@ NTNU | Norwegian University of
Science and Technology
TPG4245 — Production wells

Autumn Semester 2024



Information

« Lecturer: Assoc. Prof. Milan Stanko (Production Tech)
(milan.stanko@ntnu.no). Office 510.

« Teaching assistant: Even Hognestad,
evenhog@stud.ntnu.no

» Lecture schedule (starting 19.08)

— Mondays, 14:15-16:00 (theory and exercises) — P10
— Fridays, 08:15-10:00 (theory and exercises) — P11

— Fridays*, 11:15-12:00 (TA) - P10

Course description
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Course scope

* Production performance of wells and gathering systems.

* Addresses the integrated production and injection
system, inflow, tubing and pipe flow, and technologies
such as artificial lift

« Developing skills for planning, operating, monitoring,
troubleshooting and controlling production of oil and gas
production systems, CO, injection systems, and natural
gas storage subsurface systems.
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Goals of the course

At the end of the course, the student should be able to:

Perform common production engineering calculations
Understand the fundamentals of petroleum production
engineering

Describe the main components of the production system, the

most common well completions, artificial lift methods and
configurations of production systems

Describe, understand and explain the functionality of the main
components of a production system

Understand the factors and drivers involved in the planning
and operation of oil and gas wells
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Goals of the course

At the end of the course, the student should be able to:

 Have a good starting point to apply the knowledge
obtained to other areas such as pipe transport and wells
of CO,, hydrogen, natural gas storage and geothermal

energy.
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Course content

@ NTNU |

Norwegian University of
Science and Technology

Introduction (well layout, production engineering domain)
Flow equilibrium
PVT properties
Inflow performance relationship
— Undersaturated Oil
» Radial and horizontal wells
*  Water coning
— Dry Gas
» High velocity flow
—  Saturated oil
— Gas condensate
—  Water, CO2 injector
Choke performance
Tubing performance
Incompressible liquid
Dry Gas flow
Tubing size considerations
Multiphase flow of oil, gas and water
-  CO,flow
Mechanical properties and stress calculations in tubulars
Artificial lift
-  Gasllift
—  Electric submersible pump
Temperature calculations in wellbore



Course scope

« Practical Sl units only (bar, m3), no field units (psi, bbl, cf).

» Less on the structural and completion part, e.g. design, material

selection

— Completion tools, technology and procedures may vary between different
vendors and companies

* Not all models and topics will be covered - Focus on the
fundamentals
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Students background

« MTPETR. Petroleumsfag - master (5 year master)

« MSGEOS. Geoscience and georesources (2-year International
master program).

« MSG1. Petroleum Engineering (2-year International master
program).

« MIUVT. Undervannsteknologi (2 year master)

« Mechanical engineering (5 year program)

« Exchange (Erasmus) students

* PhD candidates
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Connection with other courses

. (Sprlng) TPG4145 (Reservoir fluids and flow).

3rd year course Mandatory for Petroleumsfag - master (sivilingenigr) (5-arig) —
Hovedprofil: Petroleumsteknologi.

— 1styear course mandatory for Geoscience and georesources (2-year
International master program)

— Topics:
PVT properties.
Dry gas flow equations (tubing and IPR).
Undersaturated oil IPR equation.
Saturated oil Fetkovich IPR equation

« TPG4150 (reservoir recovery techniques). Several IPR models
(undersaturated oil, dry gas, saturated oil, gas condensate).

« TPG4175 (Petrophysics, well logging). Reservoir properties and
geometry.

B NTNU | scacanarecnosy



Information

* Lectures until 22 November

« Consultation time: preferably after class. Try to make an
email appointment.

« Reference group — any volunteers?

 Use Blackboard to navigate the course

— For group deliveries: Join a group before delivering the exercise
(even if group consists of only one person!!)

B NTNU | siencanaecmoicey 10


https://innsida.ntnu.no/wiki/-/wiki/English/Reference+groups+-+quality+assurance+of+education
https://innsida.ntnu.no/bb

Reference material

* Milan’s Compendium R e
« Book: Well performance (Golan and

Whitson)

« Other relevant material, e.qg. articles, Excel |
files, notes, links, will be provided or |
mentioned in the videos

Other

« Production wells compendium (Asheim)

« Book Nodal analysis of Oil and Gas
production Systems, (Jansen)
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https://drive.google.com/open?id=1dkRpQOBfkr9tqkSS6f9MDjO4XW-Sy3DS

Evaluation

100% «written» school exam

— Digital exam in Inspera, no written/handwritten material allowed
(equations will be provided in the exam papers)

— Previous years’ exams

— Make it nice, easy to understand and follow. When provided, use
the Excel template

B NTNU | scacanarecnosy
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http://www.ipt.ntnu.no/%7Estanko/files/Courses/TPG4245/Previous_Exams/

Evaluation

 Mandatory assignments

All assignments must be approved to get access to the exam
All assignments must be delivered in Blackboard by the deadline
Some assignments will be discussed in class

Groups of up to 3 people may be allowed for some assignments
Tentatively 3 assignments

Let me know early if there is a deadline conflict with other
courses

B NTNU | siencanaecmoicey 13



Teaching

* Flipped classroom
— Participants watch by themselves pre-recorded videos (ca 15-40
min) (on Youtube).
* There are exercises in the videos
— Live classes every week

» Discussing theory, exercises, tutorials on software, Q&A, advanced
topics

B NTNU | scacanarecnosy
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https://www.youtube.com/playlist?list=PLXfmJjG2tXbpjx6bezD4famP9YtVFEXqw

How to watch the pre-recorded videos

« Watch the entire video (can be watched at 1.5-2x speed)

» At certain time stamps (or at the end of the video), the
videos might have embedded links to other relevant
videos and material

B NTNU | scacanarecnosy
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How to watch the videos

 Pause when needed. Try to summarize what was
presented with your own words. Take notes.

« DO THE EXERCISES BY YOURSELF

B NTNU | scacanarecnosy

16



ow to watch the videos

« Read the additional material provided, if any

MILAN STANKO

14. Dry gas IPR - Part 1

2 Unlisted

<1 Milan's lectures . T .
Anal Edit vid o 4p Sh ¥ Download { cl
Q 5.19K subscribers alytics ftviceo iG; /A Share 3z DLl & ciip

249 views May 27, 2021

pdf: http://www.ipt.ntnu.no/~stanko/files/...

quiz: http://www.ipt.ntnu.no/~stanko/files/...

ERRATA

@13:28 the upper limit of the integral to the left should be the radius at which you find reservoir pressure, NOT re.

A 4

21:15, It seems the work on the Z factor chart was not part of Standing's PhD thesis. Apparently it was part of a summer job Standing did in a industry
project of Katz.

Part of playlists:

Well performance: & - Well Performance

Key moments View all
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Teaching - streaming

@ NTNU |

Norwegian University of
Science and Technology

Fysisk tilstedevaerelse for studenter ved Fakultet for
ingeniorvitenskap fra hesten 2022

Etter en lang periode med koronatiltak er vi na i en normalfase for undervisning og
tilstedeveerelse pa campus. Fysisk oppmete har en stor betydning for det psykososiale
leeringsmiljpet og trivsel blant studentene. Et godt psykososiale lzeringsmiljg og trivsel
bidrar ogsa til mindre frafall.

| lzpet av varsemesteret har vi opplevd manglende oppmete i forelesninger som
gjennomfgres fysisk. Manglene oppmete i undervisningen gjer det vanskeligere a folge
opp det pedagogiske opplegget, og diskusjoner og samarbeid blir vanskelig a
gjennomfgre. | tillegg oker risikoen for faglige hull blant studentene noe som kan gi
darligere gjennomferingsevne.

Fra studiestart h@sten 2022 blir forelesninger og undervisning primaert gjiennomfart
fysisk pa campus for studenter ved Fakultet for ingenigrvitenskap. Studentene skal
hovedsakelig veere til stede i forelesningssalen eller i klasserom og verksted.

Hovedregelen er at vi ikke stremmer undervisningen.
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Teaching — recording?

» Live lectures will be recorded (only the screen of Milan’s
computer and voice) and uploaded to Blackboard

* There will be some things that will not be properly
captured by the recording (when Milan points to the
screen, comments from people in the audience, etc)

« But despite of having the recording available, try to come
to class in person, having people in the room allows to
have discussions and interactions

B NTNU | siencanaecmoicey 19



Course progress overview — Excel file

Link

B NTNU | siencanaecmoicey 20


https://docs.google.com/spreadsheets/d/1FI2St5L5a15PVWGPNfxOGYxPs7bkHWv8Dhl8D465LSQ/edit?gid=0#gid=0

Tools

Primary:

« Excel (VBA)

* Pipesim (SLB) or Prosper (PETEX) — Computer lab P2
Secondary:

* Hysys (Aspentech) — farm.ntnu.no

 Python (Jupyter Notebook) — e.g. using Google
Colaboratory

B NTNU | scacanarecnosy
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Approx. student time required

Student time required for a 7.5p course (source)
Live classes (14+4)

TA sessions (13°1)

Final exam (4 exam+40 prep)

Video watching (1X speed)

Video exercises

Remaining (e.g. mandatory exercises, etc.)

@ NTNU |

Norwegian University of
Science and Technology

Item

hrs
+200

22


https://discourse.it.ntnu.no/t/studentens-arbeidstimer-per-7-5-stp/410

Questions?
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ONSHORE WELL DRILLING (easier to visualize and understand) Stanko, v1(2024)
Digging the cellar:

sequence extracted from*

The conductor carries all the well loads
Installing the 36, 40-120 m (everything inside) and transfers it to the soil

conductor (drilled, piled, jetted | Foree from all things inside
etc):

\ 4

Force from soil

Surface casing (20”):

CEMENT PLUG

BOP connection Drilling hole

Running casing  Cementing

Check weld sealing using the
pressure port and a hydraulic
pump (the violet dot is high
pressure and should not leak out

Weld|ng through the welding). The well is

. tiall L
Intermediate casing (13 3/8”): CaS|ng headi Ef;:enctlfngy:u':t):ie:::rfr:?:::ie!!

|
A

Installing Installing
casing head casing head

BOP connection Wear bushing ;“jsizsgnsgabgglmm
(flanged)* installation e o1 g &

protected from

scratching with
the drill bit and
| drill string
T Running casing (when  cementing (either all way to Install casing hanger:
Drilling hole atthe bottom, keepit  surface or with significant «  slips to create attachment
hanged rig (tension) overlap with previous casing) between casing and hanger
* wedge: to press the
elastomer against no-go
shoulder
elastomer, to expand
laterally when pressed and
create seal (high pressure
above, low pressure below)
No-go shoulder, to transfer
load to casing bowl

intermediate slips
casing wedge

elastomer

no-go shoulder

Slip similar to drillin i ing *
sligs* & Casing hanger 3D Casing hanger* Slip marks on casing *

view

CASING SPOOL

and test seals by pressurizing
through the pressure port. Every
seal should be tested by
applying high or low pressure

depending where it will have it -
during normal operation. source

Intermediate casings and
production casing (9 5/8”): Repeat process shown above for intermediate casing!

