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Access to whitson?

NOT YOUR COMPANY DOMAIN

@ www.courses.whitsonD
. Username: your e-mail

. Password: WhitsonFMB2024*

*Send an e-mail to support@whitson.com if you need help to login.
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Introduction



Small Courses throughout the Year

Half-day courses (3-4 hrs), hands-on focus with software and theory

14 Fob PUT- Py Behaviorinwhi
& Recording: https://youtu.be/m7EISdxyZ2U, [} Slides: https://shorturl.at/gzBNW

» 24 Asril- Bottormholo P il
& Recording: https://youtu.be/Opvojymb-5U, [} Slides: https://shorturl.at/wLWZ9

» 26 June: Analviical & N eal RTA in whi
& Recording: https://youtu.be/A20v8P6GrEIl [} Slides: https://shorturl.at/wTrGw

« 21 August: Flowing Material Balance (FMB) in whitson+
«” 02 October: Nodal Analysis in whitson+

& 16 October: Well tests (CPG & DFIT) in whitson+

& 04 December: DCA & Type Well in whitson+

Send e-mail to carlsen@whitson.com if you haven’t received the invite to the courses.
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Need Course Certificate?

Contact dahouk@whitson.com

Wh itson CERTg;cmE

ATTENDANCE

John Doe

has successfully completed

RTA in whitson+

14 Juby 2022

/Z@L (ol
M thias Lia Carlsen
; GM Amesicas

wannwwhittsnncom
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General Information

3—4-hour course

Interactive class

Ask guestions — drive the course emphasis

* In chat or unmute to speak (mute when not talking ©)
Will send out all digital material after class

Some content in this slide deck is meant for presentation
purposes, while some parts are meant for reference.

whitson



What we will Cover

. whitson* and multiphase FMB basics [ CUEELE
* Login & Access ‘

makeameme.or!

» Workflow (“Clicking the buttons”) TORASIC

« General structure and functionality

 The course has an FMB Focus primarily
* Multiphase FMB
« Recovery Factor Analysis

We’'ll assume the inputs are correct (PVT, BHP, etc.)

9 whitson



| BELIEVE IN
A REPETITION




Flowing Material Balance (FMB) 1.01

. . ,) 4
What is it used for~ P

Obtain estimates of drained

reservoir volume. /

11 whitson



“It is better to be roughly
right, than precisely wrong”

- John Maynard Keynes




Unconventional Reservoir Workflow

=~
7 N
PVT & Fluids / Multiphase FMB \\ Simulation + Forecast
\ /
~N o - '
Bottomhole Pressure Analytical &
Calculations Numerical RTA
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Flow Regimes 1.01

Infinite acting flow ends as pressure transient reaches
one reservoir boundary

| | | | |

Transitional flow (period in between)

| l | l |

Boundary dominated flow starts when the wellbore
pressure response Is affected by all reservoir boundaries

14 whitson



What can be Derived “Uniquely” from RTA?

CONTACTED

LFP OOIP
(or AVk) (or OGIP)

Observed during Observed during
infinite-acting, linear flow boundary dominated flow

whitson



Volume Resolved from RTA

What should we call this volume?

« Contacted pore volume (or
contacted OOIP/OGIP)

o Stimulated rock volume

« Other (e.g., drained rock
volume, use all interchangeably)

16 whitson



Contacted Pore Volume (V)

V, = HCPV/(1-S,,)
OOIP = HCPV/B,,
OGIP = OOIPXR,
OWIP = PVxS,,/B,,

[EVERYTHING IS THE SAME

i

'BUTIT'S DIFFERENT... L whitson




How many boundaries?

1 boundary

18 whitson



How many flow regimes?

2 flow regimes

19 whitson



How many boundaries?

1 boundary
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How many boundaries?

2 boundaries
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How many flow regimes?

3 flow regimes

22 whitson



ENOUGH FLOW REGIMES ALREADY

JUST GET ON WITH THE FREAKIN’
COURSE

maxKeameme.org



Multiphase FMB -
Crash Course



Problem

Model Reality

X

DON’T HAVE




Multiphase Flowing Material Balance

v No rel. perms required

2020: New

‘/ .
EMB method Geometry agnostic

v Outputs contacted
OOIP (or OGIP)

26 whitson






Multiphase Flowing Material Balance

v No rel. perms required

Small OOIP
v Outputs OOIP
: Big OOIP
v' Geometry agnostic
Bigger
v Assumes boundary QOIP

dominated flow

v Bound RTA analysis

28 whitson



Multiphase FMB ... Inputs

29
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Multiphase FMB Eq.

30 whitson



Multiphase FMB Eq.
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Recovery Factor Analysis
— Crash Course



Multiphase FMB

33
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What else would you need?

N
R EFEUR

Recovery Factor Estimated Ultimate Recovery

Physically Constrained

34 whitson



Theory

Multiphase Flowing
Material Balance

without Relative Permeability




Multiphase Flowing Material Balance

* Developed by Leslie Thompson
& Barry Ruddick (2017-2022)

‘/ * Plotting technigue to analyze
/4 multiphase production data

o J x 1/00IP  * Outputs V,, OOIP, OGIP, OWIP

/ * Requires PVT, production data,
bottomhole pressures and initial

reservoir conditions

Source: Thompson & Ruddick (2022), “Multiphase Flowing Material Balance Without Relative
Permeability Curves”, URTeC: 3718045
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Multiphase Flowing Material Balance

v No rel. perms required

Small OOIP
v Outputs OOIP
: Big OOIP
v" Geometry agnostic
Bigger
v Assumes boundary QOIP

dominated flow

v Bound RTA analysis

Source: Thompson & Ruddick (2022), “Multiphase Flowing Material Balance Without Relative Permeability Curves”, URTeC: 3718045
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Multiphase FMB Eq.

