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Reference: Adapted from Sankaran et al (2009)
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Typical Decisions

Investment options
Development strategy
Well location, design

Workovers
Recompletions
Prod / Inj Targets

Artificial Lift Opt
Well routing
Prod management

Equipment control
(Compressor, pump)
Choke control
(rate, pressure)



Reservoir Surveillance

Definition:
Collect information to understand reservoir performance

with fewest assumptions and enable robust response to
changing subsurface, surface or economic conditions

Automate Rates, Pressures

Interpretable Data Volumes

Sustainability

Reservoir Performance 2 f‘(WeIIs, Controls\, Propertiesﬂ

Models Fluid/Rock parameters
Full physics Unknown
Data-driven Uncertain
Hybrid Complex

Time Varying




Reservoir Surveillance
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* Objectives:
— Early understanding of reservoir / well performance
— Identify under-performing elements (reservoir, well etc.) for remediation

Material Balance

{las - Well Performance
Analysis

Monitoring

Rate Transient ANo::IaI.
Analysis El nalysis
( ™

Flood

Pressure Transient /\\I
Surveillance

Analysis
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Physics-constrained, data-driven modeling

Full Physics

I Data-Driven

Conventionals

* Automate shutin analysis (SPE 196122)

* Estimate average reservoir pressure (SPE 209300)

* Track varying well productivity index (SPE 196122, SPE 209300)
e Virtual meter for flow rates (SPE 209300)

* Forecasting and flood optimization (SPE 203390, SPE 206238)

Unconventionals

* Hybrid bottomhole pressure (URTeC 5261)

* Transient well performance (URTeC 5023)

* Reduced-physics forecasting (URTeC 5023, 3723189, 371899)
* Production optimization (IPTC 22493, URTeC )

* Parent-child interference (SPE 195813)



Hybrid Reservoir Modeling
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Tracking Well Performance
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* Can we extract well diagnostics from routine production operations?

Stable Flow

Shut-in

Ramp-up

Stable Flow

Operating Point Change

\

B Liquid Rate
Bl exr

Shut-in
Well test start/stop
Artificial lift start/stop
Well restart
Stable flow
Choke change
Setpoint change



Pressure Transient Analysis
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* Can we extract well diagnostics from routine production operations?

— Estimate shutin pressure, average reservoir pressure, productivity index,
pressure derivatives and other reservoir parameters

Prod Index

Shutin Avg Reservoir
detection Pressure

Pressure Reservoir
Derivatives Parameters




Pressure Transient Analysis

SPE Online
Education

* Productivity Index from Shutin

— Quantify impact and analyze planned and unplanned shut-ins for well performance

ns» | £ H IS g z B OilRate
1 E& % Bl eHP
ﬁ/r—-’—"_"__—___ﬁ [B water Rate PI q
i x j—
( 1 hr )
48 hr
x =< Shutinend ;
Avg reservoir
. . : . . . \ etc. J
7 10:40:00 01/18/17 11:50:00 01/18/17 13:00:00 01/18/17 14:10:00 01/18/17 15:20:00 01/18/17 16:30:00 01/18/17 17:40:00 01/18/17 18:50:00

Reference: Sankaran et al (2017)




Pressure Transient Analysis
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* Productivity Index from Shutin

— Quantify impact and analyze planned and unplanned shut-ins for well performance

— Estimate shutin pressure, average reservoir pressure, productivity index, pressure
derivatives and other reservoir parameters

PI = 1
1hr —
Stimulation jobs _ Plh»r - PWf

aaaaaaaaaaa

Oil Rate, Productivity Index

Cum Oil (MMSTB)

Reference: Sankaran et al (2017)



Pressure Transient Analysis
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* Average Reservoir Pressure

— Estimate from short pressure transient (buildup) data

— Applications: IPR, OHIP estimation, material balance analysis, reservoir simulation, etc.