CASING or TUBING SPOOL
139%/8 in.—5,000 psi FLANGE DOWN X
11in.~10,000 psi FLANGE UP

_ ANNULUS ACEBS Pressure rating of inner
11in.-10,000 mﬁﬁs&%ﬁ;si . .
hEl L - casing higher than outer
- :I.‘...-(oiﬁh—...’l’lil casing (here production
N @9l 4 1) ' '
b e h 20° % M1 0000 (O]
STUDDEDQ - \

intermediate casing
5000 psia, surface
ANNULUS ACCESS, CaSing 3000 pSia)

MANUAL VA
2116 in 25000 psi

PLASTIC & T =10,000 psi
INJECTION PORT
135/in.-5,000
API FLG

COMPANION FLANGE
2'#16in.~10,000 psi
BLEED PORT

DQ-22 CASING

HANGER 13%/8x9%g in.
COMPANION FLANGE

PN - 2116 in.-5,000 psi
)

VR COVER FLANGE
2'16in.~5,000 psi

PLASTIC
INJECTION PORT ]
20%4in.-3,000

API FLG

20%13%s in,
DQ X-BUSHING

2'116 in.~5,000 P

The only annulus that
might be connected to
facilities (for production
of injection) is the
production casing
annulus (A). However,
alves and pressure
xducers are installed
in theM™thers (B,C) to

* BLEED PORT

Starting CASING HEAD
20%4 in.~3,000 psi
FLANGE UPx20 jgs®

DQ-22 CASING HANGER
20x13%a in.

VR COVER FLANGE
2'/15in.~3,000 psi

ANNULUS ACS
SLIP-ON WELD
CONNECTION MANUAL VALVE

2'/16in.~3,000 psi

STUDDED QUTLET
2'/16 in.—3,000 psi

BASE PLATE
N monitor if there are
N pressure increases
dim sare (indicates leakages e.g.
— i GASN due to casing hangers
\\\:\ 20 in. CASING i
F 20n. CONDUCTOR seals or cement fails)

Lower completion and tubing:

some options (single zone), (multi-zone)

K >

?k A
BOP connection Drilling Lower completion. Equipment/materials usually
(flanged) hole needed: packers (seals), hangers (fix tubulars to

casing), drilling (drilling laterals), liners (tubulars
that don’t go to surface), perforating gun (establish
connection between reservoir and well), cement
(isolate reservoir from well).

tubing port (penetrator)
hanger \ ockdown screw
4

-—ap. Lockdown screws are often used to ensure
hangers stay in place. When there is thermal
expansion of tubing and casing, the hanger
could be pushed upwards, releasing the
slips and disengaging the seal.

Tubing hanger has “holes” to e.g. chemical
injection, pressure gauge, hydraulic lines for
subsurface safety valve, etc

Run tubing and hang threaded
it with tubing hanger hanger

Install X-mas tree:

swab valve (to perfom light intervention on well)
wing valve

< Choke (control valve)

upper master valve (remotely operated)
redundancy

lower master valve (manually operated)

wing, masters, and swab are gate valves (only open or
close)

'CHRISTMAS TREE | g
|
-

¥ N
(@)

X-mas tree

Fail-safe

w_ mechanism

TUBING SPOOL

CASING SPOOL |
CASING HEAD

_ wellhead/ upper
completion

ey W W hydraulicT
: pressure drops
thanks to spring)

Conventional gate valve

source . -
similar to onshore drilling, but the

PLATFORM WELL DRILLING conductoris extended above the

[ B\ x-mastree deck mudline and into the platform.
Bl |\ wellhead deck

/ v\

N

—

conductor

Differences from onshore: x-
mas tree is a solid steel block,

more robust

tubing

hanger \ /

port (penetrator)

lockdown screw

Differences from onshore: less flanges, fast
clamp connectors instead (less screws)



https://www.youtube.com/watch?v=ja5mHG1vGiQ
https://www.youtube.com/watch?v=HN4zmjBU4KY
https://www.youtube.com/watch?v=z9eWHpEDRME
https://www.youtube.com/watch?v=GT3fDAvrMeY
https://www.youtube.com/watch?v=Phxlvd9z2RQ
https://www.youtube.com/watch?v=Phxlvd9z2RQ
https://www.youtube.com/watch?v=mGqUvtbv9hs
https://www.youtube.com/watch?v=kKzd47G1KVM
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SUBSEA WELL DRILLING Stanko, v1(2024)

3D images taken from *

Te mporary

* Thereis awellhead housing, SRR
usually attached to the top of é e WP * Tubulars
the surface casing and resting i e | 1] B usually have at
on the conductor. All wellhead *\F the top part the
items will be inside. It might B il %/no-go, and
have some section changes-tg\ D|Fj LR == aboveita
hang casing and grooveste i | J7 A “bowl” to hang
latch “stuff”. casno =  the next casing.

Figure 22-5 Typical 18%4-in.Subsea Wellhead System (Courtesy of Dril-Quip)

tubing

hanger \ /

port (penetrator)

lockdown screw

Packoff assembly (equivalent to
ingh L
no-go shoulder casing hanger seal)

Interm. casing

Surface casing

conductor Lock mechanism (equivalent to

lockdown screw)

 Two types of wells:

Horizontal tree vertical tree
* Tubing hangeris at the top of the x-mas ) Tubmghangelj|s part of the
tree. This allows to replace tubing i i wellhead (tubing lasts longer than
without removing x-mas tree. In the ‘ : x-mas tree) .
Tubing Hanger . . . g —- Valves are vertical
; past, SS tubing was expensive, so it was e astefaive Block .
Treehead — : . 0 * Longtree, which can create
necessary to change it more frequent . stresses on the wellhead due to
that X-mas tree. Nowadays, SS tubing ! ’= . S .
price is ok. bending while intervention
* Valves are sideways » ; Tree Connector A
il * Tubing hanger has a hole, needs to be 1
Tree Connector— ’ -
oriented with the hole in the x-mas tree ‘ "'
Wellhead— block. —_

Wellhead

* The productionannulusis
accessed through the hanger,
which reduces the max tubing size
allowed and number of ports

tubing

hanger \ /

port (penetrator)

ockdown screw

H4 connector, hydraulically driven, for connection to
wellhead -BOP, X-mas tree-wellhead, intervention, etc. N



https://www.youtube.com/playlist?list=PL6FB4D0F75DF4FBED

Oil and gas production wells Prof. Milan Stanko (NTNU)

Video 01: Well layout and domain of production engineering
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QOil and gas production wells

Prof. Milan Stanko (NTNU)
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Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com Vidao D2: Flow aquilibrivm

Oil and gas production wells
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Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com Video 03: Exercise on Flow equilibrium

Oil and gas production wells Prof. Milan Stanko (NTNU)
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Oil and gas production wells

E‘K‘v\f'f-

Prof. Milan Stanko (NTNU)

Video 04 - Exercise on flow equilibrium (part 2, choke, compressor)
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Oil and gas production wells Prof. Milan Stanko (NTNU)

> \\_QU"\"' ‘>§~

4 m/—e — L.j \
/

(
\ _

~ '\ ~ 1/11/))/>
S58E SRS W) LW

15
\ LV

\ \""\

l 1
N N
‘%’b see % 33
i S/d 63 c06 5-JA
oF: Puwn (@v)  pin (req) Deltap N t
[Sm3/d] [bara] [bara] [bar] Ut

1.50E+06 210.1 55.5 -154.6 \

bJLa.)( f,‘ 1 rted a rvb, L\.S\rt, fL,n ﬁ/‘{‘lﬁw— N

1 fin
X ot T / EN 2
e T

= Covnproysor T ae
f ﬁs 151 |
1 o f Podvee 2.7 €06 fr;/o(
a8 Pwh (@V)  pin(req) Deltap
[Sm3/d] [bara] [bara] [bar]
2.80E+06 50.1 80.2 30.2 odu\l‘not

| | \_2 J.H.,\P &o be_ @gudm’ GJ C«h-{yl_[(ar



Oil and Gas production wells Prof. Milan Stanko (NTNU)

20240826

QUTLINE:

-Reference group - 2 volunteers required
-video lectures short recap

-Short intro to Excel VBA

-Class exercises

Short intro to Excel VBA

accessing the VBA module : Function multiply (x, V)
alt+F11 multiply = x * vy

. . . End Function
implicit type declaration versus

Function multiply(x As Double, y As Double)
Dim output As Double
output = x * y
multiply = output

End Function

explicit type declaration

(2)@:\3 < Ikl.j

Function multiply(x, y)
double x = doubling(x)
multiply = double x * x * y o 0

. be awarell
End Function

Function doubling(x) Dﬂ)

X=12%*x
/ doubling = x \
End Function \LP

x iy clw..jpt) /o..a( £ °|"*5¢ ‘\{-hi'_l thy g

No-m&g; 0’?1(“?‘"1 Nowe __vome | _Nowne T
variables \

[ R w\'. localized losses:
Section changes

Pipe connecti_ons
&ﬂbuu.f oa ® Ll, = l"t + bL“h‘-c{\.:. él'\. valves (even if

ALessor.e30pen), elbows

/_? (Qt-&-r)_‘.l.v-z '\

“% " B (L)

)

— U\
-\, = 4
§iace inco\v-?mhu" V " &““-Uw-b'

. ) N\
haJm\'ni‘f- dricdorel \ V' )

J«("r’ N 25
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).