Mixture density change Intercept
(, :B ------ /-8-_-‘~~\\‘ 1 I,,,i‘\\\‘
S ’I- T we.'! L/’ 'l \‘

\ | \ !
l\ m ( ) /' N P," \ M /
SO - N \ /
[ J—1 \~_,/
Mass rate Pore volume

Source: Thompson & Ruddick (2022), “Multiphase Flowing Material Balance Without Relative Permeability Curves”, URTeC: 3718045
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Multiphase FMB

Define insitu mixture density as

S, 1.8 RS, S Suw
B = 5.615p,s (— + 2 9) +1000p4c ( + 9) +9.615p4s¢

B, B, B, B, B,
Density Change

AB =i —p
Mass Rate

m (t) = 5.615005cq0(t) + 1000pgscqq (t) + 5.615p45cquw (1),

Mass material balance time

dlo¥o)

Jom(t)dt Mg (t)

MBTy; = =
M i (¢) i (t)

Source: Thompson & Ruddick (2022), “Multiphase Flowing Material Balance Without Relative Permeability C

39 whitson



Multiphase FMB

AR,/ m
|
2
%
=
_|_
\

MBT
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Practice

Multiphase Flowing
Material Balance

without Relative Permeability



Multiphase FMB — Three Key Periods

Period 1: Before p,; < p.4 (“single-phase flow”)

g,
Cog,

e o e e e B

AR,/ m

200000,

2000000,

““““““““

........

Pressure
&
=
o
o
3

VBT Time
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Multiphase FMB — Three Key Periods

''''''

%,

Saturation pressure

e o o o o o mm e, e e e =

AR,/ m

Pressure

‘‘‘‘‘‘‘

MBT Time

43 whitson



Multiphase FMB — Three Key Periods

Period 3. Second stabilized slope

''''''

%,

Saturation pressure

e o e e o e e o e, e mm mm mm mm mm o =

AR,/ m

Sog,
......
.........
........
Ot
00000, o
%00 Ceogog,

oo,

Pressure

VBT Time
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Multiphase FMB: Several Slopes

When working with real data — which slope to pick?

AR,/ m

Pressure

45 whitson



Multiphase FMB: Several Slopes

When working with real data — which slope to pick?

AR,/ m

Pressure

Time

Pick the shallowest observed slope I.e.,
the “largest pore volume observed”.

46 whitson



AR,/ m

Multiphase FMB: Buildups Present

When working with buildup data — which slope to pick?

Pressure

MBT,, Time

If buildup data is present, adjust the slope until it just honors the buildup data. This
slope might be shallower (i.e., “larger pore volume”) than what the depletion data only
suggests.

47 whitson



Multiphase FMB: Frac hits present

pwf ‘
Careful when the buildup comes

from a frac hit (a “bash”)

Pressure

()
—— e - - - -

Time

If a frac hit ("bash”) is observed, this part of the data should be ignored.

48 whitson



Multiphase FMB: Still Infinite Acting

A BDF

OOIP, = 500 MSTB

OOIP. = 3400 MSTB
OOIP,_,,.,= 3400 MSTB

AR,/ m
\

actual

MBT

49 whitson



Conclusion

Pick the shallowest observed slope i.e., the “largest pore
volume observed”.

If buildup data is present, adjust the slope until it just honors
the buildup data. This slope might be shallower (i.e., “larger
pore volume™) than what the depletion data only suggests.

If a frac hit ("bash”) is observed, this part of the data should
be ignored.

If well is still infinite acting (I1A), multiphase FMB provides a
conservative estimate of pore volume (OOIP | OGIP |
OWIP). Numerical RTA can be used to evaluate if the well is
still infinite acting.

50 whitson



Theory

Recovery
SEIR I WAIEWAIE



Multiphase FMB

52
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What else would you need?

N
RF EUR

Recovery Factor Estimated Ultimate Recovery

Physically Constrained

53 whitson




What else would you need?

EUR, = OOIP x RF,
EUR, = OGIP x RF,

FUR, = OWIP x RF,,

whitson



What else would you need?

A

. } —_——
= | / =

~

Multiphase FMB
\_ P

)

\Recokvery Facto@ﬂ_s/
EUR, = OOIP x RF,

whitson



Calculate Recovery Factors from Material Balance?

>

cx_‘fveom: Pythen error in main script
" cx_Freeze: Python error in main sci
)
)‘ cx_flu/e: Python errer in ma
cx_Freeze: Python error in main script b cx_Freeze: Python error Iy
cx _Freeze: Python error in main script [ .
R cx_Freeze; Python e
cx _Freeze: Python error fn main script cx_Freeze: Pythoy
q X -
ex_Freeze: Python error in main script
cx _Freeze: Pyﬂwn eI
‘cx Freeze: Python errer in main scrij
X

\
’

{ cx_Freeze: Python error in main scri|

cx_Freeze: Pylhon error in |

s Cx_Freeze: Pythen erro
(1 _Freeze: Python

ain script p
in main script X
2rro7 in main script

Won error in main script

Python error in main script

cx_Freeze: Python ¢

X X _Freeze: Python er
u heeu. Python e
r! Funzo’ Pythen &
Virus Detected
| . cx _Freeze: Python ¢
u Freeze: Python ¢ ! 5

Vlrus Detected

ze: Python error in main script

Freeze: Python erro main script

cx_Freeze: Python error in main script

cx fleeze Python error in main script

cx_Fmeze: Pythen error in main script
cx_Freeze: Python error in main script

4 cx_Freeze: Python errer in main script
4

cx_Freeze: Python 5505

cx_Freeze: Python

u _Freeze: Py‘hon et
3 Cx_Freeze: Python err
cx'juqze Python err

B . Fieore Duthan

i Conner *° Windaws Security Alert
- (] vindow: Epror

cx_Freeze: Python error in main script

ex_Freeze; Python error in main script

Plasse do e Millna

s ©x_Freeze: Python error in main script

(x Freeze: Python error in main script

Q" Setup has expenenced an enor

Prease do the Ichovang
Closs a0y sunning prograns
Empty pous temporay folde

Passe do the fchowrg
Close arg! nareing paogeams
- Emplty your temposany fokder

rY: ’Yl‘m in main script

arrarin masin script

Then ry to 2un the Setup again
=) main sc

flostatshield wiard x|

Q Setup has expenenced an emor

Chacs, your Intemet connection (Inf=metbaged Setups|

e x|

Lx_Flee/:.-. Python error in main script |
cx_Freeze: Pythen error in main script
J cx_Freeze: Python error in main script ' r
R cx_Freeze: Pythen error in main script d ? ‘
~ rx __Freeze: Python error in main script
X _l'teeze Python errer in main script Setup has sxpesienced an enor
u _Freeze: Python : cx_Freeze: Python error in main script Q P