Pboundary

Short
AP, Buildup

Rate [STB/D]

Pressure [psi]
&Y
N
o
o

Liquid




Pressure Transient Analysis
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* Average Reservoir Pressure

— Estimate from short pressure transient (buildup) data
— Applications: IPR, OHIP estimation, material balance analysis, reservoir simulation, etc.

Known Well Drainage Configuration Unknown Well Drainage Configuration
Miller et al (1950) Muskat (1937)
Mathews et al (MBH, 1954) Mead (Hyperbola, 1981)
Horner (Horner time, 1967) Kabir & Hasan (Rectangular hyperbola, 1983)
Ramey & Cobb Kuchuk (Inverse time, 1999)
Dietz (1967) Chacon (2004)

Odeh & Al-Hussainy (1971) Crump & Hite (Modified Muskat, 2008)




Figure 5—6a
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Figure 5-6b

Stratified layers of fracture
with tight matrix
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Figure 5-6d

Multiple boundaries

log [r 1;&1]

TABLE 3 — DETERMINATION OF AVERAGE PRESSURE
q kh ‘
at res. H v
qi ] Total
w “ pf ——————es Condq durcy_ .
¢ psia 4wkh cc em  cex 10°11 atm-? P;:,‘,'ﬁ:iﬂ"
atm sec -
1 3877 1.594 86 4.29 1.76 2x 101 4430
2 3858 1870 74 31.5 1.49 2x 104 5640
3 3932 3.051 63 1.643 1.28 2x10¢ 1930
4 3787 2.047 330 12.83 é. 2x10-4 10,800
k P*—p p*~p p Mty
Well ' ¢ _ - metric
¢ sec ,: 10-¢  fucA Model qgi./47kh  psi psia  V;/V: Avg.
Press.
2:1 T
1 ?.94 1.21 * 1.76 41 3836 156
2:1
2 14.77 15.6 . 427 12 3846 132
4:1
3 5.96 383 = 1 5 3927 .13
2:1
4 6.17 585 | ¥ | 1.90 57 3730 599
- 3784

MBH (1954)



shutin pressure, psi

1AL, 1fhr

Kuchuk (1999)
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Kabir and Hasan (1996)
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Motivation
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Frame 500

Original Video DMD Sparse
. R 0 KLY 1
. JB“* u_-ﬁ ‘.;,ﬂ Background / foreground separation
R W 1 | in real time video
v i
- Reference: Grosek and Kutz (2014)
J ‘1 :-. -
- »



Unknown Drainage Configuration

* Average Reservoir Pressure

Eigenvalue expansion:  P(t,x,y,2) = Pppg — 221 Ciai(x, Y, z)e it

aopP 1 K coefficients
V-|—-VP _ ,
eigenfunctions

ot QC; U
eigenvalues

Reference: Mikhailov and Ozisik (1984), Crump and Hite (2008)




Experiment Collect Data DMD
a) Diagnostics

- past future
[ - x”l ‘ l ‘ é = ] j
X: X1 X2 " Xm-—1 - g p ’\ f'ab
| A=X'X' ¢ /\/\ &
E | VV 3
-_— ]
| Regression = |G /\/\/\/ @
" Xm - 1 m

‘ b) Future state prediction
X+ 1—AXA
Reference: Kutz et al. (2016) x(i)= pexp(ew,t)b,

Variants: Exact DMD, Extended DMD, Optimized DMD, Compressive DMD, Multi-resolution DMD,
Input-Output DMD, DMD with control, Ensemble DMD, Physics-constrained DMD

Applications: Fluid mechanics, neuroscience, epidemiology, video processing, robotics etc.

