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What are multisegment wells?

PRODOT
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Simulation flexibility *"OPM

A‘ OPEN POROUS MEDIA

e Partitions are critical for the performance!

e The new default partitioner handles well info better — performance improvement!
e Before: Partitions had to keep multisegment wells on one process.

e With distributed multisegment wells: Partitions can be independent of the wells.

e Enable with --allow-distributed-wells=true.

e Spoiler': The well-independent version of the new default partitioner slightly outperforms
the well-dependent one!

"for the cases | have tested
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Steps to parallelize multisegment wells D o PM

Wl OPEN POROUS MEDIA

A Linear system solved in each timestep in flow, Schur complement

B Equations and resulting part of the linear system for standard and multisegment wells
C Linear system for multisegment wells in parallel

D Performance results

E Outlook
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A: Linear system - O PM

Wl OPEN POROUS MEDIA

e reservoir + well equations define a large system of nonlinear equations

—

R(x) =0

dim(x) = dim(R(x)) = #grid cells - #primary variables' + #wells - #unknowns per well

F#£reservoir unknowns #well unknowns

e solve R(x) = 0 using a Newton-Raphson type method, i.e., in each iteration:
calculate Jacobian J ( - ) € RAm(X)xdim(x) of R and solve

J(Xn)(Xn41 — Xn) = —R(Xn)

"one primary variable for each phase, so 3 primary variables for a three-phase black oil system
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A: Linear system - O PM

Wl OPEN POROUS MEDIA

e reservoir + well equations define a large system of nonlinear equations

dim(x) = dim(R(x)) = #grid cells - #primary variables' + #wells - #unknowns per well

F#£reservoir unknowns #well unknowns

e solve R(x) = 0 using a Newton-Raphson type method, i.e., in each iteration:
calculate Jacobian J ( - ) € RAm(X)xdim(x) of R and solve

J(Xn ) Xnt1 = J(Xn)Xn — R(Xn)
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A: Linear system - O PM

Wl OPEN POROUS MEDIA

e reservoir + well equations define a large system of nonlinear equations

dim(x) = dim(R(x)) = #grid cells - #primary variables' + #wells - #unknowns per well

F#£reservoir unknowns #well unknowns

e solve R(x) = 0 using a Newton-Raphson type method, i.e., in each iteration:
calculate Jacobian J ( - ) € RAm(X)xdim(x) of R and solve

J(Xn )Xn+1 ="In
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A: Linear system - O PM

Wl OPEN POROUS MEDIA

e reservoir + well equations define a large system of nonlinear equations

dim(x) = dim(R(x)) = #grid cells - #primary variables' + #wells - #unknowns per well

F#£reservoir unknowns #well unknowns

e solve R(x) = 0 using a Newton-Raphson type method, i.e., in each iteration:
calculate Jacobian J ( - ) € RAm(X)xdim(x) of R and solve

A C Xreservoir \ __ [ I'reservoir
B D Xwells F'wells
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A: Linear system

cl|c2
A
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' OPEN POROUS MEDIA

A: Jacobian of reservoir equations w.r.t.
reservoir unknowns

B;, Cj, D; for each well, j =1, ..., #wells

B;: Jacobian of equations for well j w.r.t.
reservoir unknowns

Cj: Jacobian of reservoir equations w.r.t.
unknowns of well j

Dj: Jacobian of equations for well j w.r.t.
unknowns of well j
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A: Linear system

cl|c2
A
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Wl OPEN POROUS MEDIA

e Do not solve the whole system

A CG C ... Xr re
B: Dy Xw, r'w,
B, D, T Xwy | =] M,

as one, instead:

e For x, solve

F#wells F#wells
j=1 j=1

e For each x,,, solve the small system
—1
X, = D; (rwj —Bjxr) .