Check pou intamet connsction [Infemel-beesd Setups)

+ Check online for a solution and close the program pas
[-‘ Close the program I

“+ Debug the prograrm

L] View peotiem detals

n:x_l'meza, Python error in main script
5 ox Fresza: Python errer in main script
cx Freeze: Python error in main script
. cx_Freeze: Python error in main sci
cx_Frasve: Burhon acear in ma
cx_Freeze: Pylhun ere

lmullsh:cld d

& lrom the
o et ¥ pudisher, Jou can

\ Setup bas expenenced an enor

Pioass do the lobovang
Cloce ary sunning programs
Emply pour leapotan folds:
Chech yous Intemat connaction finfemet based Sehupe|

Then by 1o run the Selan agan

Ewor cods 5005

= ¢

AR IMZN P LU UL M ot WLk g

cx_Freeze: Python error in main script

R X Freeze: Python errar in maln script

X~
- = frccode 05 :
B ' Crasher has stopped working :
Winoows can check online for a solution to the probsem. dheonsols, oy
Folder i's i frorn thiz computer,

sheongole. py

cx_Freeze: Python error in main script

Y\, CCleaner.exe - Corrupt File

-3

Yhe file or ciectovy

56

whitson



Calculate Recovery Factors from Material Balance?

RF@abandonement =ﬁ : OGRcum, WGRcum)
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Instantaneous OGR

LOGY GOR VS DIL

RF Analysis

o Historical Points

—R, = 1/R,

E B
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==

CGR forecast

1000
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0 1000

Flowing Material Balance

2000 3000 4000 5000

Bottomhole Pressure (psia)
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1000 3000 3500

1500 2000 2500
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CGR Forecast

Instantaneous OGR LoGY GORvVs. olL C B &< ca
— Ry, " 1/Rg © Historical
12001
10001 T T B R N—————————

0]

o

o
N

OGR (STB/MMscf)
[e)]
[an]
o

400~

200+

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Bottomhole Pressure (psia)
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Why no need for Relative Perm?

Short Answer

X + PVT =

60

OGR
WOR CGR

Fluid
Ratios

WGR

whitson



Why no need for Relative Perm?

KygBo Lo

R, = R. +
P > kroBgdﬂg

Producing GOR

61 whitson



RF Analysis in whitson*®

Numerical Model Simple Material Balance Recovery Factor Analysis

SO O

Same RF, | RF, for the @ Ko
same abandonment pressure }z B
and cumulative GOR (or CGR) ¥ msnlhrrmﬂmlm

62 whitson



Example 1
Permian Case Study



Permian Parent Production

eeeeee d Stock Tank Rates (|
10°
F4500
o 5
7
3 . L4000
S 10
9.10
—Ej s L3500
]
c 2 +3000
§103 T
g o\ z
= s e F2500 &
3
E - :
= L2000 £
=10?
%
3 ¢ +1500
17
. =
& !
< 10 F1000
3
o 5
5 F500
g 2
1 0
0 200 400 600 800 1000 1200 1400 1600 1800
Time (days)
Parent Infill Wells Workover Workover
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o Quick Well Facts

* First well analyzed using MFMB analysis
* Initially saturated volatile oil well

* Downhole Pressure Gauge

» Approximately 5 years of production

« Approximately 2 years as a parent before infill wells
were drilled and fractured

2 subsequent workovers
« Quality of water production data questionable at times

* |[nitial water saturation assumed to be 30%

65 whitson



Early Production

-
o
W

2500

Production Data UPLOAD
Mea;ured Stock Tank Rates - @ Dates @ g
. Gas lift — GOR — pyi gauge Prubing """ Peasing
10
- 4500
2 4000
10*
3500
5 A A [
VAUV f
(o v v |14 T
‘ \ | ! 3000

»

n
S
8
Pressure (psia)

10? l
. f
1500
2
10 1000
5
500

9, (STB/day) | q, (Mscf/day) | q,, (STB/day) | qq,qas in (SCf/day) | GOR (scl/STB)

500 600

- N
o
=)

" 200 300 400

100
Time (days)

Initial Analysis — S,,; = 30%
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Initial MEMB Analysis

v Flowing Material Balance HEEB  Pressue IO A X
o Bottomhole Pressure 0 Average Pressure
o Aﬁ1 - puf 0 AB{- pavg
Estimates @ 1.2¢10° 4000
o0
o o
Original 0 ce,N 2000
2432 T
1x107 1000
N 0 . . . ; : :
) 0 100 200 300 400 500 600
. g Time (days)
g
< 0il Saturation, S, (%) HTHEHR
Initial Conditions () B 81074
& 0 S0p; O SOpayg
nillz| Reservoir Pressure g 60
4370 psia g 0 P
£ >
pe [} g™
nitial 0 6 0 - =
56.6 > o
£ 6107+
§ bl
o
T
il Water Satuation S 8
il v 0 . . . !
£ 0 1000 2000 3000 4000
2 45107 Pressure (psia)
nclude Water ¢
& Water Saturation, S, (%) HIERB
Interpretations ’
p g 0 Sy O Sy
Slope E
0.104 1e-6/RB £l
o 024107
0.094 Te-4 days/RB 0 20
10
04 T T T T 0
0 200 400 600 800 1000 ! y ! '
Mass Material Balance Time, MBT,, (days) 0 1000 2000 3000 4000