%

[

(%-%)=(G-2)95

Function pressure_drop(q, L, den, visc, teta, roughness, phi)
'Calculates pressure_drop in bar
‘g, liguid wolumetric rate, in m3/d
'L, pipe length, in m
'den, liquid density, in kg/m3
wisc, liguid viscosity, in cP
‘teta, pipeinclination angle from the horizontal in deg
‘roughness, pipe roughness, inm
‘ohi, pipe inner diameter, inm
'defining constants
Fi=ApplicationWorksheetFunction PO
g=981"Inmis"2
'Step 0, convert rate to metric units
q_=q/(3600# " 244) 'changing from m3/d to m3/s
'Step 1, calculate velocity
Areg = (phi® 2)7025 " Pi
v =0_{Area
'Step 2, calculate reynolds number
Re = Reynolds_ fiv, den, visc /1000, phi) 'visc is required in Pa s, but available in cP
'Step 3, calculate friction facgtor
rel_roughness = roughness / phi
friction_factor = friction_factor_f{Re, rel_roughness)
'Compute the pressure drop using the Bemoulli equation
deltap_hydrostatic = 000001 "L " Sinfteta " Pi/180) " den g
deltap_frictional = 0.00001 * den * friction_factor T L ™ 8 * {gq_ " 2}/ {{phi * 5) " (Fi ~ 2})
pressure_drop= deltap_hydrostatic + deltap_frictional

End Function ———

-2, = L. (-"n(@)

Prof. Milan Stanko (NTNU)

=P e [/

A
vie 9
“&d"f
I\'\ vo*

Moody Diagram

0.05
0.04
0.03
=2 (0.002
0.015
0.01

n.oaf iiit 0.005

0,002

n.ozf 0001

Friction Factor

Function Reynolds_fiv, den, visc, phi)
TODO: provide description of function
‘and function input
Reynolds_f=v ™ den™ phi { visc

End Function

‘n "M/{"j 0

C n

Friction Factor

Ju‘_’(l:): fq,(X) e .".N._""l.r.l'\“I'\_m."h;l‘_: .!.ﬁ.:’.;"r:‘..., i o -

Function friction_factor_fiRe, rel_roughness)
IfRe < 2300 Then
fiction_factor f =64 /Re
Else
patt =-18"{Log({{rel_roughness /3.7 111+ 6.9/ Re)/ Log(10))
fiction_factor_f=part1 *(1/-05)
End If
End Function

Haaland equation |«
The Haalsnd equation was proposed in 1983 by Professor S.E. Haaland of the Monwegean Inatitute of Techno!
solve diectly for the Darcy-Weisbach friction tactor ffor a full-owing circular pipe. It is an approximation of the implicit

Colebrock—White eguation, but the discrepancy from experimental data is well within the accuracy of the data

The Haaland equation’’

% = --l.ﬂlng[(z:;'._l:)l-n

is expressed

E
Re

Consider a vertical tubing with an inner diameter of 0.1 m, and length of 2500 m, through which
undersaturated oil is flowing. Perform the following tasks:
a. Calculate the curve of available pressure at the wellhead (in bara versus Sm3/d of oil), if
the inlet pressure is 150 bara.
Calculate the curve of required pressure at the bottom-hole (in bara versus Sm3/d of oil)
if the outlet pressure is 30 bara.
c. Consider the flow is not known, and that the bottom-hole pressure and wellhead
pressure are measured and equal to 350 bara and 30 bara, respectively. Estimate the
liquid rate of oil circulating through the pipe (this calculation is often referred to as
virtual metering)
i. If the pressures have measurement errors of +- 5%, how much will this affect
your results.
Assume there is an undersaturated oil well with the following inflow relationship: qo =)
* (pR-pwf), with J = 10 Sm3/d/bar and pR = 450 bara. Assume that wellhead pressure is
30 bara. Find the equilibrium flow of the system.
i. Based on the rate obtained in the previous task. If one wishes to produce 10%
more, determine the pump deltap and power to install at the end of the tubing
to achieve this.

1.

e..\'.;uti_trnﬂu adi] anepy

P
i

gy It is used 1o
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Oil and Gas production wells

=

Tuwvilg uawa

.eta (angle from horizontal)
‘oughness

nternal diameter

nvellhead pressure
Reservoir data

Reservoir pressure, pR
2roductivity index, J

Fluid data
Jdensity
Jiscosity

N\

[m]

[deg]

[m]
[m]

[bara]

[bara]
[Sm3/d]

[kg/m3]

[cP]

|

Prof. Milan Stanko (NTNU)

f S 7
?W-l-'- ?wk + D¥Mvg€a) 1Z¢ ) Jave X vaywowvu)

ﬁm.,/ ///”

leas_gjl. Sudo) + L. L¢ 1¢s.l€-5

e~

%
! ’ Nog Oalj i* Re o IS iaCoan.iDU;

% M, = ¢ cP

Y, q,

2l
2500
90
1.50E-05
0.1
30
450
10
850
2
IPR (available) TPR (req)
pwf - avail qo DP-tub-req pwf-req (pwh+DP_tub)
[bara] [Sm3/d] [bara] [bara]

450 0 208 238

400 500 210 240

350 1000 213 243

300 1500 218 248

250 2000 225 255

200 2500 233 263

150 3000 243 273

100 3500 255 285

50 4000 268 298

0 4500 282 312
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flowing bottomhole pressure, pwf, [bara]
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INFO:

-TA sessions to start today, K. 11:15, {0 l“_bt ¢
-MNames of members of reference group
-Molecture coming monday 02.09.

-

OUTLINE Tiem— e e - -~
-Re-cap lasttecture

-Solving (partially) problems in

mandatory exercise setnr1 5

Mion's cbriechion tre
Typical velocities in water transport pipes: O
O

_© 2
(V) o —
tﬁ)t ~ (rs) 05 -2(s) “™/s

L 2 since _velocity i5 s_qgared, ithas a
(5 - e ) S (0 () Lty
19 5

01 ' A1 'S ' s
0.09 -
0.08
0.07 3 0.05
] 0.04
0.06 7 0.03
0.05 4 002 9
0.045 o w
- 0015 .
. 0.04 ]
T -1 01 wv -
S 0035 4 ooos ¥ rﬂ‘ ﬂgm. fo'&‘ﬂﬂlej
v -
S 003 4T T =)
w g -
c ' 0004 3 P\t‘*u enwunkred
S 0025 4 o
= . 0002 G N
o
u:_ 002 3 0.001 é In' en& /COL
0.018 » %
0.016 7 2:13_4 4 quite smooth pipes
0.014 -
> el .
e Transitional Flow 1x10
0.01
0.009 7 \ srhooth Pipe [ 2x 10':
0.008 r T : - F 1x10°
103 104 10° 108 107 10°

Reynolds Number, Re = pVD/u

Modification required to WBA code orginally provided by Milan in the previous lecture to account for cases where VW =0 m/s

Function friction_ factor f(Re, rel roughness)
If Re = 0 Then
friction_factor f = 0

Elself Re > 0 And Re < 2300 Then 'laminar flow
friction factor f 64 / Re

Else 'turbulent flow
partl = -1.8 * (Log((rel_roughness / 3.7) ~ 1.11 + €.9 / Re) / Log(l0))
friction factor f = partl ~ (1 / -0.5)

End If a '

End Function

oil well typical rates
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P

37

IPR (available)

pwf - avail
[bara]

450

400

350

300

250

200

150

100

50

0

For convenience, and to avoid having a separate column for DP, we will create two WBA functions

Rin

Function pin_p

v

functi

pin_pipe pout
End Function

Function pout pipe(pin, g, L, den,
'functi cal
pout pipe

End Function

IPR (available)
pwf - avail qo
[bara] [Sm3/d]
450 0
400 500
350 1000
300 1500
250 2000
200 2500
150 3000
100 3500
50 4000
0 4500

+ pressure

i’wj, = U bp(as)

Ot = Pin = 8p(%)
ﬂ,._ = Pt 45‘,@;)

pin - pressure <i|<:[\(q‘,

TPR (req)

pwf-req
[bara]

238

240

243

248

255

263

273

285

298

312

ired pres:
drop (g, L,

visc,

)

[

ipe (pout, g, L, den, wvisc, teta,
to o =1 ui i sre
den,

qo
[Sm3/d]

0

500
1000
1500
2000
2500
3000
3500
4000
4500

Prof. Milan Stanko (NTNU)

Last lecture, instead of calculating
available pwif from pR T provided a
value for it, and calculated the rate,
wihy?

if lassume a value of go which is
too high, | get negative value for go.
Itis difficult to know a prion the
range of qo. but pwfis always
bounded by pR and 0 bara. At the
endthe only thing | need is the
curve, 50 how | calculate it, is not
important. Example:

roughness, phi)

teta, roughness,

teta,
ate available pressure
L,

den, roughness,

flow with
phi)
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Haowr to find exactly the Equilibrium rate:

IPR (available) TPR (req) wher P.{_..,,;L = P,}
- " ”q

pwf - avail qo pwi-req
[bara] [Sm3/d] [baral
450 0 238
400 500 240 ﬁv (a.lc. {!‘01.- k) e
350 1000 243 p o ( (QJMJ) - A v;_
300 1500 248 UI' O T ﬁ”

250 2000 255
200 2500 263
150 3000 273

100 3500 285
50 4000 298 /
0 4500 312 _t

0 wewe eq.,o.L o

It t‘
v\ I‘r\j GO&L foew or S;ww
Lt J ,
diff [bar] e dokon - toumds He. el
2543  1957.5 254 0 Adtetion :

Oy = Addoins (53 wtn,) . =
u3 0" = chall bl by for ¢ [o(.(pr "

i. Based on the rate obtained in the previous task. If one wishes to produce 10%
more, determine the pump deltap and power to install at the end of the tubing
to achieve this.

Dned CIx1a$)rs zziso AL
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J I
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~ "“‘““k(’k frsue =230 b — k8
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o
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4
(=]
1
|
|
|
\
|
|
|
|

flowing bottomhole pressure, pwf, [bara]
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1 1 |
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1
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2. Perform a flow equilibrium calculation in a vertical CO; injection well with a total tubing length
of 1500 m, and 0.168 ID. Use the well bottom-hole as equilibrium point. For the IPR use a linear
equation with J = 700 [t/d/bar]. Assume a reservoir pressure equal to 130 bara. Assume the
wellhead pressure is kept fixed at a value of 60 bara. Assume an average density and viscosity of
850 kg/m? and 0.085 cP respectively.

a. If one wishes to inject 1.5 Mt/y, estimate wellhead pressure required and choke DP.

