vertical Grid Refinement f
] < NX o
. 80 ] B = 1 |:| Water
B 13 2
8 70 1 :
o\% ] A 3“ D Oil
=60 A = } \
% 60 4 == | NZ Gas
E 50 As vertical grid is refined é-» 0
L —_——
> ]
= 40 ] ‘!s\!l
s 1 .
682 30 } FET——— O Homogeneous Model, kv/kh = 0.1 ]
: .= s---0 © Stratified Model, 1.2 HCPVI, kv/kh = 0.02
00 1 Extrapolated RE = 27.6% W Homogeneous Model, kv/kh = 0.01 -
10 3
0 ] T L) T Ll Ll T L) T T & § L}
0.00 005 0.10 0.15 020 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
'/, arid blocks 37




Petroleum Learning Centre | MSc Programs

LIGHTP NpOodheccroHaIbHOM nepenoarotosku | Maructepckue nporpamMmbl
CNELMATIMCTOB HedpTera3oBoro Jena

Gridding in Reservoir Simulation

* [ssues in Choosing Reservoir Simulation Grid
— Example 1

* Vertical Grid Refinement ?
— V1 - NX =

100
s TN 1

90 3 R \ 12 EI Water
: R awd 3

80 1 T oil
] (REP . L]

70

i e . [:l Gas
1 As vertical grid is refined é -->0

D
o

a1
o

-mr
-
-

N
o

O Homogeneous Model, kv/kh = 0.1

] 0 Variable Width Homogeneous Model, side solver

] Extrapolated RE = 35.3% @ Stratified Model, 25% slug, 1.2 HCPVI, kv/kh = 0.02
B Homogeneous Model, kv/kh = 0.01 |

@
o

Recovery Efficiency, %o00lP

N
o

—
o o

Process ==> Wiscible Water - Alternating - Gas (MWAG) —

0.00 005 0.10 0.15 020 025 030 035 040 0.45 0.50 055 0.60
1/nz grid blocks 38
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Gridding in Reservoir Simulation

* [ssues in Choosing Reservoir Simulation Grid
— Example 1

100

90

o]
o

MWAG

~
o

2]
o

o

@ & O
o

o

Recovery Efficiency, %o00lP

Waterflooding

N
o

—
o o

0.00 005 0.10 0.15 020 025 030 035 040 0.45 0.50 055 0.60
1/nz grid blocks 39
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Gridding in Reservoir Simulation

* [ssues in Choosing Reservoir Simulation Grid

— Example 2

5 Gravity Dominated Gas

0.45

0.4 -
o
% 0.35 A
o9 __
.03 [VE Limit
o 0.25
§ 0.2 — fine grid : 5 layers
C 0.15 —= fine grid : 25 layers

0.1 —== fine grid : 50 layers

’ —— fine grid : 200 layers
0.05 — — coarse grid
0
0 0.2 0.4 0.6 0.8 1
PVI 40
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Outline

* Gridding in Reservoir Simulation

e Calculation of Block to Block Flows in
Reservoir Simulators

 Wells in Reservoir Simulation

41
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Calculation of Block to Block Flos

in Reservoir Simulators
- Darcy Law for Inter Block Flow

o i -
Permeability = k; 1 Permeability = k; X
ﬁ
Pl 1 Qp PI
Area, A4 ~-— Area, A,
S CETEETTETEY T {P— »
2 ( \

42
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Calculation of Block to Block Is w

iIn Reservoir Simulators
« Averaging k-A Product, k4

1\ B, | ,~ )
Pressure : : : /
P .-----_----_---_-Jf ....... : --:- ............................ P; = face pressure
j ; ; between block