References: Tu et al. (2014), Sankaran et al. (2022)
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DMD — Example

Traveling wave equation: Actual
y = 1sin(0.1x — 0.1¢t) + 2sin(0.2x — 0.2t) + 4sin(0.4x — 0.4t)
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DMD — Example

Traveling wave equation:

y = 1sin(0.1x — 0.1¢t) + 2sin(0.2x — 0.2t) + 4sin(0.4x — 0.4t)

Time Dynamics of DMD Modes
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DMD + Time Delay Embedding

* Average Reservoir Pressure
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coefficients
m Reservoir diffusion eigenfunctions — =
. = 4400 - 00 &
, _ eigenvalues & R
Eigenvalue expansion: / 5 42001 0 B
_ o Xt = oo
P(t,x,y,z) = Ppyg — Xi=1 Cia;(x,y,z)e™ "
DMD with Time Delay Embedding
Dynamic Mode Decomposition (DMD) Time Delay Embedding (TDE)
Experiment Collect Data DMD Time series
a) Diagnostics W\/\/‘\/\
- past future
| 3 - g ‘
* Xm—1 3 ) B E [T .
‘ g =l E Trajectory
=) i 4 V@
X9 X3 - X W{w

| } Regression

b) Future state prediction w
v ) e / x()

“— X(i+T)



SVD Mode Magnitude
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DMD + TDE — Validation With Physics

* Average Reservoir Pressure
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Reservoir and well properties

. 70.6 qBU .. (—948.1¢puciTy Initial Pressure 10000 psi
Line source: P(t) = P; + Ei > P
kh kt Permeability 100 md
Thickness 100 ft
Porosity 0.2
Total Compressibility 1.0E-6 psit
Well Radius 0.5 ft
Viscosity 1.0cp
Formation Volume Factor 1.0 RB/STB
FI R 1 TB
1000 TDEs Constant Flow Rate 0000 STB/d
24 DMD modes
ull R | ] TS M
o i
9400 g nig
* —_ g 0.59
. 2 = 06 1 .
;9200 ifi 0.46
52: :% 04 032.
9000 :9: .
202 o:a
B800 0.06
0.00*®
0.0 L ]
8800 3000 9200 3400 9600 0 2000 6000 8000 0 5 10 15 20

Actual



Hybrid Sparse Regression
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* Average Reservoir Pressure

P(t,x,y,z) = Ppyg — Xi=1 Cia;(x,y, z)e At

Sparse ldentification of Nonlinear Dynamics (SINDy)

Hybrid analytical, physics-based, non-linear candidate functions

P _
o Radial (Horner)
p(t) = P l t, + At
= Fgyg —M=*n At =

e o oo o: [1]

o Linear
1

P(t) = Py — m - At2

O(At) _
o Spherical ) / \ S
| P(t) = Ppyg —m-At 2

Constant IPhysics functions I IExponentiaIdecay




Hybrid Sparse Regression

* Average Reservoir Pressure

P(t,x,y,z) = Ppyg — Xi=1 Cia;(x,y, z)e At

Sparse ldentification of Nonlinear Dynamics (SINDy)

Hybrid analytical, physics-based, non-linear candidate functions
P _| O(At) _

Constant IPhysics functions I IExponentiaIdecay

e o oo o: [1]




Case Studies
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o Porosity 0.2
* Average Reservoir Pressure permeability (mD) 20.0
Reservoir height (ft) 10.0
. . Flowrate (stb/day) 100.0
Case 1 — IARF reservoir with wellbore storage Viscosity (cp) 2.0
Initial reservoir pressure (psi) 5000.0
Formation volume factor (RB/STB) 1.0
Method Pavg (pSi) Error (%) Wellbore storage coe.fflc-:lent (bbl/psi) 0.001
DMD / TDE 4911.96 1.76 o Dataset: Liquid Rate & BHP oo
OptDMD / TDE 4925.76 1.48 S . - True Pave - 5000 osi 103
SINDy 5024.11 -0.48 o &= oULEP o't
. 10 hr buildup | psp &
S, - 4000
- - 100 150 200
5000 4 Time [hrs]
4800
4800 —
= 4600 1. DMD / TDE _ BHP O (Ar) e
¢ 2. OptDMD / TDE | £ 00 :
24400 z o
£ £ a100 - _
0 — BHP 4200 1 — Actual data
— Background DMD:4911.96 —— Model fit (mae=3.76594e-03) — - .
4000 — Background_optDMD:4925.76 1000 - —— Pave=5024.11 Constant radial | | Exp decay
30 2 3 % 38 a0 - 5 i i B -
Time [hrs]