Pressure (psia)
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Initial Analysis - MFMB

m v Flowing Material Balance ¥ 3 E @
X O ABipui © DBBiopavg
Estimates @ 1.2x1074
. o
Pore Volume, V,
9588 IRB

Original Oil in Place, N

2432 MSTB
original Gas in Place, G 4
8088 IMscf 1x107 °f
Original Wa w
2877 MSTB

o
Initial Conditions @ %

>
nitial Reservoir Pressure ﬁ_gxm"’
4370 psia £
nitial Oil Saturation, S <

g
56.6 Py

-]

c

8

=

©

-4

nitial Water Saturation, S ?.5*10
30 % a

©

Q
Include Water %

E
Interpretations S
Siope $.ax10
0.104 1le-6/RB L3

@
0.094 1e-4 days/RB

S Well data = Average Data

0 600 800 1000
Mass Material Balance Time, MBT,, (days)
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Initial Analysis — Average Pressure

m v Pressure ¥ e 3]

o Bottomhole Pressure © Average Pressure

Estimates @

Pore Volume, V,

9588 RB
4000
original Oil in Place, N
2432 MSTB
Original Gas in Place, G
8088 Mscf 3500
Original Water in Place, W
2877 MSTB
Initial Conditions @ 3000
nitial Reservoir Pressure
4370 psia
nitial Oil Saturation, Sy;
56.6 2500
nitial Gas Saturation, Sg;
13.4
nitial Water Saturation, S,,
30 % 2000

Include Water

Interpretations 1500
0.104 1e-6/RB

ntercept

0.094 1e-4 days/RB 1000

Average = Well Ib

500

0 100 200 300 400 500 600
Time (days)
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Initial Analysis — Water Saturation

m N Water Saturation, Sy, (%) ¥ 9 [v]
O Swpui © Swyayg

Estimates @
Pore Volume, V,
9588 04
original Oil in Place, N
2432 MSTB Rea”y’)
Original Gas in Place, G ) .
e Should we expect water saturation
original Water in Place, W 25+ H
to change this much?
Initial Conditions @
nitial Reservoir Pressure
4370 psia

204
nitial Oil Saturation, Sy;
56.6
nitial Gas Saturation, S
13.4
nitial Water Saturation, S 154
30 %
Include Water
Interpretations
Slope 104
0104 1e-6/RB p

o

ntercept ®°
0.094 1e-4 days/RB

5_

0 . ! . . ! . | !

0 500 1000 1500 2000 2500 3000 3500 4000

Pressure (psia)
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o Initial Analysis - Comments

* Analysis seems consistent except for huge change in water
saturation.

* Two paths forward:
e Confer with team to re-evaluate initial water saturation.

» Perform the analysis without water.
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o Water Saturation (re-)evaluation

* Where did the fracs penetrate?
« Which water producing intervals should be included in the tank?
* Initial water saturation was reset to 70%.

72 whitson



Initial Analysis = S,; = 70%

m v Flowing Material Balance B EE Pressure B TRNC W A ) N v
o Bottomhole Pressure © Average Pressure
. ° Ap’l—uwf ° ABtrpavg
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24.26 154 -
2 42107
Initial Gas Saturation, Sy g 104
5.74 a
° ° 54
[}
Initial Water Saturation, S, E
70 % [ =54 0 T T T T
g 310 0 1000 2000 3000 4000
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Re-evaluation — S, = 70%

m v Water Saturation, S,, (%) TS A 2 I

(<] Swpw, o Swpavg

Estimates ®

Pore Volume, Vj,

21341 MRB

704 o]
Original Oil in Place, N
2320 MSTB
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7715 MMscf ®o
60+
Original Water in Place, W
14939 MSTB
Initial Conditions @
Initial Reservoir Pressure 50+
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24.26
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" % Passes smell testl‘
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20+
Intercept
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104

0 T

0 500 1000 1500 2000 2500 3000 3500 4000
Pressure (psia)
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o Initial Analysis — No Water

 Mass of water in tank remains constant

* No water expansion
« Water saturation will only change as a result of rock compressibility
* Provides most conservative estimate of hydrocarbon in place
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MPFMB — No Water

m v Flowing Material Balance b A GO v | Pressure bEREE TN VR A 2 I O

o Bottomhole Pressure © Average Pressure
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RUN

Estimates ®
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Mass Material Balance Time, MBT,, (days)
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6000 7000

Pressure Do sE
Bottomhole Pressure  ©  Average Pressure

Time (days)
0il Saturation, S, (%) s LER
e so:-w' SOEJ~0
254
204
154
104
54
0 . . =
0 1000 2000 3000 4000
Pressure (psia)
Water Saturation, S, (%) 2 TER
© Swy, © Sw:_,,.;
604
40+
204
0 - - v
0 1000 2000 3000 4000
Pressure (psia)
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Average Pressure

m v Pressure
o Bottomhole Pressure o Average Pressure
Estimates @
(—
Pore Volume, V,
19608 MRB %
4000
Original Qil in Place, N %
2131 MSTB 8 o 8
Original Gas in Place, G g
7088 MMscf J o
3500 o
Original Water in Place, W %
13725 g o°
® R
Initial Conditions 30004 8 IS th |S O K’)
Initial Reservoir Pressure o 8 %8 '
. g g
4370 psia 8 %W
<] o o
o o o o
Initial Oil Saturation, S; o o °
24.26 25004 & [
& o
Initial Gas Saturation, S gg@ ° % ©
5.74 F o ©
00 ol
o o
Initial Water Saturation, S, 20004 88 ﬁyé f M f'” f
0 i Pressure support from infill fracs
O Include Water ;
o
Interpretations 15001 &%
Slope
0.051 Te-6/RB
Intercept
0.155 Te-4 days/RB 10004
500+
0
0 200 400 600 800 1000 1200 1400 1600 1800
Time (days)
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Estimates @

Pore Volume, V,

19608

Original Oil in Place, N
2131

Original Gas in Place, G

7088

Original Water in Place, W

13725

Initial Conditions ®

Initial Reservoir Pressure

4370

psia

Initial Oil Saturation, S

24.26

Initiz
5.74

Initial Water Saturation, S

70

%

O Include Water

Interpretations
Slope

0.051

Te-6/RB

Intercept

0.155

Te-4 days/RB

Entire Production Period

Flowing Material Balance

4x107

© DBipwi © BB payg

3.5x107%

3x10744

4B/ m (days/RB)

5x107%

2x10744

5x107%4

1%10744

Mass Rate Normalized Density Change.