Ve {.mmfw'tpm'ﬂ . Yoz Go berar ,T.,l\: 5°C
mbqo. - 6o bove
9 K

%

_ _ Aackr (e 2
—‘—b \94, |3D‘r.wt-
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4 L\*— '5'(./woa~

“() o
30 baye A

400 1200

350
1000
300

§

800

1 1500 - _ (S0 (er

600

pressure, [bara]
]
[=]
o
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130 [ AT»] bea

-40 =30 -20 -10 O 10 20 30 40
temperature, [C]
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In COZ2 people work often with t/d, instead of
-~ Sm3fd. Sothere is no need to convert to Sm3/d.

o — ool T S/d
f - L7 W,
Gy ~ G2

S0 vdt codb,. = 50 W2

IPR (req)
pwf-req m-Co2
l'caloulate IPR interms of bara versus [bara] [tld]
trd 130 0
140 7000
150 14000
160 21000
170 28000

To calculate pressure losses with the DP function, | need rate at local pressure conditions| i.e. at density of 850 ka/m3, 1 can use this equation

o -
-

o Yor0 et odiey = S
fre tt by

=F19*1000/58CE1a

B
*rof. Milan Stanko (NTRNU)

[rm] 1500
‘izontal) [deg] - 20
[r] 1.50E-05
[rm] o.162
[Bara] (=1a]
PR [bara] 120
1 [t/cd/bar] Fd=ls]
[ke/m3] | a50
[cP] o.085
IPR (req) T
Prwf - reqg m-CoZ2 gQ-CoZ2
[bara] [t/d] m3/sd
130] o[1000~/
1440 Faslsls] 8235
150 14000 16471
150 21000 24706
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| [m] 1500
izontal) [deg] -90
| [m] 1.50E-05
[m] 0.168
| [bara] 60
— pR [bara] 130
| [t/d/bar] 700
— [kg/m3] 850
[cP] 0.085
* IPR (req) TPR (avail)
pwf-req m-Co2 q-Co2 pwf-avail
- [bara] [t/d] [m3/d] [bara]
130 0 0 185
| 140 7000 8235 177
150 14000 16471|$C$4,$C$14, |
| 160 21000 24706 110
| 170 28000 32941 52
e I Y A N
200 -
180
_ 160 -
[
o
= 140 -
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§ —IPR
g 80 | —TPR
8
2 60
=
2
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20
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Z Video 05 - Inflow performance relationship (Intro)
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Formation compressibility, c; [1/bar] 4.35E-05
Oil compressibility at res conditions, C, [1/bar] 2.18E-04
Gas compressibility at res conditions, C, [1/bar] 7.25E-03

Total compressibility, assuming oil-filled pore, C, [1/bar] 2.61E-04
Total compressibility, assuming gas-filled pore, C,  [1/bar] 7.30E-03
Oil viscosity at res conditions, L1, [ep] 0.5

Gas viscosity at res conditions, [, [ep] 1.20E-02

Porosity, ¢ [-] 0.3
Outer radius of reservoir, r, [m] 600
Top area of reservoir, A [m2] 1130973.4

FLUID: Gas oil

k tpSS tpSS

[md] [hr] [hr]

0.01 835552.28 1245853.30
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|
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10000 0.84 1.25
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Video 06 - IPR for vertical undersaturated oil well (field test)
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Bottom-hole Pressures in Oil Wells?

BY CHARLES V. MILLIKAN, 2 TULSA, OKLA. AND CARROLL V. SIDWELL,3 SEMINOLE, OKLA.
(Tulsa Meeting, October, 1930)

THERE is nothing more important in petroleum engineering than a definite
knowledge of the pressure at the bottom of an oil well at any existing operating con-
dition, and the relation of this pressure to the pressure within the producing for-
mation. A knowledge of bottom-hole pressures is fundamental in determining the
most efficient methods of recovery and the most efficient lifting procedure, yet there
is less information about these pressures than about any other part of the general
problem of producing oil.

Prof. Milan Stanko (NTNU)
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. ) . Video 07 - Analytical derivati fIPR f tical, und turated oil well
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ﬁ Microsoft Visual Basic for Applications - [Module1 (Code)]

% File Edit View Insert Format Debug Run Tools Add-Ins Window Help

=R E) Ponoa N FY @ n1,Colt =
Project - VBAProject ﬂ [(General)
a =8 B[ [Fenction mmincempoLn cob, Macrix B RS i cant
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= 184 vBAProject (Exercise_04_BO_
=155 Microsoft Excel Objects
m Chartl (1_moBo_versus_
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E Sheetl (Data)

ThiswWorkbook
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alt + F1

e i '3 Use here the VBA function
' o Productivitylndex_J
r, [m] 500 use h_ere the_VBA 250 A o
function tabinterpol o
Ty [m] 0.1 3
k [md] 10 H
h [m] 100 e . o
o [bara] 300 3 Fairly linear!
o
=150 - .-
pwf pav 1/(Bo visco) J qo o
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Video 09 - Skin effect for IPR of vertical, undersaturated oil well
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Determination of Average Reservoir Pressure From
Build-Up Surveys

D. N. DIETZ
MEMBER AIME
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Table 2.4 Shape Factors for Nonradial Outer Boundary Geometries
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Geometry Ca Sh IDacis AP
@ 31.62 0.000 0.1 0.1
. 30.88 0.012 0.09 0.1
AN
. 31.60 0.000 0.1 0.1
p 3o
A 27.6 0.068 0.09 0.2
27.1 0.077 0.09 0.2
[
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R 1 21.84 0.185 0.025 0.3
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|
0 T L ' 1 T T 1
0 5000 10000 15000 20000 25000 30000
C02 mass, m-C0O2, [t/d]
2 c x
l r3 Ll
Wiz T (P"l' - P') h"'.“ = Py wlor

-

x4

J
Gobrm —

—

clnr/es:

|'am injecting too much (5.2 MEAAI how to reduce my injection rate. Options to change IPR and TPR

-Increase resenvoir pressure: but pR is usually related with storage capacity, | don't want to fill up the

reservoir, and it is also impractical
-reduce the J* {damaging the formation). Difficult and impractical.

tubing, which is costly
drop the pressure in the choke). But it is the most practical choice . When

open gradually,

"reducing the J makes the curve steeper! because the slopem = 1/4J

-change tubing diameter Works] but at a later time when pR increases, | will need to install a bigger

-Change pwh. ¥Works! but it is not ideal in terms of energy usage (I compress CO2 onshore and then

pRincreases, the choke will
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180 -

160 -
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—IPR
—TPR

B D 0]
o o o
1 L 1

flowing bottomhole pressure, pwf, [bara]

N
o
1

0 ] L 1 I I 1
0 5000 10000 15000 20000 25000 30000

C0O2 mass, m-CO2, [t/d]

at initial time, pR= 130 bara’ AT ALATER TIME, pR=150 bara:

puc [bara] 60 puc [bara] 60
Dp choke [bar] 76. Dp choke [bar]
[bara 33.7
pwh [bara] 13.7 o —
IPR (req) TPR (avail) (req) (avail)

pwf - req m-Co2 g-Co2 pwi-avail

pwf - req m-Co2 (-Co2 pwi-avail
[bara] [t/d] [m3/d] [bara]

[bara] [t/d] [m3/d] [bara]

0 . . 50 150 0 0 159
140 7000 8235 130 160 7000 823 150
150 14000 16471 105 170 14000 16471 125
B 2100 20706 o 180 21000 24706 o
PR A 190 28000 32941 26 diff
T - . 15587 4109 4834 156 0

Recap about YT lectures on IPR for undersaturated oil well
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20240809
OUTLINE: p T T
=Wiater Bw considenng the effect of dissolved gas
-Skin forwateryCO2 injector

-COZinjector IPR-interms of mass flow rate ‘E
-lssues with water/CO2 injectors - Example

-Impact of topside facilities on Rp (GOR). gas IPR from undersaturated oil !
IPR. Calculating Bo from EQS compositional model. Black oil correlations.

Tuning BO comelations with EQS model results ‘
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1 Ena. s -+ -+ 4
= it 1 For ] 200 THH]
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Fig. 9.7—FVF of pure water with and without natural gas
(adapted from Ref. 13).
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_ . _wh (bat -Ya)
(860, (eq 'h“’”)e " ( ““(Ef., ) - 0S4 S)

MG, = Qc-;]_ ga; _(:,_o,o

& \‘1/'9

e ol (r.)-Pa)
™ ?g‘i’ u.cb(bc,,)((a)m’_; (&) -5+ .s)

18ey. M = o

(£.65 10339

Issues with injectors:
-Decline of Jwith time: | need a higher pwf to/inject the same amount of g

) |

fa

Injector near formation plugging, due to k wﬁa" "o

-residual oil concentration (30 mg/)
-Solids {fines)

Prof. Milan Stanko (NTNU)

N !
/ \ Y
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I \
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; S
Altematives: ,/\
-Bring back Jto onginal value --> can be achieved with fracking, stimulation
-Drill more injectors —\_) ‘T‘EG
-Choke back production @- b,

e
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Tordis incident 2008

Presentation at the CO2 work shop
Svalbard 3-7. August 2009

Benedicte Kvalheim, StatoilHydro

StatoilHydro

SA0 (pw (

2. Q

ﬂ? (9

Rogaland Gp. (Balder Fm. and Lista Fm.)

Cramer Knoll Gp. and Viking Gp.

Brent Gp. (reservoir)

wLat wlnt wrkono’? ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

- ® During the injection phase (December-07 — March -08)

— Operated the injection at rates and pressures higher than stated in the
operation guides (123 bar, well integrity of the producers)

— Pressure build-up profiles? — vertically vs. horizontally



https://www.yumpu.com/en/document/view/4429451/tordis-incident-2008
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What is GOR? (Rp)
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To calculate GOR and BO properties, we can use a Thermodynamic/process simulator that uses EoS

Another approach is to use BO correlations, however, BO comelations are usually developed for a given fluid or field or region, so/if our field is not
on that region or not similar, it will most likely not work!lll But one approach that is used, is to generate BO properties using EoS model, and then
tune the correlation to the results ofthe Eo S model

Class exercise:

T=80C
1.48 -
[ ]
1.46 . o HYSYS
[have generated Bo versusp .
at 80 Cwith Hysys. | want to -
tune BO correlations to match € 1.44 1 °
this data L °
m L]
E .
S 142 - .
[y [
2 o
[*]
o L]
= 1.40 5
E L]
E [ ]
S 138 - -
6 ¢ [
* L ]
1.36 -
1.34 I Ll I I I I I I 1

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
pressure, p, [bara]

Taken from Whitson and Brulee Phase behavior monograph
Bubble point pressure
Standing?-17-40 developed the first accurate bubblepoint cor-
zlation, which was based on California crude oils.
P = 182(A — 1.4), .. .. e (3.78)
vhere A = (R,/y.)"%3 10(0:000917=001257 5p1) \with R, in scf/STB, T
1 °F, and p, in psia.
| have to use three correlations, one for pb, one for
Bob, one for Co. Iwill include a tuning factor for Saturated oil volume factor

each (multiplier) to match the data of Hysys.
To find Bowersus p, Twill use the equation:

. . For example, Standing’s3-17-40
:orrelation for California crude oils is

Bo_current=Bo_prev*expl{Co_current*(p_prev-p_c B,, = 09759 + (12 x 107%)A", ... .. ... ...... (3.111)
urrent) where A = R (y./y.) ®+ 1.25T.

Undersaturated oil compressibility

Vazquez and Beggs®’ propose the following correlation for
nstantaneous undersaturated-oil compressibility.

Co = AP, o e e (3.107)
~here
A= 10"%5R,, + 17.2T — 1,180y, + 12.61y ., — 1.433), with
c,inpsi !, R, inscf/STB, Tin °F, and p in psia.
Vazquez

and Beggs correct for the effect of separator conditions using a mo-
dified gas specific gravity, y... which is correlated with first-stage-
separator pressure and temperature, and stock-tank-oil gravity.