Time [hrs]



Case Studies
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* Average Reservoir Pressure Porosity 02
Permeability (mD) 10.0
_ : _ : Viscosity (cp) 2.0
Case 2 — Two perpendicular no-flow boundaries Formation volume factor (RB/STB) o
- No flow Total compressibility (1/psi) 5.0E-6
Method Pavg (psi) Error (%) Flowrate (stb/day) 100.0
Horner 4459.00 10.82 Initial reservoir pressure (psi) 5000.0
Kuchuk 4262.57 14.75 Reservoir height (ft) 10.0
Crump 4270.15 14.60 Wellbore radius (ft) 0.32
SINDy 4840.05 3.20 well | 1007t
Dataset: Liquid Rate & BHP
100 ft g 100
No flow = True Pavg = 5000 p%/- 4000
4500 'E B0 . E
SINDy & N 10 hr buildup -mmf
@ 4000 - g S )
v BHP E 0 5 10 15 20 25 3 3/ 40
a r r e | Time [hrs]
£ 35001 .
]
000 = Actual data = i
— Model fit (mae=3.76204e-03) L
— P-ave=4840.05
10 2 E 3 18 a0 - ——
Time [hrs] Constant radlal Imear bilinear | Exp decay




Case Studies
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* Average Reservoir Pressure

Case 3 — Field A (Offshore Gulf of Mexico) — L L
S § = 10 hour shut-in 8750 ..
E‘ o000 1 A [ é
Method Pavg (psi) Error (%) 15 4000 1 s : gzsog
DMD / TDE 8365.43 0.76 S 50 - 84295 [psllr 5230 3
OptDMD / TDE 8390.36 0.46 g | K - 8000 &
SINDy 8417.91 0.14 r r T . - - . .
0 25 50 75 100 125 150 175
Time [hrs]
8420
=0 j___,,.-——r—‘" 840D
7 8340 1 g 8607
. 1. DMD / TDE Y 5340 - 3. SINDy
i 2. OptDMD / TDE i——
“ @300 - =
8300 -
8780 - - BHPF = Actual data
—— Background DMD:8365.43 6280 1 —— Model fit (mae=1.53693e-02)
BZ60 = Background optDMD.8330.36 B260 — P-ave=8417.91
86 88 90 % 04 9 86 B3 50 52 o 9%

Time [hrs] Time [hrs]




Pressure Transient Analysis
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—

Flow Rate

* Productivity Index
— Could we estimate Pl without shutin? [

Reservoir
(Model) | ™=
Pressure
Temperature

— Build reservoir model from routine operational variations in data

Early time Middle time Late time i Derivative Time
Il SServoi ie Flow regime -
(Near wellbore) (Reservoir) (Boundaries) Slupe Function
= Wellbore storage = Homogeneous (radial flow) e Single/multiple
» Fracture * Dual porosity * No-flow Wellbore storage 1 t
« Turbulence » Dual permeability « Constant-pressur
* Skin = Composite = Infinite HE / 4
« Mkt Idyer Bilinear flow 1/4 V{f_
fracture |
g Linear flow _ 1/2 Ji
Q horiz. well
Q 4 :
- Radial flow inite reservoir SDhEI’ICEﬂ flow -1/2 1/ \l{f_
2‘ | ‘u’er_tlcal radial flow in 0 lﬂg(r]
Dual porosity horizontal wells i
Radial flow (*-acting) 0 log(7)
Constant-pressure .
bohubiels Linear flow — Channel 1/2 Ji
. Boundary-Dominated Flow I {




Physics-Inspired ML Features
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* Productivity Index

Develop hybrid models (physics + ML) describing relationships between well rate and BHP

Solve regression problem: y(i) =0’ X(i) 1=1....n

Response variable: Pressure BHP Prediction
(i) (I) . (virtual Shut-in)
yv =ApY,1=1..,n