6 of 21



Steps to parallelize multisegment wells "‘- o PM

Wl OPEN POROUS MEDIA

A Linear system solved in each timestep in flow, Schur complement

B Equations and resulting part of the linear system for standard and multisegment wells
C Linear system for multisegment wells in parallel

D Performance results

E Outlook
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B: Well equations for a standard well P o PM

Wl OPEN POROUS MEDIA
e one conservation equation per phase a:

connections

o of the well
Ay — A2 B
At + Qa - qoi =0
v~ =1 flow rate of phase o
A =amount of phase o flow rate of phase a

through connection i
in the wellbore

o for a three-phase black oil system: o € {water, oil, gas} = {w, o, g}

e one control equation, e.g. for a prescribed bottom hole pressure:
Pohp — Di,‘;,r,fet =0
¢ unknowns for each well for a three-phase black oil system:

Q: s Fw,Fg and Pbhp

weighted total flow rate weighted fractions of water and gas
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B: Well equations for a standard well P o PM

Wl OPEN POROUS MEDIA
e one conservation equation per phase «:

connections

o of the well
A, — A B
At + Qa - Qo =0
N~ =1 flow ra:)ffp;lase [e%
Aq =amount of phase « flow rate of phase «

through connection i
in the wellbore

e for a three-phase black oil system: « € {water, oil, gas} = {w, o, g}

e one control equation, e.g. for a prescribed bottom hole pressure:
Pbhp — pi,‘},’,f"’t =0
¢ unknowns for each well for a three-phase black oil system:

Qt(QWa QOa Qg) ) FW(Qt7 Qw)a Fg(Qta Qg) and pbhp

weighted total flow rate weighted fractions of water and gas

— four equations and four unknowns per standard well
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B: Linear system for standard wells for 3 phases "“ OPM

Wl OPEN POROUS MEDIA

FAMS KA . .
vy e Aisa #cells x #cells BCRS-matrix',
H 7 inner matrices are 3 x 3
e Bjisa1 x #cells BCRS-matrix,
A o fed inner matrices are 4 x 3
e C;is a #cells x 1 BCRS-matrix,
inner matrices are 3 x
| L 3x4
, U B4 — &l e&,/\x/\ e B;and Cj only contain entries for the cells
y éfl [ XY 1 & that are perforated by the well
x4 clls
. e Bjand qT have same sparsity pattern
. . . Bulls -4
o 4= > e Djisa1x 1BCRS-matrix,
BA o0 --- ofx|x|e-0|X]0 —— 00 inner matrix is 4 x 4

"BCRS = Blocked Compressed Row Storage
collection of small dense inner matrices
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B: Well equations for a standard — multisegment well P OPM

Wl OPEN POROUS MEDIA
e one conservation equation per phase « (water, oil, gas) :

connections

A, — A°
{67 (6% J—
_— + Qa - E : Ao, =0
At ~ . ~~
S——— flow rate of phase =1 flow rate of phase o

Aq =amount of phase o
in the wellbore

through connection i

¢ one control equation for the top segment, e.g. for a prescribed bottom hole pressure:

target
Pbhp — pbhp =0

¢ unknowns for each standard well for a three-phase black oil system:
Qt(QW7 QO7 Qg)a FW(Qt) Qg), Fg(Qh Qg) and pbhp
— four equations and four unknowns per standard well
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B: Well equations for a multisegment well P o PM

Wl OPEN POROUS MEDIA
e one conservation equation per phase « (water, oil, gas) and per segment n:

connections

Aa N — Ag . of segment n inlets of segment n
i 9
- T S S Q. =o
M i=1 ¢ i=1 v
—— flow rate of phase a flow rate of phase o flow rate of phase o
Aq =amount of phase o in segment n through connection i in segment i

in the segment n

¢ one control equation for the top segment, e.g. for a prescribed bottom hole pressure:

target
Pbhp — pbhp =0

¢ unknowns for each standard well for a three-phase black oil system:
Qt(QW7 QO7 Qg)a FW(Qt) Qg), Fg(Qh Qg) and pbhp
— four equations and four unknowns per standard well
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B: Well equations for a multisegment well X o PM
A‘ OPEN POROUS MEDIA
e one conservation equation per phase « (water, oil, gas) and per segment n:
connections
o of segment n inlets of segment n
ACEJ‘ B Aa,n
At + ro,n - E qo,i - § Q(xj =0
—~— — ~— — ~—
—— flow rate of phase a =1 flow rate of phase o =1 flow rate of phase o
Aq =amount of phase o in segment n through connection i in segment i

in the segment n
¢ one control equation for the top segment, e.g. for a prescribed bottom hole pressure:
Pohp — Pi,‘;,r,fet =0
e one equation for all other segments with the pressure relationship to the outlet segment:
Pn — Poutlet ofn — (Pressure drop between segment n and its outlet) = o
¢ unknowns for each standard well for a three-phase black oil system:
Qt(Qw; Qo; Qg), Fw(Qt, Qg), F5(Qt, Qg) and ppny
— four equations and four unknowns per standard well
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B: Well equations for a multisegment well " o PM