— 4 - Psp
o = o [1 + (0.5912 % 107%) y ATy lug(ﬁ)].
.................... (3.86)
with T, in °F and p,, in psia.
Undersaturated oil volume factor
Br! = Bnh exp[c',,{ A()h - )u]]
Since Co is a function of pressure, this equation is not valid. Workarounds are: or

* to use average pressure to calculate Co
*To use the equation between to consecutive pressures
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/
 p, = 182(A — 14)F0,. . ... (378)

 where A = (R,/y,)0%3 10(0000917-00125/ \p) \yith R, in scf/STB, T
~in °F, and p, in psia.

Prof. Milan Stanko (NTNU)
- Standing3-17:40 developed the first accurate bubblepoint cor-
~ relation, which was based on California crude oils.

HYSYS DATA (2 stage)

HP sep Temp

gamma o
gammag

T

API

HP sep pressure [bara]

(e

GOR [Sm3/5Sm3]
deno_sc [kg/m3]
deng_sc [keg/m3]
pb@80 C [bara]
Bob@80C [m3/Sm3]

[-1
[-1
[l

[-1

pb [bara]
Bob [m3/sm3]

[bara]

175.6
187.4
199.2
211.0
222.8
234.7
246.5
258.3
270.1
281.9
293.7
305.5
317.3
329.1
340.9
352.8
364.6
376.4
388.2
400.0

1.48

1.46

1.44

1.42

1.40

1.38

Oil volume factor, Bo [m3/Sm3]

1.36

1.34

50
70
146.5
784.6
0.840
175.6
1.466
0.7846
0.6866
80
48.9 Tuning factors pb[bara] Bob[m3/Sm3]
175.60 FO1 1.099 Errors 0.00 0.0000
1.4663 FO2 1.014
FO3 (Co) 1.612
sSUM= 1.50E-05
Co Bo Bo (Hysys) error
[1/bar] [m3/5m3] [m3/5m3]
5.06E-04 1.466 1.466
4.74E-04 1.458 1.458 1.27E-07
4.46E-04 1.450 1.451 5.13E-07
4.21E-04 1.443 1.444 9.23E-07
3.99E-04 1.437 1.438 1.23E-06
3.79E-04 1.430 1.431 1.39E-06
3.60E-04 1.424 1.425 1.41E-06
3.44E-04 1.418 1.419 1.30E-06
3.29E-04 1.413 1.414 1.09E-06
3.15E-04 1.408 1.408 8.37E-07
3.02E-04 1.402 1.403 5.67E-07
2.91E-04 1.398 1.398 3.18E-07
2.80E-04 1.393 1.393 1.25E-07
2.70E-04 1.389 1.389 1.54E-08
2.61E-04 1.384 1.384 1.45E-08
2.52E-04 1.380 1.380 1.43E-07
2.44E-04 1.376 1.376 4.18E-07
2.36E-04 1.372 1.372 8.53E-07
2.29E-04 1.369 1.368 1.46E-06
2.22E-04 1.365 1.364 2.25E-06
T=80C
e HYSYS
—BO correlation
T T T T T T T T 1
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0

pressure, p, [bara]
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http://www.ipt.ntnu.no/~asheim/prodbr.html
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Figure 3.10_Anisotropic reservoir
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Prof. Milan Stanko (NTNU)
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Qil and gas production wells
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Wellbore length
Elevation difference between toe and heel, b (sign doesn't matter)
Productivity Index, J

[m]
[m]
[Sm3/d/bar]
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Oil and gas production wells Video 11 - ExercisL on IPR for horizontal, undersaturated oil wel Prof. Milan Stanko (NTNU)
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" ) ~ L
— \\ t (o = A - S0 500
[\\\ p. ) N T i
® / [ /‘l \
\; ‘ l( ) 7 re‘ - ‘500.§00
‘\ (X /?/ \
N \
N\ //
\ // N—
\ o 4/
N /
\._ P D
\' P - 51[70 —
N
RESEWOII'tOp area [m2] 2.50E+05 [Function J_vertical(k, h, Uo, Bo, re, rw, s, sa)
Reservoir pressure’ PR [bara] 300 :irg:urcn;ivity index for wertical well, undersaturated oil, pss, in Sm3/d/bar
. 'h i
Flowing bottom-hole pressure, ps [bara] 200 Do in ©p
'Bo in m"3/Sm"3
[bara] 250 'fa is shape factor
pa\]r J_vertical = (k * h) / (18.68 * Uo * Bo * (Log(re / rw) - 0.75 + s + sa))
il vi i . '"Matural Log in Visual Basic is Log, not LN'
Oil viscosity, |1, at average pressure [cp] 1.877 o
Oil volume factor, B, at average pressure [m3/Sm3] 1.144 Punction J_horizontal(L, D, h, b, L, kh, kv, Bo, viso, rw)
Wellbore radius, , (m} 0.15 e T e e a e
'D reservoir width [m]
'h reservoir thickness [m]
Vertical well located in the center and perforated throughout o ;ﬁﬁziﬁﬂfihpéﬁeabinty (nd]
. 'kv vertical permeability [md]
EXternaI radlus, le [l"l'l] 282.1 'Bo oil formation volume factor [m*3/Sm*3]
. 'viso oil viscosity [cp]
Skln, S ['] 0 'rw well radius [m]
'b, height difference betweeen heel and toe [m]
Shape factor, s, [-] 0.012 Pi = Atn(l) * 4
.. b = Abs(b)
Productivity Index, J [Sm3/d/bar]| 14.7_| If b / h > 0.1 Then
s b=20.69
Else
s b=20
Horizontal well End Tf

beta = (kh / kv) ~ 0.5

500 Lw hat = Lw * (1 + ((b / Lw) ~ 2) * (beta » 2 - 1)) ~ 0.5
0 Lw bar = Lw * (1 - (b / Lw) ~ 2) ~ 0.5
rw hat = 0.5 * rw * (1 + (1 + (beta ~ 2 - 1) * ((Lw_bar / Lw) ~ 2)) ~ 0.5)
63.2 Al = 0.53 * ((L/D) ~2) + 1.15* (L / D) + 0.164
N AZ = (1 - (Lw bar / L)) / (0.45 + (Lw_bar / L))
fa = (Lw_bar / L) * (1 + Al * A2)
Cl=3*h * beta * (Log(beta * h / (2 * Pi * rw_hat)) + s_b) / Lw_hat
C2=(Pi*D* fa/ (2 * Lw_bar))

J_horizontal = unit_conversion_constant * kh * h / (viso * Bo * (Cl + C2))
End Function

unit_conversion_constant = (9.869E-13 * 0.001) * 24 * 3600 * 100000 * 6 * Pi / (0.001) |
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Video 12 - Additional comments on linear IPR
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Oil and gas production wells

Video 13 - Water coning

rof. Milan Stanko (NTNU)
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Example: one model for water coning from the literature:

~>
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aley

45 15 oy 1aml

9" .3 vy el

WC =« \‘JCX-

Experimental Investigation of Cresting and Critical Flow Rate of Horizontal Wells

Tove Aulie, Evert Grgdal, Harald Asheim, Norwegian Inst. of Technology, and Piet Oudeman,
Koninklijke/Shell E&P Laboratorium

ABSTRACT

Cresting towards horizontal wells with bottom water drive and
cdge water drive has bcen cxpcnmcntally investigated using a

| S~ D -

Prof. Milan Stanko (NTNU)

Total layer height, ht (oil plus water)

Initial water layer height, hw (ht-he)

Initial oil layer height, ho (he)

Horizontal distance from well to outer boundary, xe
Vertical distance between well and top of reservoir, hb
Horizontal permeability, k

Qil viscosity

water viscosity

Oil mobility

water mobility

Oil density

Water density

Qil Bo

Water Bw

Well length, L, [m]

Critical oil flow to start producing water, goc (ho=hb@x=0)
Mobility ratio M (o/w)

upper limit of f (qw/qo)

upper limit for WC

deltaf (qw/qo) - for plotting

[m]
[m]
[m]
[m]
[m]
[md]
[cp]
[ep]
[md/cp)
[md/cp)
[kg/mA3]
[kg/mA3)
[m3/Sm3]
[m3/Sm3)
[m]
[Sm3/d]
[-)
[-]
[%]
(-]

f (qw/qo)
[
0.00
0.01

50
10
40
300

5 Qo2

100
1.0

0.6
.

100.0
166.7
800

102 g /2

1.0
1.0
500
49.19
0.6
0.42
29.4
0.014

|

ho(x)z -

D 2
(3
‘+l°ApgD 2 "

A QOil layer A

WELL

=]
=

P Water layer
 —
0
! i
s Xe
ASSUMPTIONS:

—
"4
5,95
0
|- ' !
| Qo2 2
|y
= Y
o o —
o <qW"2
x | —
i 1

*Steady state flow, the oil and water volumetric flows in their layers
*Dupuis-Forchheim assumption: the flow towards the well is primari

*Capillary pressure is neglected
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20240913

OUTLINE

-Recap - Exercise generation of BO properties with correlations and tuning of correlations with
data generated from EoS simulator

-Recap - YT video lecture assignments from last week.

-Class exercises from Mandatory assignment nr. 2

uPuL Lbr-‘;ai»l. well ffo“f'-c

Lo TTTE

(hvertical wdvsodided ol wel()
3. (15 POINTS) The well exhibits skin damage with s equal to 3. A service company has
approached you and offered to perform an acid treatment that would restore the skin to
the original undamaged formation (s=0). What increase will this represent in oil rate?

Assume that the product Bo'pdo remains constant, and that the term ln( ) is equal to 8.

Tw

N
gl = —

(h),. ,\x.eﬁ.[%(fr_j 035 4 s]
\Ma ¢5r (rodlos boniary)

o [ [ ]]
1, G,éfm_ \0.65 [I«(fr.‘.';) 05 ]
w R
Tew - Mauihéﬂ/{ e -—o-n] [ J"O)S#S}

Torgea [ \ (‘e ,ul-s]
Mﬁv e [ ) -os + 5]

}3_*__ (T-oss 5) ~ Moz tcree in T
1,,,5‘“ (i-0%)




Oil and Gas production wells Prof. Milan Stanko (NTNU)

An increase in J not necessarily gives the same increase in go, because the TPR is affecting the qo as welllll

Problem 2. You are considering drilling a well in a undersaturated oil reservoir of
thickness 40 m, with a horizontal permeability (k) equal to 15 md, and a permeability

anisotropy equal to 9 (i—”).
4

Task 1. Determine how long should you make a horizontal well to have the same
productivity index as a vertical well that is completed all through the reservoir thickness.