0.5x107%4

Parallel?

[}

2000

3000 4000
Mass Material Balance Time, MBT,, (days)

79

5000

6000

7000

Pressure S2r e @B OR

o Bottomhole Pressure o Average Pressure

0 500 1000 1500

Time (days)
0il Saturation, S, (%) b3 2 |
0 S0p, SOpaug
254
/"
204
154
104
5.
0 T T T T
0 1000 2000 3000 4000
Pressure (psia)
Water Saturation, S,, (%) bR (52 I P
O SWyui O SWyayg
60+
401
204
0 T T T T
0 1000 2000 3000 4000

Pressure (psia)
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Average & Wellbore MFMB Plots not
Parallel?

« Average plot too steep? Rock compressibility too large

» Average plot too shallow? Rock compressibility too small
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Estimates (@

Entire P

Pore Volume, V;,

19608 MRB
Original Qil in Place, N

2131 VISTB
Original Gas in Place, G

7088 MMscf
Original Water in Place, W

13725 VISTB
Initial Conditions @

Initial Reservoir Pressure

4370 psia
Initial Oil Saturation, S,

2426

Initial Gas Saturation, Sy,

574

Initial Water Saturation, S

70 %
O Include Water

Interpretations

Slope

0.051 1e-6/RB
Intercept

0.155 Te-4 days/RB

Flowing Material Balance b4

4x107*

O BBipur O DBi-pavg

3.5%1074

3x10744

5x1074

2x1074

510744

11074

Mass Rate Normalized Density Change, 4B,/ m (days/RB)

0.5%107%

1000 2000 3000 4000 5000 6000
Mass Material Balance Time, MBT,, (days)

81

7000

roduction Period — No c;

Pressure 52 n

o Bottomhole Pressure o Average Pressure

0 500 1000 1500
Time (days)
oil saturation, S, (%) b A 2 ]
° Sopwi Sopavg
25+ ~
20+
154
104
5.
0 T T T T
0 1000 2000 3000 4000
Pressure (psia)
Water Saturation, Sy, (%) b3 % |
O SWys © Swp,,
60
404
204
0
0 1000 2000 3000 4000

Pressure (psia)
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Summary

Pore Volume (MRB) 0O0IP (MSTB) OGIP (MMSCF)

S, = 30% 9588 2432 8088
S.i = 70% 21341 2320 7715
No Water 19608 2131 7088

82 whitson



Example 2
Refracs in Eagle Ford



Synthetic
Example



Simulated Case

*URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford



e Simulated Case

Oil Rate _#® Log Scale M Use Cumulative 2 [>] Gas Rate _ M Log Scale W Use Cumulative P EB Water Rate _J® Log Scale I Use Cumulative

:E@

o Historical — simulated © Historical — simulated o Historical —— simulat ed
108 ani and
54

f\ Qo | 2x contacted OOIP
: S after refrac

= Time (days)

800 1000 0 200 500 000 o 200
Time (days)

*URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford



Simulated Case

Flowing Material Balance RESET SLOPE 22 ED

° 28,

Before refrac = 3.5 MMSTB

3.5x107 4 »

4x107*

w
]
—
b 1
"
"
o

o
~
-
e

n
B
—
o

w
<
- {
1

o°

1x107%4

Mass Rate Nommlized Density Change, A, / m (days/RB)

0.5x107 1

0 500 1000 2500 3000

1500
Mass Material Balance Time, MBT,, (days)

*URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford



Eagle Ford
Example



Eagle Ford Example
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74 Nati
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URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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e MFMB Plot — Three Key Periods

3

AR,/ m

1

MBT,

90
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e Multiphase FMB — Three Key Periods

Period 1: While p,;; > ps, (“single-phase flow”)

g,
Cog,

h o e e e e o mm o e, e mm mm Em o Em Em Em Em Em Em =

AR,/ m

hc“’“"s"ma.

oo
"Um:o,_._%:,;

Pressure

§

wm
Q
)
:
Q
.
=

MBT Time

o1 whitson



e Multiphase FMB — Three Key Periods

AR,/ m

Pressure

92

o
6o,
Cog,
o
Og,

200000,

2000000,

20000000,

Time

whitson



e Multiphase FMB — Three Key Periods

Period 3. Second stabilized slope

5
6o,
Cog,
o
Og,

- o o o o e, D o Em o Em O e e

hc“’“"s"ma.

AR,/ m

Cons
-‘Dm:gc%:,;

Pressure
wm
Q
S
:
=
D
o)

VBT Time
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e Three Scenarios

1. Early OOIP < Late OOIP
-> Still infinite acting (1A) early
2. Early OOIP = Late OOIP
-> Contacted everything early
3. Early OOIP > Late OOIP
-> Loss of surface area with time
(or strong geomechanical effects)

whitson



Field Example

Early time slope - Late time slope -
OOIP = 2000 MSTB OOIP =600 MSTB |

S
N
<

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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o Field Example: Successful Refrac

—— — DCA

After refrac
EUR =575 MSTB

Before refrac
" 1 EUR =300 MSTB

Rotw Mot od Dermity Change &5, ' m ole o R8)

Pre Refrac
=mm Post Refrac

Early Time

7

. OOIP = 1900 MSTB

400 600
Mass Material Balance Tieme. MBT, (days)

Flowing Material Balance »¢

. Man Rate Narmalived Dumnsty Chasge AR /= (daysRB)
3 2 3 3 - -
o 1Y B a > _

Pre Refrac

"“I| mmmm Post Refrac

Late time

OOIP =800 MSTB

@ ~ 1% >
Mans Material Batance Time, MBT, (days)

Early time OOIP using the first 15 days after refrac!