A‘ OPEN POROUS MEDIA
e one conservation equation per phase « (water, oil, gas) and per segment n:

connections

Aa N — Ag . of segment n inlets of segment n
5 5 _
At + Qa,n - Z qa,i - Z Q(Li =0
M i=1 ¢ i=1 v
—— flow rate of phase a flow rate of phase o flow rate of phase o
Aq =amount of phase o in segment n through connection i in segment i

in the segment n
¢ one control equation for the top segment, e.g. for a prescribed bottom hole pressure:
Pohp — Pi,‘;,r,fet =0
e one equation for all other segments with the pressure relationship to the outlet segment:
Pn — Poutlet ofn — (Pressure drop between segment n and its outlet) = o

e unknowns for each multisegment well for a three-phase black oil system:

Qt.n(Qw,ns Qo.ns Qgn)s Fw.n(Qt.ny Qgon), Fgn(Qens Qgn) and ppnp, pn(n # top segment)

— four equations and four unknowns per standard well
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B: Well equations for a multisegment well "

e one conservation equation per phase « (water, oil, gas) and per segment n:

connections

Aa N — Ag . of segment n inlets of segment n
5 5 _
- T S S Q. =o
M i=1 ¢ i=1 v
—— flow rate of phase a flow rate of phase o flow rate of phase o
Aq =amount of phase o in segment n through connection i in segment i

in the segment n
¢ one control equation for the top segment, e.g. for a prescribed bottom hole pressure:
Pohp — Piﬂ,r,fet =0
e one equation for all other segments with the pressure relationship to the outlet segment:
Pn — Poutlet ofn — (Pressure drop between segment n and its outlet) = o
e unknowns for each multisegment well for a three-phase black oil system:
Qt.n(Qw,ns Qo.ns Qgn)s Fw.n(Qt.ny Qgon), Fgn(Qens Qgn) and ppnp, pn(n # top segment)

— four equations and four unknowns per segment of a multisegment well

Parallel Multisegment Wells, May 27th, 2025, Lisa Julia Nebel (lisa.nebel@opm-op.com) 10 of 21



B: Linear system for multisegment wells for 3 phases OPM

' OPEN POROUS MEDIA

clMs s KH Segmacts . .
R el e o Ais a #cells x #cells BCRS-matrix,
P inner matricesis 3 x 3
o Bjis a #segments x F#cells BCRS-matrix,
Ll A inner matrices are 4 x 3
! o Cjis a #cells x #segments BCRS-matrix,
\ inner matrices are 3 x 4
o Al e—#agmarce . .
7 — S8 < X?‘:ﬁ&gmw& e B; and Cj contain entries for the cells that
= LEY — @ .
Bagx oulls are perforated by the well j
e Bjand CT have the same sparsity pattern
O | Jla - |32 oA ] i .
olo —o[% [0of-o[o[o—oc]o e standard wells: one row, all entries are in
B4 |ofo—0f° X [0-0[O [ o —ofn 3 segparks that one row
0/0 —0|0 [0 [0-9 X[O —0Ig e multisegment wells: #segments rows,
! each row has as many entries as the

segment has perforations
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B: Linear system for multisegment wells for 3 phases OPM

#cls Tk WH Segmacts
— A v
£ A
\
| — ] Bl < FHagirarche
/;'7 [ EY 1 @ X#*@NH‘:
o froulls
Y B Y O A S T et
seet| O of (o 8 8 o} |0
%] 0 x| |0 i 0 0
B4 sl o |OK [OP2 [Ofolofo
2 ol IPL P of [0
o 0
w5l |0 0| (o]0 X110

' OPEN POROUS MEDIA
A'is a #cells x #cells BCRS-matrix,
inner matricesis 3 x 3
B; is a #segments x #cells BCRS-matrix,
inner matrices are 4 x 3
Cj is a #cells x #segments BCRS-matrix,
inner matrices are 3 x 4
B; and C; contain entries for the cells that
are perforated by the well j
B; and CjT have the same sparsity pattern
standard wells: one row, all entries are in
that one row
multisegment wells: #segments rows,

each row has as many entries as the
segment has perforations
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B: Linear system for multisegment wells for 3 phases OPM