Additional information
Expressions for productivity index of vertical well and horizontal well (in units of

%/bar) are given below:

e Vertical undersaturated oil well perforated through all the reservoir thickness (h)

Ky - h
18.68 - (Us - Bol@pay - [1“ (:_:,)]

Where permeability is in md, h in m, viscosity in cP and Bo in m3/Sm3

Jverticat wett =

- Horizontal well located in the middle of the layer with thickness h, width D and
length L.

ki - h

- D 3-h- h -
6-22'(”0’30)@:0:111.[271-‘ Lw+ L, I’6’Iﬂn'(;"'f‘3"-w'(d:{i-?'|'f:?) ]

jho?'izonta! well =

With

K
- ﬁ’ e }ﬁ
Lw is wellbore length
Assume wellbore radius (r,, ) equal to 0.15 m
Assume (U, * Bl @py, =2-15
For the vertical well J expression assume that», = 1500 m

For the horizontal well J expression assume that D = 1500 m and L = 1500 m
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Oil and Gas production wells

Video 13.1 - Effect of wellbore pressure drop on Prof. Milan Stanko (NTNU)
horizontal undersaturated oil well IPR
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Pressure Drop in
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Oil and Gas production wells Prof. Milan Stanko (NTNU)
Solution (using Python)
7000 200 |
z
£ 6000
| & 195
S
- g 5000 T
B = 190
,g 4000 g‘
7§ 3000 g .
7.;_:-'1 2000 180
£
,é 1000
6 o 200 400 600 800 1000
| 0 . well length from toe to heel [m]
C 200 400 600 800 1000
well length from toe to heel [m] A 4
| | | ril
Uﬁifo m oil influx alond on-linear distribution of wellbore pressure
the wellbore
to obtain the IPR of the
well?
\ 7 repeat using other values of
p pw@toe
ora)
L
Wl + ®
o} A PRI
(c27 (6] 34,/4{
300

flowing bottomhole pressure,pwf [bara]

250 1

200 1

150 1

100 1

1%y
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Video 13.2. - Downhole networks and inflow control
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Example: Multi-lateral wells
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SOME FLOW CONTROL ELEMENTS
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OTC 11933 HYDRAULICALLY ACTUATED INTELLIGENT COMPLETIONS: DEVELOPMENT AND APPLICATIONS 7

-
Q
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12 W. SIDES, S. HODGES, G. OLIN 0OTC 11933

HSS 2
Common Line
\ \ /HSS 4 tubing /porl (penetrator)
T ockdown screw

Packer A, ( 6 feeds)

Zone 1

Packer B, ( 5 feeds )

Zone 2

Packer C, ( 4 feeds )

Zone 3

Packer D, ( 3 feeds )

Zone 4

Packer E, ( 0 feeds )
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Prof. Milan Stanko (NTNU)
https://iwww.inflowcontrol.no/aicv-technology

5 Inflow Control Valve - AICVE

s Inflow Control Valve - AICVE
— | —-

AICV remains open for oil

Water creates high force on the disc Gas creates high force on the disc
- Closing main flow (P1) - Closing main flow (P1)

Troll completion (Taken from SPE-180037-MS)

Control Lines (4 + 1)
1 x DHSV

1xGLV

1 x Branch Y1H +Y2H
1 x Branch Y3H

1 Electrical Line for Gauges

Flra b

Corchor

d >

10 10mm hole in the-back

~— DHEV

18 397 Casing Shoe
10 % = Liner Hanges with Packer

Chech Valve
for GLV CL
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— ¥aH
10 %~ Casing Bwell Packers —
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-8 Deflacton, M = § 817 I|| YIM 1 %" Flow Control Valve \ \\ :
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# %" Casing Shoe
E e L

= ¥aM 10 %" x T Soreen Hanger \ i
Short on packers:

20 PER D= 74"
Y1H 3 %" Flow Control Valve
00 = 536", 10 = 279"

Inflatable packers (open hole) Swellable packers (open hole)

/-

Mechanical/hydraulic packers
(cased hole)

A "4

https:/iwww.wellcare

oiltools.com/packer-
system/mechanical-
packer/

http://poss.com.eg/index.php/
https:/iwww.mgs.co.uk/product portfolio-posts/freecap-i-swell
{borehole-packers/

able-packers/
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20240916

OUTLINE

-Recap of video lectures from last week

-Differential versus discrete approximation of long wellbore
-Commercial tool NETool

-Hardware used for inflow control - tour to the lab at IGV
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( L ) The main advantage of this approach is that | can include non-idealities, more
fon War realistic conditions, like permeability heterogeneity, different WC per section, etc.
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This figure shows the main screen of NETool with the reservoir data
set. The various values from the reservoir simulator model can be
graphically viewed: porosity, permeability, saturations, etc. The
visualization reveals the sweet spots for well placement in the
reservoir. The well can be entered as a deviation survey and moved
with a mouse.
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When the well has significant deviation or it is horizontal, the jarring is not effective anymore, so a solution is
to use tractor, that is control with electronics from the surface. The tractor can move up and down and can
allow to do rotation.

2 Cable Tractor (Aker Solutions/2010 /)

6.23 Cable tractor, equipped for milling (Aker solutions 2010)
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OUTLINE
20240920
-Class exercise - Downhole network in a vertical two-layer undersaturated oil well

\_———._-_-j | E—
TPG 4245 Autumn 2024 — Prof. Milan Stanko - page 1 of 3 - Class activity — Well design for

undersaturated oil reservoir

Problem 1: Planning a subsea well in the Alta-Gohta field

You are part of the well planning team in AkerBP that is in charge to design a vertical production
well for the Alta-Gohta field development. The plan is to produce two oil layers using the same
well. The well will be fully perforated throughout each layer. The two layers contain
undersaturated oil. Assume the wellbore internal diameter is 0.2 m and roughness is 1.5 e-5 m.

to wellad

(O\j(r s PI-1 {!‘

+

: ¥ef,

Al

e,

i eea b G
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A reservoir engineer has determined, considering neighboring wells, structural seals, etc. that the
drainage volume of the well can be approximated by two rectangular boxes that are vertically
stacked one above the other.

The layers have different lengths, widths, and thicknesses (layer 1 has a thickness of 20 m and
layer 2 of 25 m). There is a 100 m thick shale layer in between the two oil bearing layers.

Due to the height difference between the layers, the flowing bottom-hole pressure of layer 1 is
not the same as layer 2. The pressure difference between the bottom-hole pressures can be
calculated using the Bernoulli equation between 1 and 2 (use a density of 715 kg/m3 and a
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viscosity of 1.6 cP). Assume that the bottom-hole location of each layer is located exactly in the
middle of the layer.

Some information about the layers is provided in the following table

Layer 1 Layer 2
Productivity index of 2.9 77
vertical well [Sm3/d/bar] ) )
Reservoir pressure [baral 400 500
Bubble point pressure 753 185
|baral
GOR [Sm3/Sm3] (73 126
Task 1.
Calculate:

e maximum oil rate that can be produced from the well
e well GOR (Rp)

while ensuring the two following conditions:
e There is no gas is liberated in the reservoir and there is no gas liberated in the wellbore

section from laver 2 to 1
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If You are given another value of pwf1, the solving process is exactly the same,

COMPOSITE IPR

Provide an IPR for the two Layers!
y ‘
Sodsr If both layers have the same

9.4 pwf, they can be summed up an
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y =-0.0943x + 466.4
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the composite IPR can then be used for flow equilibrium calculation in the wellbore
(e..g by intersecting with TPR), conssidering one equilvalent layer, only for pwf>253
bara and pwf<466.5 bara)

Task 2.

Based on the results from task 1, one of your colleagues has suggested to use an inflow control
valve to regulate the inflow of each layer, by creating a pressure drop. The colleague claims that
this will allow to produce more o0il from the system.

Do some calculations to verify the feasibility of this idea.
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% r\) AMERICAN INSTITUTE OF MINING AND METALLURGICAL ENCINEERS
(INCORPORATED)

Density of Natural Gases

By MarsnaaLL B. STANDING* AND Donarp L. Katz,* MEuser A.LM.E.

(New York Mecting, February 1041)
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Video 15 - Dry gas IPR (Part 2)
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[19] P. Forchheimer. Wasserbewegung durch Boden. Zeitschrift des Vereines Deutscher

""‘\ Ingenieuer, 45 edition, 1901.
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Video 17 - Dry gas IPR, additional comments
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OUTLINE

-New and final version of Exercise set 2 posted
-Summary of Meeting with Reference group

-New volunteer for member of reference group?
-Recap of YT lectures of last week

-Class exercise (Problems 3 and 4 of exercise set 2)

Problem 3. Drawing an analogy to the dry gas IPR, the IPR for a CO2 injector is:

PR 1 pﬂ. PIL
f — ( (
Pwf pg g L i
A Ce A dP A ;‘P
Using the pure CO2 PVT data provided in the Excel file, compute the term Pybg o Rt
Jou Yoo
JPR 1 i / \ | l
—ap w,
R f-) Fohy
oo 100
for reservoir pressure 200 bara, and flowing bottom-hole pressures ranging from 200 to ' dp 1
500 bara (for example use 200, 300, 400, and 500. ;9‘5 ke b9
Will it be possible to approximate the IPR of this well with a linear equation? (something %r Tu
like): )

(&

05.=)(Pus = a) ’
Excel file provi Ive this problem. ’
Use the Excel file provided to solve this problem \— 45 . 5 (ﬂ-L-Pw)

Additional information.

I
Stepwise solution: y b '
-Calculate Bg for all pressures Mo ’

-Calculate 1/Bg*mug for all pressures ‘
-See if the interval pwf and pR fall in the downward
linear part L
-Calculate (numerically, using the trapezoidal rule): . '
3 P ) P
EE:'. = ,.% 00 DANGER! OBS! only valid if the fluid has the same mass at local at
.?3 o] standard conditions and there is only one phase at standard conditions!!!
VA iva OG ypevator
| ey 1y ret
T A (4 pran " S5 al
B )
s N0
Py )
1%
) \
R O N AR A
0, = | Miby haby o M N
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8.00E+03 A

7.00E+03 A

°
~— __ 6.00E+03 - *

®
5.00E+03 - ®

®
4.00E+03 - ®

o
3.00E+03 - ®

1/(Bg*mug) [1/cP

— 2.00E+03 -

o
1.00E+03 { o

| ®
0.00E+00 , T T T T T ]
0

100 200 300 400 500 600

— p, [bara]

Looks somewhat linear above 200 bara, but not quite!

p deng viscg Bg 1/(Bg viscg) delta_integral
[bara] [kg/m3] [cP] [m3/Sm3] [1/cP] [bara/cP] 3
1.0132 1.7201 0.01563 1.09E+00 5.89E+01 [ A dP -
5 8.6361 0.015676 2.16E-01 2.95E+02 7.05E+02F——> Ryby
10 17.669 0.015744 1.06E-01 6.01E+02 2.24E+03 l.ovdes
15 27.147 0.015824 6.88E-02 9.18E+02 3.80E+03
20 37.127 0.015919 5.03E-02 1.25E+03 5.42E+03 fs W EEX \. ,_r_(a‘gq + 249 ;)
25\  47.68 0016031 392602 | TB9EX03\.  7.10E+03 -~ _ ~  * ’
[30)\ 58.892 0.016164 3.17E-02 T1.95E+031\ 8.86E+033~_, (| Y
25 7N 271 N N1R221 2 RAF-N2 2 .'49|:+n.'2\ 1 N7F+NA = =
§ \ N\ b bs
N \ T
S~ \___ > (20-15) o.5. (lS‘Iot‘ Hn,)
"""‘""---...--....__________“--___ \3’4/" » A
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100 103 o
J-*P: J""I’ .LAP...-
pwf Integral by bs #1b5 Psby
[bara] [bara/cP] (too 200 3 tos
(1=}
200 0 0, N
300 ot
400 ol
500

To assess if the IPR is linear or not | need
k, h, S, re, rw. But this is a constant, so it

\ will multiply all the points. if pwf versus
pﬂ_l integral is linear, then pwf versus
integral*const will also be linear!
00 -
Yoo -
WO
179 L
o) 9
L 00 Y00 l 590
Ce- |- (o |1 a? Ce |+, 4P
My by ¢ 3L N 31
2 200 <R
pwf Integral T

[bara]  [bara/cP]

200 0
300 (5.37E+05
400 (1.03E+06

500/ 1.49E+06

?
(4
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IPR assuming CR =1 Sm3/d/bar/cP

600 A

500 4 .