Predictors: Engineering features from rate & time
1 \

Zij:l[q(n _ q(j—l)]
0 _ Z‘H[q(n —q“‘”]log [t(‘) _t(j—l)} i=1..n
Zi- 1[q(” _q(j—l)][t(i) _t(J'—l)]

j=
3 1[qu> _q(i—l)]/[tm _tu—l)}
[ = )

Reference: Tian et al (SPE 174034), Nagao et al (SPE-209300-MS)




Workflow Methodology
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* Productivity Index

,-1 Train ML reservoir model |- ,~——- Virtual shut-in simulation |---. | SINDy reservoir pressure estimation |
\ 1
I |
! , I Virtual Shut-in I !
Response variable: Pressure BHP Predicti ! 4# —_ I
: o 0 [vinualrihft—lizl; : I S epm——— B.I_ip _ @ (At ) - I
W=ap" i=1.,n 1 I = 4400 L1oom | I —
| | I é - E 1 I [} |
: Predictors: Engineering features from rate & time : | § 4200 A 50 ~ ! | : :
I ! I . Assign zero flowrate R : | :
! OB ) S G Sl T Iy | P ! | 262 264 266 268 270 272 274 ! | !
o 60T L 12 m""""—_— |
! Zju[a" - =] ! |3 et | | !
I PR Al I I g " | ! I
1 1 : Gl_z.: 102 1 = . Wk kR | : - 1
00— T T T — | ] |
: 4000 1 —— Observed | : 1 & .\ | | !
| = 3001 —r ML pradiction i I® - 30 i, ; ! . . . |
| £l Test ¥ l 20 10 10 : I | Constant || Physics functions || Exponential decay |,
| £ 200 ¥ | Time [hour] : | !
(]

1 2000 { i ! ] | 1
| oo i \..., ’ N 7

\ : s a5 EEmmmmsmm s T T T T o o O o O O E EE O EE o Em -

S

Reference: Tian and Horne (2015), Sankaran et al (2017)

-
wép_ég
g \‘Jrltematlonal
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Physics-Inspired ML Features
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* Productivity Index

Develop hybrid models (physics + ML) describing relationships between well rate and BHP

[ =
]
[ o
oy ~ n
mEngy .
-
20 . = nFy” U b L = ®
e s g
[ [ n -
[ - .
e = )
18 . o 00
. . o o .
165 —§ 5 ".. - ae
d
® 4 —
o s L] l ;--Jl‘l . =)
L L8 = a g-
- " . 4 ’ . . . 0w
[aa] . ll L] - .'d 4
; .. ] - " sy 'r"_D\
~ u . w0
o L . e Dyl ) 8
P . . . =
. =
s i & J s |' ~ . s NG 5 oo
~ - | I
|
5 i e . e
- =
s . 2
.
L 2,500
Cumulative Liquid
-# Liquid Rate m PI_60_Gauge PIL60_ML_Gauge ® PI_Choke_Gauge

Reference: Sankaran et al (SPE 187222)



Case Studies
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* Productivity Index

.. . Reservoir and well properties
Case 4 — Declining well productivity zop dp
Lo . . perm m
o Finite radial flow with closed boundary h 10 ft ,
o Variable skin, wellbore storage poro 0.2 .
| Ct  SE61/ps |
o Pldecline r, 0.32
viscosity 2 cp
Pi 5000 psi ' ' —
- B 1 RB/STB 0 N | 3 5 N 7 Time [day]
;? ‘, 1000 ft Sliding window for model training
& C 0.001 STB/psi
A 0.040 -
.;} 0.035 - Dataset: Liquid Rate & BHP
z — 100 1 - 5000
3 S [ L (L [ L
L= ] (s8] - " H—y
g 0030 o 75 —L —'_L _]_|_ —I_L 4000 7
P_‘,: 50 - ;‘,—- B 3000 g
00251, , 1 1 1 | . . < \_rL’ i 2
o 5 1 15 22 2 30 3 2 51 WL_I_U LLJ"‘ 0008
Time [day]) g Lr" - 1000