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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e Field Example: Unsuccessful Refrac

| Before refrac
1 EUR = 495 MSTB

After refrac
EUR =500 MSTB

Mass Rate Normatized Density Change, AR / i (day sRE)

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford

Flowing Material Balance »ist

ae

Pre Refrac

mmm Post Refrac

Early Time

o$ “.‘.:.

OOIP = 1150 MSTB

800 100¢
Mass Material Baiance Time, MBT,, (days)

Flowing Material Balance nise ort

Mass Rate Normazed Density Changs, ARk | m [dayw/RE)

Pre Refrac
wamem POst Refrac

Late time | . -5

20k 0%
Mass Mawnal Balance Time, MBT_ (cays)

Early time OOIP using the first 15 days after refrac!

97
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e Summary: 29 Refracs — 80% Uplift

200%
180%
. 160%
o~
& 140%
a2 120%
100%
80%
60%
40%
20%
0%

0OIP,,,/OOI

Early Slope
250%

200%

150%

OOIP,,,/OOIP,, (%)

1 80% oo
- - - --=-= 50% -
.ulll"“l -

80%

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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e Increase in EUR vs Increase in OOIP

140% -
_120% - °
e : ®
o 100% - R2 = 0.8401 e
& 1 e
® 80% 4 e o
G 1 e ¢
k= ] o .. O
3 60% Eae
1l @ ..
D 40% 1 g e °
w ] e
20% 1
OOA) 1 ! ' I I I ! f L] I I I I ! ! I I I I I 1
0% 50% 100% 150% 200%

OOIP,,/OOIP, . using Early Slopes (%)

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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e Summary

1. Early time diagnostic of refrac

-> 15 first days after refrac

2. Accounts multiphase flow & superposition
-> Refracs are done below p.;

3. Quantifies added reserves
-> ... Vs just Is accelerating production

URTeC: 3865157 - Use of Multiphase Flowing Material Balance (FMB) to evaluate Refracs in the Eagle Ford
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Example 3
MFEMB on Well Groups

INn the Permian




Synthetic
Example



Parent Infill 2

.




dHd % 9ley

Time



3 Density distribution @ 730 days

Density Distribution @ 730 days

26
24
22
20
18
& 16
.é 14 256
‘t 1?2 248
3 240
> 10 232
8 224
216
6 208
4 200
2 192
D PR Lk L PR Lk T P P Lk L PR P
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
x-position, ft
, ‘ Half Parent Slot 1 Slot 2
26 ‘ 800" 895’ 860"

2600’



3 Alternative 1: Sum Individual Analysis
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3 Alternative 1. Sum Individual Analysis

Parent

V,=4.5 MMRB

V

Infill 1

Infill 2

V, = 3.7 MMRB

D tot

= 12.4 MMRB
(3% off)

107

@ wasn fu® B =

e | T il Fd T e foosee
——— || §*" on semon me 1 56 2 @ B e——
E - B - F we | §

& unsa [ Lo

: ] _L : :

— £

ﬁ - — i
Cm T—— ==}
Intenpeetations we®B e etavns. sz
5 resma e ] — i e ame

! (L PRSP we ]:l T TR T
N Rt

V, = 4.3 MMRB

whitson



Alternative 2: “Pseudowell”

Create a “pseudo-well”
1. Rates: sum for all three wells
2. BHPs: mass-weighted average

Else use the method as usual, now
for a single pseudo-well

108 whitson



AR,/ m

Alternative 2: “Pseudowell”

V.. =12.1 MMRB
5% off)

After children wells
come online

D,tot

MBT

109 whitson



Alternative 2: “Pseudowell’

Field

— o -+ .
= whitson”™  nicon2023 ~  pata -

Well Overview -

IR < IO < O < I < I < I < N < B < NN < B < |

Well Name

SPE-DATA-REPOSITORY-DATASET-1-WELL-27-0STRICH

SPE-DATA-REPOSITORY-DATASET-1-WELL-28-EMU

SPE-DATA-REPOSITORY-DATASET-1-WELL-29-DUCK

SPE-DATA-REFOSITORY-DATASET-1-WELL-30-HERON

SPE-DATA-REPOSITORY-DATASET-1-WELL-31-STORK

SPE-DATA-REPOSITORY-DATASET-1-WELL-32-SWAN

SPE-DATA-REPOSITORY-DATASET-1-WELL-33-PARROT

SPE-DATA-REPOSITORY-DATASET-1-WELL-34-CRANE

SPE-DATA-REPOSITORY-DATASET-1-WELL-35-BIS

SPE-DATA-REPOSITORY-DATASET-1-WELL-36-EGRET

RUN

DELETE MOVE CoPY EXPORT GROUP

uwi

SPE-DATA-REPOSITORY-DATASET-1-WELL-27-0STRICH

SPE-DATA-REPOSITORY-DATASET-1-WELL-28-EMU

SPE-DATA-REPOSITORY-DATASET-1-WELL-29-DUCK

SPE-DATA-REFOSITORY-DATASET-1-WELL-30-HERON

SPE-DATA-REPOSITORY-DATASET-1-WELL-31-STORK

SPE-DATA-REPOSITORY-DATASET-1-WELL-32-5WAN

SPE-DATA-REPOSITORY-DATASET-1-WELL-33-PARROT

SPE-DATA-REPOSITORY-DATASET-1-WELL-34-CRANE

SPE-DATA-REPOSITORY-DATASET-1-WELL-35-1BIS

SPE-DATA-REPOSITORY-DATASET-1-WELL-36-EGRET

CREATE PSEUDO WELL

® B

ADD WELL MASS UPLOAD

Scenario Count

« All wells need to have PVT and MFMB run

110

B F 72 0@

ATTRIBUTES EDIT ALL

Group

whitson



Permian
Example



3 Permian Case Study

rd, ¥ L
42 2
T Tt “Ea
[ k'
Block3
e
Killeen
o
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Block W4,
| Block N Ste / Austin
- o Q.
ok . Ca
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@ 5 S
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L ¢
SanAntonio v
o h