X 43
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Calculation of Block to Block Flos

iIn Reservoir Simulators
« Averaging k-A Product, k4

block i-1
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Calculation of Block to Block FIs

iIn Reservoir Simulators
« Averaging k-A Product, k4

block i
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Calculation of Bock to Block Flow

iIn Reservoir Simulators
« Averaging k-A Product, k4
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Calculation of Block to Block F_Is'

iIn Reservoir Simulators
« Averaging k-A Product, k4

[ h
Ou [ Ax,, Ax
1 » (B-R})=- ( N Yo j
Q — _/J Ax,'_l N A)Cl (}), - }12_1) (k A)l—l (k A)l
\ (k : A)i—l (k . A)z Y, a7
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Calculation of Block to Block Flows

iIn Reservoir Simulators
« Averaging k-A Product, k4
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Calculation of Block to Block Flows

iIn Reservoir Simulators
« Averaging k-A Product, k4

kA Ax,_ +Ax, 2

l

"(Afc'f?mx,. Nof Andv, ax

> [ (0 4] ()4 - 4)

Harmonic average 49
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Calculation of Block to Block F_Is'

iIn Reservoir Simulators
« Averaging k-A Product, k4

Harmonic
average p \

50
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Calculation of Block to Block Flos

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, A

P

3 =
p

Hy

( \ [ A
Qp :—M(B]__
p
_Hiy T H,
lLtp o 12

Arithmetic average 51
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Calculation of Block to Block Flows

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, /lp

Harmonic
average / \
Q _ @ , Pz _B—l
P (1 XB) (Ax,.1 +Ax, j
* N 2 y
Arithmetic
average

52
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Calculation of Block to Block Flows

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, /lp

— Physically
Sor
§ 1+ S +
Sw K> 0 >Qw>0 Keiii='0)
Kro =0 ——>Q0=0 Kro > 0
Swe

Block i Block i + 1 53
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Calculation of Block to Block FIows

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, /lp

v
Sor
| 4 Sor +
Kro =0 _ikhro=0 Kro > 0
Swe
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Calculation of Block to Block FIows

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, /lp

a []

)
SOI‘
\

Sii Kiii > 0 —ik >0 k=0

arw

Kro =0 ——>(>k >0 k>0

aro
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Calculation of Block to Block Flows

iIn Reservoir Simulators
- Averaging Two-Phase Mobility, /lp

— Upstream value ?

Sii Kiii > 0 —ik >0 k=0

urw

Kro =0 —ik =0 k(>0

uro
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Calculation of Block to Block FIows

in Reservoir Simulators

» Averaging Two-Phase Mobility, /l
— Upstream value ? \/

)

SOI‘
§ 1+ S +

Si Keii > 0 Ky =0 l— Kpy =0
Kio =0 kuro>0 l— Ko > 0
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Calculation of Block to Block Flows
in Reservoir Simulators

e Summary
T . Upstream
armonic value
- AX i 4 _ AX > average
Permeability = k;_4 Permeability = k;
Y 2Ol [+
@ - o p
] g , Ax
Area,iA jif - Area,EA i
T [ - Arithmetic
average
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Outline

» Gridding in Reservoir Simulation

e Calculation of Block to Block Flows in
Reservoir Simulators

 Wells in Reservoir Simulation
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Wells In Reservoir Simulation

 Basic ldea of Well Model

Z AP Surface facilities
p Well head & s (separator etc...) -
wh Ii-l :-:'::MEM ;- To storage /
T export
APf—>s Near wellbore formation
Well tubulars to wellbore APs
Reservoir showing AP
fwo geological layers 2 f->w
“
AP e - (AP.)
—— ' g skin
P Well completed 60
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

Givens
a
Neaf eIIbore}er]n‘latlon})e PWf )
Well ||
II/
A dak ‘/
/ e
/
\ Limits
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

oAt
P=P_atr: P*—owzzill:hm(’?j

2mkh '
] '(})e_ow)

ry
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow
Anafytilcai:mndej? » Grid block model
P ' I

-

Grid block

e ol
‘\’ Well at BHFI):P pressure
wf

Ly Ax Ay P 63
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

Analytical model = » Grid block model
A Q i Grid block
P, 2k h Vel B ressure
P Q= (Pe - wf)
" } Ve
AP(H) 4P() - Py L - In| ¢
l (’” w J
Put re
?
e < > Ax Ay

O
|
L
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_ 2D Areal grid
real gri