' OPEN POROUS MEDIA

e Djis a #segments x #segments

SeqA BCRS-matrix, inner matrices are 4 x 4
sen ¢ D;j contains entries on the diagonal and for
5 all connections of the multisegment well
Sey
_ ¢ Dj is generally not symmetric, only the
fSegt  Tsegd

sparsity pattern is symmetric
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Steps to parallelize multisegment wells P o PM

Wl OPEN POROUS MEDIA

A Linear system solved in each timestep in flow, Schur complement

B Equations and resulting part of the linear system for standard and multisegment wells
C Linear system for multisegment wells in parallel

D Performance results

E Outlook
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C: Linear system for multisegment wells in parallel "A“ OPM
\ |

OPEN POROUS MEDIA

cank 0 Conk A / # Cllks X segrants
Cank0 1 HH e Each process knows only its own parts of B;
af|e? and C;, no overlap!
CankA UU e Dj, xy;, and r, are shared by all processes
= linked to the same well.

P B segmants x
# segmants . .
%ugxuag% = ) e Assembling Bj, C;, D;, and r,, requires

communication, since entries depend on

O+ | | 3 HFalls-A all perforations (e.g., pressure differences,
0l0 —o|%X |0 ppo[O®—0°0 averages, maxima, ...).
BA Oo'ooxo-oo o —0|q #Sagwf*f ‘
olo —o| 0 |0oho x|o —ofg e One communicator per well!
Cank 0 conk A
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C: Linear system for multisegment wells in parallel

BA

rank O: g4 Z'

0|

=
0-0[ O

0 o-90
T

o —olg

b

o] + . W
olo —o 0 pfo]o|o—o]o
olo —o o-o[0 o —0ly
0|0 =0 o0l X|© — 0|
—
Conko coank A
Of - pfalepal Rallr-a

T —5o
© 00| bar sgnaris

O] o [ e i kot
D bs[o]o —¢o|o
rank 1: g4 [ofo =000 P[] e —/of b agnre
olo —o 0[0-9/ X|O —0fqg
T T
Parallel Multisegment Wells, May 27th, 2025,

oA

& Segarts
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*=OPM

OPEN POROUS MEDIA

Each process knows only its own parts of B;
and C;, no overlap!

D;, xw;, and r,, are shared by all processes
linked to the same well.

Assembling B;, C;, D;, and rw; requires
communication, since entries depend on
all perforations (e.g., pressure differences,
averages, maxima, ...).

One communicator per well!
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C: Linear system for multisegment wells in parallel "A“ OPM
\ |

O]« | a1 1 e
N
0|0 — 0% |0 |ofe|0O o —20|Q
&A 00__00 xr-oo 0-—«’)0 #:agﬂ\lﬁf
olo —o| 0 |0 fooX|© —olg
e
Conk 0 conk A
Of - pfalepal Rallr-a LS
olo —o[x[of-o[ofo—rcfo X et
rank o: R A [ofo—0| 0 [¥ 0 [© —°[o] Ly sgnwte BA w
olo —o[0 |0 fo-do[o —olp
T LI T
Of - i ia eyl kot .
ofo —ofo[of-e[ofo—refo
rank 1: g4 [ofo—o|o [o](2| > —>[o| lssgmere B AL
olo —o|0 |0o-9x[o —ofg
T

T ™

Parallel Multisegment Wells, May 27th, 2025,

Lisa Julia Nebel (lisa.nebel@opm-op.com)

OPEN POROUS MEDIA

Each process knows only its own parts of B;
and C;, no overlap!

D;, xw;, and r,, are shared by all processes
linked to the same well.

Assembling B;, C;, D;, and rw; requires
communication, since entries depend on
all perforations (e.g., pressure differences,
averages, maxima, ...).

One communicator per well!