*URTeC: 3870320: Multiphase Flowing Material Balance for Well Groups

whitson
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Alternative 1

m v Flowing Material Balance fesersiore  II W < = Flowing Material Balance Resersiore 53 r@e Kl Flowing Material Balance #esetsiore 53 W s EB Flowing Material Balance nrsetsiore 51 Ve
o B N © B § © B g © 0 _— ° B
Mutiphase: - ax1 Multighase - 2010 Mutiphase - Mutiphase -
frineer @ 5 M M R B Eamas © 9 M M R B i i 3 5 M M R B i © o O 4 M M R B
R 35x10 2 .2 T 1 . ; f— 1 . [ 2 .
252103 g 197081 wire 134565 ure 203006 RE
§ i - R 160107
27362 usTe g y . g 1460.1 MSTE a 22121 MSTB g
E . 21405 wste & §iero g
I Fax0q s | - £ il S P %
1108 MMsct g e st B o 48666 Msct s 73728 Msct B0
. : H H E E
wma s = S—— = S — S ) E
17523 st . e § aasz26 wen § 138 wsts §
) s £2x10 a0
inital Condions @ & Initial Conditions. @ £ Initial Conditions @ § Initial Conditions & &
an psia Saeod win | B0 an e | 2 P e ET0°
. 8 — H - & . H
2423 H S < 2406 = H
E s Fexio
- B 107 H o E o ) E
H fon £ s £ 422 £
2 H - 2
s 3 . . i K i 2 1ot e 50 -
2 7 « L ™ *E
. PRl = . FR— ® R H
H - sx10 H H
s eepsia 2 N etpsia £ 4 copsa £ 4 e PO
. - clude W o510 B include water
0510ty
Interpretations. Interpretations Interpretations Interpretations 0.2¢10
0.040 1e6RE oos1 - o7 Te-6/RB a9 1e-6RB
- [ - -
0301 et daysiRB : ’ b w0 e amo a0 seo o 0367 ed daysme 0 500 4000 1500 2000 2800 3000 3500 0109 et daysme o 500 1000 4800 2000 2500 3000 3500
0194 et days/RE s B sorial B2 noe T2 mer. 2200 Mass Material Balance Time, MBT,, (days) Mass Material Balane Time, MBT,, (days)
- v Flowing Material Balance RESET SLOPE et EB n v Flowing Material Balance =eser siore Flowing Material Balance resersioee 53 W o3 2:ER m Flowing Material Balance resetsiore B W, w
° AP © BB g . ° By . 2 AR
baultiphase - Muliphase - Muttghase . Wuiphase .
il
225 MMRB | ==° 14.1 MMRB | ==° 14.8 MMRB | ==° | 20.5 MMRB
ww . T 26010 . P— 28m107¢ . —— .
24733 mRE 14135 B 147682 e 204878 MRS
anal g Piace N i P . 16:107
24406 MSTB 13359 mSTB 1603.7 MSTB 2239 MSTB
91345 Mbgsc se0 sne hsct 210 53152 Mbsce 210 12 Mbtscl 410

w05 MeTB

156199 MSTE

10262.4 MSTE 1m MSTE

Initial Conditions @ Initial Conditions (@

Initial Congitions (D Initial Conditions (@

Mass Rate Normallzed Density Change, Af, / m days/RE)

© Mass Rats Normallzed DensityChange. Af, / m (GayW/RE)

o Mass Rate Normalized Density-Change, A/ (days/RB)
<Mass Rate ormaliced Density Change,-a%, /m (daysRB)

ST — o —— <10 P .
70 psin a7 psia am psia an psia 1610
1o
2088 5 w7 202
Bx107
53 67 107 107
— —— . . s o -
% 7 - ™ % b %
4 etipsia 4 etrpsia 4 ct/psia 4 etipsia e
hude B inchude wate Sx10 B inclue Wate wan r
Interpretations Interpretations Interpratations 02610
0048 1e0mE oon 1e6/mB ooes Te6mB rearra
P ’ o 500 000 150 2000 2500 3000 38500 %0 A o 500 1000 1500 3000 2800 3000 3500 e ;| 4 n 0 500 1500 2000 2500 3000
0322 Jed deysme Mass Matenial Balance Tine, MB T, (days) 020 teddopma M3z Material Balance Time, MET,, (days) 0391 led dayemE o % et Snaterial Baiance Have, MB T aaysy 00 20 0243 e days/ms Mass Material Balahce T, MBT,, (dar3)

*URTeC: 3870320: Multiphase Flowing Material Balance for Well Groups
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" FMEType
Multiphase

Estimates @

Fore Volume, Vp

1554494 MRB

Original Oil in Place, N

16871.8 MSTB

Original Gas in Place, G

36233.4 Mmsct

Original Water in Place, W

108043.9 MSTB

Initial Conditions @

Initial Reservoir Preasure

4370 psia

Initial Qil Saturation, Sqi

2423

Initial Gas Saturation, Sg

2.77

Initial Water Saturation, Swi

70 %

Rock Compreasibility, o

4 e-6/psia

Include Water

Interpretations

Slope

0.006 1e-6/RB
Intercept

0.037 1e-4 days/RB

Alternative 2

Flowing Material Balance RESET SLOPE B3 VW ‘nx: @ &

Highlignted © ABy_ .. © AR

8x1075

71078 4

6x10754

5x1075 4

4%107%

3x1075 4

Mass Rate Normalized Density Change, AR, / m (days/RB)