400 - L 4

300 A

pwf, [bara]

200 &

100 o

0 L] L] L] 1
0.00E+00 4.00E+05 8.00E+05 1.20E+06 1.60E+06

qg, [Sm3/d]

the behavior plotted is quite linear, so a linear equation like J*(pwf-pR) should be a good
approximation!

Problem 4.

A test has been performed on a gas well and the following values of dry gas rate and
flowing bottomhole pressure are reported:

The reservoir pressure is 542.5 bara.

Task 1: Propose IPRs for this well and estimate the parameters using the data points.

Test point | qg [Sm3/d] | pwf [bara]
1 4.01E+05 493.4
2 1.78E+06 297.0
3 2.53E+06 149.7

Use the following alternatives:

Darcy flow (laminar):

1. q5 = Cr - (%2 — p%s) (Low pressure)
g = Cr - J“I’R

2.

Forchheimer flow (turbulent):

Task 2: It is now the future, and a new test has been performed on the well, and the

3. g3 =Cr - (p}% - pfvf)“ (Low pressure)
4. qg = CR . (J‘PR
5. qz + m-q;° =CR-pr 1 dp

1

——dp

Pwf pg-Bg

1 n
dp)

Pwf pg-Bg

Pwf 1g Bg

following values of dry gas rate and flowing bottom-hole pressure are reported:

Test point | gg [Sm3/d] | pwf [bara]
1 2.35E+05 272.9

2 8.37E+05 191.4

3 1.35E+06 82.8

Reservoir pressure is 300 bara.
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fo b o}

Test point | qg [Sm3/d] | pwf [bara] 5al. ¢ G
1 4.01E+05 493.4 X ¥ Hest -G
1, Ce ot L
1.78E+06 297.0 Y 3 2
R
3 2.53E+06 149.7 Yo ¥ = a_s
wWinine
> (A
I ve & (Biot- 9500
q5 = Cr - (P& — piss) ) G
. [\
IPR1 K_;,‘JU,(_ oitinote (-)0'
CR[Sm3/d/bar"2] 6.00
pwf test qg test qg_calc (qg_test-qg_calc)"2
[bara]  [sm3/d] [sm3/d] [(sm3/d)"2]
493.4 4.01E+05 3.05E+05 9.20E+09
297.0 1.78E+06 1.24E+06 2.92E+11
149.7 2.53E+06 1.63E+06 8.07E+11
1.11E+12 &—
[
1 Wk 3
mini mizt
82.8 1.35E+06 Jo aod \no.‘k;la\.’ e -bluor L‘J CL“jl {“’ IPR1
LP - Darcy
pwf qg
- 600.0 - [bara] [sm3/d]
b 542.5  0.00E+00
=.500.0 - 493.7  3.04E+05
s 444.9 5.78E+05
@ 400.0 + 396.0 8.25E+05
§ 347.2  1.04E+06
g 300.0 Py O 298.4  1.23E+06
@ 249.6  1.39E+06
2 200.0 A P 200.7 1.52E+06
£ ® 151.9 1.63E+06
£ 100.0 ® 103.1  1.70E+06
o
= 54.3 1.75E+06
§ 0.0 . : . 54 1.77E+06
2 0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06

dry gas rate, gg, [Sm3/d]

@® testpoints pR=542.5 bara

—P=

Darcy

Darcy

@ testpoints pR=300 bara

eseee|P-HVF(N)

HVF (n)
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CR[Sm3/d/bar"2] 9.03

__600.0 -

©

©

£ 500.0

=

o

& 400.0

2

3 300.0

o

QL

2 200.0 UI&( ?(O&Gk)\

5

£ 100.0

o

=)

j=11}

'g 0.0 ) ] | 1
S 0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06

dry gas rate, qg, [Sm3/d]
® testpoints pR=542.5bara ® testpoints pR=300 bara
——VLP - Darcy eeee|P-HVF(n)
Darcy ——HVF (n)
L N HVF

flowing bottom-hole pressure, pwf, [bara]

But when I try to use the same equation for pR = 300 bara:

82.8 1.35E+06

pwf

600.0 - [bara]
300.0
500.0 1 ® 273.0
Bad performance. If | want to use this IPR equation, i 246.0
400.0 - would need to test often the well to update the value of CR 21 9' 0
192.0
300.0 A o 165.0
138.0
200.0 - @) 111.0
[ 84.0
100.0 - ° 57.0
30.0
0.0 T T T 1 3.0

0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06

dry gas rate, qg, [Sm3/d]

Prof. Milan Stanko (NTNU)

IPR1
LP - Darcy
qag
[sm3/d]
0.00E+00
1.40E+05
2.66E+05
3.80E+05
4.80E+05
5.67E+05
6.41E+05
7.01E+05
7.49E+05
7.83E+05
8.05E+05
8.13E+05
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flowing bottom-hole pressure, pwf, [bara)

' CR[Sm3/d/bar"2]

600.0 -

500.0 - P

400.0 A

300.0 A o

200.0 A

100.0 -

0.0 T T T 1

0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06
dry gas rate, qg, [Sm3/d]

@® testpoints pR=542.5 bara @® testpoints pR=300 bara
——LP - Darcy eeeselP-HVF(n)
Darcy ——HVF (n)
«eees HVF
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OUTLINE

-Cont of solving problem 4 in exercise set 2
-IPR for gas condensate

To calculate the integral, we Pa
are going to follow the same | P -
approach we used before My 3
when developing the dry gas )
IPR: fw)

b'
this is not exactly the | dpP
m function!lll(see -

below).., but it is the Msbs
same idea, calculating
the integral by
subtracting two
integrals from the

same initial pressure

Ou,l. - p....... 21 bore

Prof. Milan Stanko (NTNU)

(} by

adp_ | 2 AP

Fabq Fabs
pﬂ.} ?lq

= 4(¢%)

arbitrary name,

to not call it
function"

llm

p

p
m(p) =2~ 0
Psc #9

o] 1/viscg*Bg Integral from 2 bara
[bara] __ [1/cP] [bar/cP]
2 114.9
50 2885.2 7.20E+0O
100 5448.4 2.80E+0F
150 7287.3 5.99E+0%
200 8318.8 9.89E+0pH
250 8766.0 1.42E+0p
300 8890.8 1.86E+0p
’ 350 8858.9 2.30E+0p
400 8754.7 2.74E+0pB
Y, 450 8618.9 3.18E+0{
\Jh { 500 8471.3 3.60E+06
X ? 550 8321.6 4.02E+0 i
600 8174.6 4.44E+0

s = I(0D- 9(p)
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B N
PR 1 ——
- = Cg - d
Ag R Pws pg-Bg p 5 N
2. \
IPR2 fal -5 /
{ | /] ( \ 2 0 -
CR[Sm3/d/bar/cP] 0.78 s B A 2 ordink !“‘L Jf i, % “f“")
Integral qg_calc (qg_test-qg_calc)*2 / J ®s
b [sm3/d] [(sm3/d)*2] / F] “4s.H
4.13E+05 3.21E+05 6.34E+09 / )
2.13E+06 1.66E+06 1.47E+10 / R / {h
3.36E+06 2.62E+06 7.48E+09 0 LL 4ss 4 5 Al L,.%
/ - [Ta] 252 4 7
2.85E+10 / ﬂ‘lj b ANKIEN
// } z
| | | | | | — I
828 135E+06 IPR1 IPR3 IPR2
LP-Darcy LP-HVF (n) Darcy |
pwf g g Integral g
= 6000 (bara) [sm3/d) [sm3/d] [bar/cP] [sm3/d] .
8 542.5  0.00E+00 0.00E+00 0.00E+00
= 500.0 - 4937  4.57E+05 4.11E+05 3.20E+05
§ 4449  8.71E+05 8.29E+05 6.45E+05
@ 400.0 4 3960 1.24E+06 1.25E+06 9.756+05
2 3472 157E+06 1.68E+06 1.31E+06
¢ 3000 - ° 298.4  1.85E+06 2.12€+06 1.656406 —
P 2496  2.10E+06 2.55€+06 1.98E+06
£ 2000 - ° 2007  2.29E+06 2.96E+06 2316406
E 1519  2.45E+06 3.35€+06 2.60E+06
£ 100.0 - ° 103.1  2.56E+06 3.66E+06 2.856406
-?m 543 2.63E+06 3.87E+06 3.01€+06
£ 00 : : : ) 54  2.66E+06 3.95€+06 3.086+06
§ 0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06 -
dry gas rate, qg, [Sm3/d)
® testpoints pR=542.5 bara @ testpoints pR=300 bara —
——LP-Darcy seeelP-HVF(n) o
—— Darcy ——HVF(n)
LR R HVF |
ing the IPR at pR=30
hara-
. 600.0 -
©
o
£ 500.0 - PY
E_ 400.0 Still has good performance.
e There will be no need to do
1%’ 300.0 4 ° re-testin_g ), con([rary to if one
Fy yere going to use th
2 200.0 4 backpressure equation (LP)
£ ®
£ 100.0 4
o
=11
g 0.0 T T T 1
S 0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06
dry gas rate, qg, [Sm3/d]
® testpoints pR=542.5bara ® testpoints pR=300 bara
——LP-Darcy eeeeP-HVF(n)
Darcy —— HVF (n)
wsses HVF
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IPR for gas condensate wells

v

AP S .‘:':.
}1':-"'6‘-' ¢ fll/
t L35 VAR

‘“ (— ¢ .
oF

' T A

How f'“‘“ at Ta There is no longer single

phase flow of gas in the
reservoir, but gas and

w

W, condensate simultaneously
How does this affect the IPR d
equation? K :3)2_”
P il Y
..__‘is___. J ¢ é-( A= q‘f‘ﬁé '.S
20r W ﬁj dr o 3
5 [1oe - [ dp
k| hsbs
(e Ve : : : . :
ﬂ' krg is a function of radius, but since pressure is also a
S\ Jr - V-r:, 4? function of radius, then | can express krg as a function of
lL-"‘- an\ v ,',',"&5 pressure also (it is more convenient to calculate)
r..) ?w.\

9 . L e
9° 1{.6% (‘Lﬁ- —O-?S.tj)
far

Corty Whilpr ad Puind Fem-s (105)

at the original reservoir
P ?