14 0of 21



C: Linear system for multisegment wells in parallel "

cd,(f X # segmants

tank 0 cank A
- 1“T[]
- UU
o ——H segmants x
# %
—H:mgxﬂam @/ segments
O] «+ v 1w a1z oA
olo — o X |Ofe|0|®—0°0
RA 00——00*0(’00-00 A Segprarte
0|0 —0| 0 [0[ofo X|© —01g
Cank 0 conk A

Parallel Multisegment Wells,

May 27th, 2025,

OPM

A‘ OPEN POROUS MEDIA

Recall the Schur complement approach:

e For each Xw;» solve the small system

Xw; = Dji1 (ij — BjXr) .

e For x,, iteratively solve

F#wells

A= > gD B | x =
j=1

rr— G

Lisa Julia Nebel (lisa.nebel@opm-op.com)
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C: Linear system for multisegment wells in parallel " OPM

A‘ OPEN POROUS MEDIA

cd.(f XH segmants
cank 0 Conk A

1 Recall the Schur complement approach:
coke H e For each Xw;» solve the small system

cank A UU Xw; = Dj71 (er - B]Xf) .

——H segmants x
- A “
Hregbeds 5 @L/ R
e For x,, iteratively solve
Ol ~+ v 1w a1z Fale-A #wells
0[0 — O % |0 pfe|010 —010 X — DB - x, =
ol ielole —o Axp— > GD'B - x
R A |ojo—0° O (i segrrartte i
olo —o|0 |0 [ofof X[|© —Ofg
—1
Conko conk A fr CJDJ'
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C: Linear system for multisegment wells in parallel " OPM

A‘ OPEN POROUS MEDIA

cd,(f X # segmants

k0 ank A
= < Recall the Schur complement approach:
o 1
“ H e For each Xw;» solve the small system
all ranks
cank A of well j
—1 —
Xw; = D; f'w; — L (By) i (Xr) i
. n ——H segmants x k=1
+# %
Hregbeds 5 @/ R
e For x,, iteratively solve
Ol ~+ v 1w a1z Fale-A all ranks
olo — o X |Ofe|0|®—0°0 #wells of well j
RA |olo—o|° [*|T° Olo—r0lg ¥ segrarks A ) = D (G D > Bl | =
olo —o| 0 |0 fafX|© —o0]g = =
Tonko coank A #wells

(M= D (G) D} rg-
=1
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C: Linear system for multisegment wells in parallel P OPM

Wl OPEN POROUS MEDIA

#wells #wells

— p—! _ _ —1 _ _ —1
Xw; = Dj I'w; E Dj = E Dj r'w;
j=1 j=1

Where is communication needed when multiplying with B,D~", C?
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C: Multiplying with B

all ranks
of well j

> (B )k

k=1

ol - . ‘J?---*f“:»yl
N xlo] 0: " ( | (V)‘-\‘&r\“‘
B4 ol O |° x| 0 o O o] QAR (xdia
ofo AL ] (R ey
1T T

D'A‘

OPM

Wl OPEN POROUS MEDIA

all ranks
of well j

> Bl

k=1

rank o: rank 1:
of | 3 e o - W]
T Te| @& S
ga [o] O [o[5] O [o] O[] Wt ga || 0 [2[c]©
U1 N i

— Communicate to get the full vector B - x, on all ranks perforated by that well!
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C: Multiplying with D" *"OPM

A‘ OPEN POROUS MEDIA

(RA);4 (xe);

(RA) 5 xedg

@ Ahy (xeliq
LY

m"ﬂ | Qa

03

|

— Calculate D; " - (B x,) and D; " - 1, on each rank!
— No communication needed, because Dj, (B - x;) and r,,, are the same across all ranks of well j!
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C: Multiplying with C A o PM

Wl OPEN POROUS MEDIA

(G 1k (G
Qﬂ
o rank o: rank 1:
X o o
cA XY 0, | %4
ofo o o]0 o3 %
) o o
- |
oo l|% % H
S 3 S
o |i | J,
S—— [} X
3 R R v
: (¢} 1 jo Q)
FRTURY M C— ]

— Multiplication with (C;) | will automatically reduce to rank k!
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Steps to parallelize multisegment wells P o PM

Wl OPEN POROUS MEDIA

A Linear system solved in each timestep in flow, Schur complement

B Equations and resulting part of the linear system for standard and multisegment wells
C Linear system for multisegment wells in parallel

D Performance results

E Outlook
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D: opm-tests/norne/NORNE_ATW2013.DATA