0 200 400 600 800

Reference: Nagao et al (SPE-209300-MS) Time [hrs]




Case Studies
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* Productivity Index

BHP prediction results for selected time frames

4500 Day 13 Day 27
4000
4000 e Dbserve.d | 00
— 3500 ---- ML prediction = 2000
2 Test a
f 3000 o B L
T 2500 T 2000 — Observed
= 2000 . % c00 ] ==-- ML prediction
Test
1500 | 1000
8 9 10 11 1 13 240 245 25.0 255 26.0 26.5 21.0
Time [day] Time [day]
Virtual shut-in results Productivity Index
Day 35 _ — Ut
] p
z. 53 True vs Calculated _ 0060 + PLSINDy
i s Pressure Derivatives B G0EE - —+— Pseudo-PI
§ 2000 5 - g
£ b E ” £ 0.050 1
7no s 1o n»s  mBo  m@s  w@e 10 e =
Time [hrs] s : U 0.045 -
lg ime [hrs = . - R el .E
£ w ﬁé 10° § 0.040 1
: v = .
5 . L T * : : S 0035 -
> 10° Estimation -1 . B
@ * * 10 1 e
& = - - < 0.030
107 10°
Time [hrs] 0.025 A
\" T T T T T L T T
4 y 0 5 10 15 20 25 30 35
%énﬁué& Time [day]




Case Studies
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) P rod u ctivity I n d ex o0 Dataset: Liqmth?E& BHP (remove outlier) 2 days

= L8750 _, - -
. . . £ 6000 A @ - :
Case 5 — Field Application = B500 rain __Val |
= 4000 w A ' L.
= L8250 Eﬂ Train Val
= 2000 - i : : :
= 8000 & | 5 N
— iy »
- T T T T T T T T O 2 3 4 T|me [day]
0 25 50 75 100 125 150 175 Sliding window for model training
Time [hrs]
Day 4 Virtual Shut-in Day 5 Virtual Shut-in
- -~
= 6000 & = 6000 @&
a 8200 1 % K= 8200 A E
w 4000 o w 4000 o
2 s 3 5
§ 8000 1 000 5 { 8000 2000 3
a N 3 a . 3
T =T T T T T T - ; T B T T T T T - :
% % 98 100 102 104 106 118 120 122 124 126 128 130
Time [hrs] Time [hrs]
17.0
+— PFl_Reg
165
EE w01 , L.
& .| . Productivity Index
o ‘ Reference: Nagao et al (SPE-209300-MS)
Z 150 .
S s “‘m*____*_____,____a
§ 4.0
Y ss
13.0 .
2 3 4 5 B 7

Time [day]



Virtual Metering
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* Estimate rates from pressure

Field data: multiphase flow rate and BHP

y(i) = er(f) s 1= 1,..., n (data point: every minute)
: = 5500 - 8000 B
Response variables: Rate Rate Prediction = 3 6000 - 7500 &
. . o )
) A () . (virtual metering) 3 5 4000 g
YUEAL =L §gzooo 70002
a 5 a
. . . . . — 0 - . ' ; " - : .
Predictors: Engineering features from BHP & time A - 0 i a .
( ) Time [hrs]

1
Z;=1[pm _p[f—ll:|
L = Z;I[Pm —p“‘”]log[r“‘ _ru—n] imlon
Zf [ pm _ pU-ﬂ][fm _fu—n]

j=1
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* Virtual Metering
Case 6 — Field application
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Summary

SPE Online
Education

* Hybrid models enable field-scale automation
— Balances speed, fidelity, physical consistency and interpretability for field optimization

* Data-driven discovery of reservoir physics could lead to better interpretations
for traditional workflows or new understanding

Knowledge is of two kinds. We know a subject ourselves, or we know where we can find information upon it.

Samuel Johnson (1709 — 1784)
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