2x107%

1x1078 4

1500 2000 2500 3000 3500 4000 4500
Mass Material Balance Time, MBT,, (days)

*URTeC: 3870320: Multiphase Flowing Material Balance for Well Groups
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Pressure % et ED
Highlighted O Powi 9 Paug
40004
30004
2000+ 4
10004
0
0 500 1000 1500
Time (days)
0il Saturation, S, (%) 2 TEB
Highlighted Sogw  © S0puy S0paug
251
204 —
15+ /
104
5.
0
0 1000 2000 3000 4000

Pressure (psia)

Water Saturation, S, (%) b 4 =
Highlighted Swg,e  © Swge © 8w,

pavg
504 /
40+
204
0 T T T T
0 1000 2000 3000 4000

Pressure (psia)
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3 Comparison

Pore Volume (MMRB)

F-1 (Parent) 26.4
F-2 19.7

F-3 22.5

F-4 14.1

F-5 13.5

F-6 20.4

F-7 14.8

F-8 20.5
Sum 151.9
Pseudowell 155.4

*URTeC: 3870320: Multiphase Flowing Material Balance for Well Groups
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Example 4
Frac Hits



Problem Statement
Pore Volume Reduction after Frac
Hit?

Archaeopteryx!!

-
(=] o

th i

M

-
(=]

" r

L M M

— rw\\ww )
ul &ﬂh_w P

| 6k g
M :
]
H
&
fieeed L 2k

-
(=]

\.. W R

1 L L

q.. (STB/day) | q, ;.. (Mscfiday) | GOR (scf/STB)

q, (STBiday) | q, (Msc
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Pore Volume Reduction~36-37%

Multiphase FMB - Multiphase FMB -
Instantaneous Approach Integral Approach

19 bcf

AR,/ m

e whitson



Comparison to Other Techniques

p,Sgi

1998.9

Gimw= ~_dRNPpg (:,»/lg,. )be‘ag -

i 3 1 1
Cui ] n -
din{trs Bag) & ‘
A | @

Dynamic Fluid-in-Place Multiphase Flowing Fractal-Dimension RTA
(CFIP) Material Balance History-Matching
SPE 217760 MS, 2024 URTeC 3854304, 2022 URTeC 3718045, 2023
Pore
Volume ~37-38 % ~36-37 % ~35 %
Reduction
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FAQ



What about Dry Gas FMB?

* You can still use the MFMB
method for a dry gas

« That said, the “dry gas”
(Agarwal) FMB is also in

whitson™*

* All concepts are the same.

* There is one practical
difference, i.e. that it's an
iterative method

* I'll demo it for reference

FLOWING MATERIAL BALANCE

m \/ —

Multiphase

RECOVERY FACTOR ANALYSIS

Flowing Material Balance Re:

Estimates ( g,
Contacted Pore V¢
7221.2 MRB
Contacted 00IP
0 MSTB 0.005
Contacted OGIP
9887.7 MMscf —_
m
[14
Contacted OWIP "g
2140.5 MSTB ﬁ
£ 0.004 1
Initial Conditions (? oy
‘ <
Initial Reservoir Pressure -
Q
8000 psia 2
©
E=
Initial Oil Saturation, Sy; Q
20.003 1

121
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Effect of Pressure Dependent Permeability?

WHARABOUTIT

122 whitson



Effect of Pressure Dependent Permeability?

Flowing Material Balance Reser sLope J 8B ke 2

0.01

B)

(4
S 0.0084

ARy / m (day

&
20.0061
&

=
 0.004-

- Delays the time to reach boundary dominated flow

- Delays the time to see the correct contacted pore volume

| O ABpw © AR \

% 0.002

_‘-..-—---—-.-ﬂ-.-ﬂ--—-—-—-—-.—-—-—-——‘-— o
8k 9k 10k

3k 4k 5k 6k Tk
Mass Material Balance Time, MBT,, (days)

Without Matrix Gamma

Flowing Material Balance reser sLore s B e £2

| Highlighted © AR, g © _:-:,::,;|

0.0014

ty Change, AR, / m (days/RE)
(=]

© 0.0006

w
& 0.00024

3000 4000 5000
Mass Material Balance Time, MBT,, (days)

With Matrix Gamma
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Effect of Pressure Dependent Permeability?

77 Why doesn't the multiphase FMB method require inputted pressure
dependent permeability (if relevant)?

"All transport dependent terms (permeability, relative permeability, etc.)
are built in to the rates. They never appear explicitly.”

Leslie Thompson

124 whitson



Exercises



Software
Basics



whitson*: Set Zoom to 70-80%

W whitson” b g + v — X

& C @ https://internal. whitson.com/fields/2/projects/49/wells/241/pvt/fluid-definition Q v % O 8 & ¢ » O ﬁ :
Field Project well A Analysis
S0 Fields = whitson™ s - StianPhD-Projec]{  ~  VolatileOil  ~  Main  ~ New tab Cerl+T
Projects New window Ctrl+N
Wells FLUID DEFINITION BLACK OIL TABLE EOS MODEL

New Incognito window  Ctrl+Shift+N

Main Data & Models ~
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whitson*. Create Multiple Analyses for a Well
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Important Shortcut: Refresh

 Refresh shortcut: “CTRL + R” \+ /
) \\+ S -
» Use if you experience — ~-
. ~ ,0 N
 Bad connection 7 ; I\
/ .

* The browser is “stuck”
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@ MFMB Plot — Three Key Periods
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@ Multiphase FMB — Three Key Periods

Period 1: While p,;; > ps, (“single-phase flow”)
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@ Multiphase FMB — Three Key Periods
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@ Multiphase FMB — Three Key Periods

Period 3: Second stabilized slope
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Multiphase FMB

FLOWING MATERIAL BALANCE RECOVERY FACTOR ANALYSIS
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ERIAL BALANCE

RF Analysis in whitson*

RECOVERY FACTOR ANALYSIS
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