Tepu

O
=
2

OPEN POROUS MEDIA

2000

1333

— NB-DW-ZOLTAN -+~ N8-NODW-ZOLTAN = = N8-DW-ZOLTANWELL -~ N&-NODW-ZOLTANWELL --- NI6-DW-ZOLTAN -~ N16-NODW-ZOLTAN = » N16-DW-ZOLTANWELL = - N16-NODW-ZOLTANWELL

- 8]16 procs, --allow-distributed-wells=true|false --partition-method=zoltan|zoltanwell --allow-splitting-inactive-wells=true
- Run on a machine with 32 cores, 64 threads, 4.55 GHz max frequency, 128 GB RAM.
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D: opm-tests/norne/NORNE_ATW2013.DATA

MSUMLINS.

10683,

— NE-DW-ZOLTAN - N3-NODW-ZOLTAN == N8-DW-ZOLTANWELL --- N5-NODW-ZOLTANWELL -~ N16-DW-ZOLTAN - AN TANWELL TANWELL

- 8]16 procs, --allow-distributed-wells=true|false --partition-method=zoltan|zoltanwell --allow-splitting-inactive-wells=true
- Run on a machine with 32 cores, 64 threads, 4.55 GHz max frequency, 128 GB RAM.
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Wl OPEN POROUS MEDIA

D: opm-tests/norne/NORNE_ATW2013.DATA

MSUMNEWT

150

— NE-DW-ZOLTAN - NB-NODW-ZOLTAN == N8-DW-ZOLTANWELL --- N5-NODW-ZOLTANWELL -~ N15-DW-ZOLTAN - AN TANWELL TANWELL
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D: Case with =~ 1.64 M active cells, 338 active wells " OPM

A‘ OPEN POROUS MEDIA

cPu
2000

1667

~ 425h

317h
- 28.6h

1.0e+3, SECONDS

— NB-DW-ZOLTAN -+~ N8-NODW-ZOLTAN -~ N5-DW-ZOLTANWELL --- N8-NODW-ZOLTANWELL -~ N16-DW-ZOLTAN - N16-NODW-ZOLTAN TANWELL TANWELL

- 8]16 procs, --allow-distributed-wells=true|false --partition-method=zoltan|zoltanwell --allow-splitting-inactive-wells=true
- Run on a machine with 32 cores, 64 threads, 4.55 GHz max frequency, 128 GB RAM.
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D: Case with =~ 1.64 M active cells, 338 active wells "‘- OPM

A‘ OPEN POROUS MEDIA

MSUMLINS
7200

TANWELL

— NB-DW-ZOLTAN -+~ N8-NODW-ZOLTAN -+~ NS-DW-ZOLTANWELL +-- N5-NODW-ZOLTANWELL - N16-DW-ZOLTAN -~ W-ZOLTAN TANWELL
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- Run on a machine with 32 cores, 64 threads, 4.55 GHz max frequency, 128 GB RAM.
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D: Case with =~ 1.64 M active cells, 338 active wells " OPM

A‘ OPEN POROUS MEDIA

MSUMNEWT

— NE-DW-ZOLTAN - N3-NODW-ZOLTAN - N3-DW-ZOLTANWELL -+ N&-NODW-ZOLTANWELL --- N16-DW-ZOLTAN --- N16-NODW-ZOLTAN == N16-DW-ZOLTANWELL -~ N16-NODW-ZOLTANWELL

- 8]16 procs, --allow-distributed-wells=true|false --partition-method=zoltan|zoltanwell --allow-splitting-inactive-wells=true
- Run on a machine with 32 cores, 64 threads, 4.55 GHz max frequency, 128 GB RAM.
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E: Outlook - O PM

Wl OPEN POROUS MEDIA

e Currently works for several test cases, but not for all ®!
e More thorough verification of correctness needed!

e General problem with distriuted wells:

Load balancing distributed the wells as follows:

well name ranks with perforated cells
PROD1 [¢] 1
PROD2 [¢] 1 2
PROD3 [¢] 1 2

— Careful with throws inside a loop over wells!
e Next steps: alternative solvers or preconditioners for the well equations?

e Many thanks to Markus Blatt, Michal Toth, Vegard Kippe, Kai Bao and Halvor Mgl Nilsen! &
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