[,

P(r)*—"T i, WAL

(r) . nkh krw N '\ :

ij 8 T :

Ou (7 N f

Fy—F =~ " X :

/ 277:kh Ve AX r : 4 . :

P-P 1 (r 2 NN i

g oo _ 0 pl Y - =

AX ) -4-1-F--1-F-]-4-

Qlu 27 (Ve\J -1

kh I-1 0123 45 67 891011
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_

0.6
0.5+ -OnEQge:i:Qor_j:o
: IO: I;)tlggonalz i=j
0.4F J
‘i%o.s
+ + + Q-0-0.2..
y ) k ( X - ) 0.1F
. D P h\o\p e
€ U 7 — . 0.1 0.2 04 0.6 1 rij/sz 3 4 56
o =02 [r0u0.24x} e
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_

(Ax=Ay)

Ay

‘re S 0.14\/AX2 + Ay’ ‘ (Ax+Ay)

‘I"e zO.ZAx‘ = ox ~|V
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_

‘re ~ 0.433Ax‘

‘ ‘re zO.ZAx‘

‘re ~ 0.193Ax‘

‘re z0.196Ax‘

‘re z0.72Ax‘
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

— Peaceman Equivalent radius, r_

(Ax#Ay) (k#K,) > A
_ -1
2
e i) M
r,~0.28——————
ﬁ 4 + & 4 AX
k, k, !
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow

Analytical model = » Grid block model
A Q i Grid block
P 2k h Vel B ressure
o P Q — . | (I)e o ow) )
APtr) P(r) - Py L - In| ¢
; g
Pu I

P, = P 71
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Wells In Reservoir Simulation

* Well Models for Single and Two Phase Flow
— Two phase flow

Well radius = r,,
3

Qu [ | Q

0, =PI, -(P-P,) 0,=PI,-(P-P,) b (4

Saturation
Sy and Sy

0 r w — I/‘ AX
U, - In [eJ H., - In [ej (assume AX = Ay)
r, r,

72



Petroleum Learning Centre | MSc Programs

LIGHTP NpOodheccroHaIbHOM nepenoarotosku | Maructepckue nporpamMmbl
CNELMATIMCTOB HedpTera3oBoro Jena

Wells In Reservoir Simulation

* Well Modelling in a Multi-Layer System

Well
completion
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Wells In Reservoir Simulation

« Well Modelling in a Multi-Layer System

For each layer (k=1..4) A

on :Plok (})k _owk)
+ —_—
ka :PIwk (])k _owk)

n (kh-k. (S,)),

H, ln(r"j
rW

]
Onpr (P1ZZPE B VP py
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Wells In Reservoir Simulation

* Well Modelling in a Multi-Layer System

For each layer (k=1..4)
on :PIOk (f)k _owk)
ka :lek (Bc _Pwﬂc)

QTk :(Plok +lek)(Fk_Pwﬂc)

For simplicity

Total
4 _
Q() = ZPI()k (})k _owk)
k=1

4 S
Qw :ZPIwk (})k _ijk)
k=1

4 S
O; =) (PL+PIL) (B —Py)
k=1

owIZow2: wf3:ow4 75
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Wells In Reservoir Simulation

* Modelling Horizontal Wells
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Wells In Reservoir Simulation

 Hierarchies of Wells and Well Controls
— Well Controls

» Rate constrained injection
* Pressure constrained production

Set Q,.y A SetP .
LR
= }

e
R
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Wells In Reservoir Simulation

 Hierarchies of Wells and Well Controls
— Well Controls

« Rate or Pressure constrained production
» Voidage replacement (injection)

variable Q

'

Qo+ Qup

-

QWires - Qwi . BW
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Wells In Reservoir Simulation

 Hierarchies of Wells and Well Controls
— Well Controls

« Rate or Pressure constrained production
» Voidage replacement (injection)

variable Q Qop + pr

3 K|

|
A

QWireszQ Qwi=Q0p.(Bo/Bw)+pr +pr.Bw --f

-
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Thank you for attention!

Reservoir Simulation
Gridding and Well Modelling

Sergey Kurelenkov
2011