+ composition (e

el (egion L (rgion 2 Cogy0 3 i
‘ odesak ad o3l el amads o} sonse et How "ﬁ.‘
How fogtler Chele , 30 by=1
%o % S0c e g tyint > il
-uui‘»j‘ cg&-la-lc (“J‘ *"‘
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Pa ¢

_V:, - L
"365 My b5
Ve
fu)

simultaneous flow of
condensate and gas

g
J
q&': CG¢ ‘1{
_—
apl
.0
\ o

early approach to |IPR for gas
condensate:

4 - -
\§ 6%

. L{E:)_-u}‘ " 4—&5) b

Prof. Milan Stanko (NTNU)

oA Pe
P, 2 e, [ Ly
f"ﬁﬂs "103
v 4
S et N

single phase region
flow of gas only,
condensate is

trapped

In gas condensate wells, there is a tradeoff, having condensate
produced is good because increases revenue, but having
condensate reduce the rate of gas is bad because the amount of
condesate produced will be reduced

Pa
.\ A oap

fu)

( CQ-JJ-JG."C aoc K*jf.
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Choke Evolution

Cage with o

Cage with External Sleeve

Internal Plug

Positive Needle & Seat MOV or Disc Style
Choke

1900 1925 1950 1975 2000
o o o

3 - 3 . - External Sleeve
Needie Valve 7 3 i Plug in Cage I
A r (internal plug)

Erasion at the exit flange

ing.com/

ttps:/iw
270-handlin
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Flow inside a choke

http://web.mit.edu/hml/ncfmf.html National Committee fOI'

Fluid Mechanics Films

3ib-cribenl,

Chhﬁ\L

a Us{on'b a;- 50»,-0{ va
awr w34 v

https:/len.wikipedia.org/wiki/Speed_of _sound
C: vl‘om{b qJ vowd  in ble {fuiel,

Moch awbr V. py

c
V> C , spuechal (1M71)
S«pw-o».[\u(.
y VCC, whnlial (NCH)

¢ J“"q;’(,muc. 1 (e‘x.uonl;\'m'H)
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|
Video 17.2. -Choke models

-—
o
—)

=
—
=3

pressure

e/
—
distance along ./ J \

choke
[ [ [ [ [ [ [

UNDERSATURATED OIL FLOW

Based on a frictionless flow contraction from an upstream point 1 to a downstream point 2.

The single-phase Bernoulli equation for steady state frictionless flow along a streamline, neglecting elevation
changes, is:

dp Ea. B-1
—+V-dV=0 -
P
Where: —
P Pressure -
P Density o
1% Velocity -
Integrating Eq. B-1 from point 1 to 2: -
Pz dp V2 Ea. B-2 -
f —+ V-dv =0
Pa p Vi —
Assuming incompressible flow: o
p—py  VZ-—V{ EQ.B-3 o
+ =0
P 2

The mass is conserved in the choke, thus:

V,-A, =V,- A, Ea.B-4

The area upstream the choke can be expressed with the diameter of the pipe upstream the choke:

-9 Ea. B-5 T
A, = :
4 P
In a similar way, the cross-section area of 2: —
A, =
-+ .

Using Eq. B-4, Eq. B-5 and Eq. B-6, it is possible to express V1 as a function of Vz:
A, 03 Ea.B-7

To simplify the nomenclature, the ratio between the diameters is named beta (which, in a contraction, is
always less than 1):

0, EQ.B-8

Substituting Eq. B-7 in Eq. B-3:
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)

Pz —P1 sz_sz'ﬁ“ Ea.8-9

Clearing V2 in Eq. B-9:

Ve - Aes Ea.B-10

A, ﬂ,l,'-:ﬁ;; ,Bo,q.

For petroleum production calculations, we often require the oil rate at standard conditions, not the velocity,

thus, multiplying Eq. B-10 by A; and the oil volume factor B, g2:

Ea.B-11
A 12 " (P2 —py)

9= B, @2 JP'(]- - B*)

Where B, @z and p are evaluated at pz and T-.

As mentioned earlier, due to the “vena contracta” effect, the effective area at the throat is not exactly 4;, but

slightly less. Thus, a correction factor called the flow coefficient is introduced in Eq. B-11:

Ea.B-12

_Az'cd. [2'(132_3’1)'

°  Boe: \,P‘ 1-5%

b : C1

=1
£
\

DRY GAS FLOW

(based on a frictionless flow contraction from an upstream point 1 to a downstream point 2)

Using Eq. B-2 as the starting point, the term related to pressure and density remains valid; however, in gas

flow the velocity downstream is usually much higher than the velocity upstream, thus V22 >> V;2:

J-Pz dp sz Ea.B-13
Pi P

The density will vary inside the choke. An assumption commonly used is that the contraction process is
adiabatic (with an exponent k, the ratio between the specific heats of the gas):

ppk=C e Ea.B-14
“Cv
Where Cis a constant. Substituting Eq. B-14 in Eq. B-13:
1 Pz dp Vz EQ. 3'15
Cx - — -2 =0
Pi p? 2
Solving the integral:
1k Lk S ot ) V7 Ea.B-16
Cx»——- kK —p ¥ — =0
k—1 (p 2 P1 )+ 2

The constant C is expressed in terms of the inlet conditions:

Ea.B-17

.
Il
T P |'P?.'||-
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Substituting Eq. B-17 in Eq. B-16 and introducing the pressure ratio y = p2/p;:

) % . 1 2 Ea.B-18 T

TSR -(yT—1)+7=o ——

Clearing V2 and simplifying ps: L

) o Ea.B-19 N

v, = z.p_i.m.(l_yT) L

Expressing p:1 with the real gas equation: ::

Py M, Ea.B-20 1

PL=Z R-T, s

Where: N

M, Molecular weight of the gas L

R Universal gas constant 1

VA Generalized compressibility factor S —

Substituting Eq. B-20 in Eq. B-19: T
Ea.B-21

ZI-R-TI k k-1 V 1 I
v, = |2 - (1—yv = et
. M, k—l( 4 ) t A
z P

For petroleum production calculations, we often require the gas rate at standard conditions, not the velocity,
thus, multiplying Eq. B-21 by the “effective” cross-section area of 2 gives the local volume rate: B

M,

w

Zl'R'Tl k ﬂ
Qg2 = Az "Cq- |2- 'k—1'(1_yk) 1

The local volumetric rate at point 2 is related to the rate at standard conditions by the following equation: -

qyz - pz = QE . pSC EQ: B‘23 I E—
Substituting Eq. B-23 in Eq. B-22 gives: L
Ea.B-24 N
pz'Az'Cd Zl'R'Tl k ﬂ
qﬁ = . 2 . . . (1 — y k ) L
Pse M, k—1
pz is related with ps by Eq. B-17: i
1 1 Ea. B-25
PP
P2 P

Clearing p; from Eq. B-25 and substituting in Eq. B-24, and using the real gas equation to express the gas
density at standard conditions:

Ea. B-22 T
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% Ea.B-26
r pl'p 'R'T 'Az'cd Zl'R-Tl k E T
B q; = 2l sc - |2 7, .k 1'(1—}'*)

pf'pu'Mw

L Introducing Eq. B-20 for p;:

- 1 Ea.B-27 1
Py My pERT A Cq ,ART K (1 kk;l)
— 9% = I M, k-1 Y T
S ZI'R'T1'p1'psc'Mw 4
— Simplifying and rearranging terms: —
T Ea.B-28 T
pJ.'Txc'Az.Cd R k 2 k+1
I q9_= . 2- . -(yk—yk) I
| Psc Zy'Ty M, k=1 1
‘ -l L
& } s " -~ L\'ihﬂh{_
Ji ‘ Y- PP
/ ?lt Cu!hﬁ"\.t
//mk-w{m
‘-—-""/ ‘q- ia_q-_ a)
3 AP
= 1.2
x_
R
© \k+1
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JtLok&mu:leLfounult' ase flow N
7/, /A
/77N
\ (PR i A
Momentum equation for gas-liquid flow: ‘\///;7’//} X
N/
—dp=H!'pg‘lr’g‘dVg+Hg‘p£‘V;‘dV;_
&\\ ‘\f\t&‘w (pt .Hllt
xo'Cv,o+xg'Cp'g+xw'Cv,W
p . (vg)xo'Cv’o+xg'Cv,g+xw'Cv,w — C
1% 2 v 2 174 2
hmix"'xg'—'; + x, '—; +xw-—‘; = const
Exercise
— ( p, (2 = _ ¢ 112 _
- (&= , =tm] k c: k=13-031-(y, —0.55)
B _ Gd}, (k)| o ok
| qsc mﬁJlk-!I-{l.\i (v
B Cn =C.'Cd'{ T“ ‘|
- P:f s
. Symbol Field Units S| units
Qe Mscf/D m’/d
IR den in mm
| p psia kPa
T R K
| Cs 27.611 1.6259
Co 0.865 0.865
— Psc 14.696 psia 101.325 kPa
| Tee 51968 R 288.72
c, 844 .57 4.0075
| Taken from the book "Gas Production Operations” by Beggs
_ [ S S S A A SN N N N
'Prof. Milan Stanko (NTNU). Production wells. Choke Performance Equation for Dry Gas
|Cp Discharge Coefficient [-] 0.865 300
'Gas Gravity, [] 0.55
'k, Adiabatic Constant [-] 1.300 250 - 8
'T1, choke inlet temperature [C] 70 )4
'Y Critical Ratio [-] 0.546 200 - °
g o
p1 p2 d  y(2p1) g dp a 150 »
[bara]  [bara]  [mm] [1  [Sm3/d] [e] £ 4
2500  250.0 15 1000 000.0E+0 0 & ;o | o
250.0 230.0 15 0.920 459.6E+3 20 °
250.0 210.0 15 0.840 616.5E+3 40 50 | o
250.0 190.0 15 0.760 712.0E+3 60 °
250.0 170.0 15 0.680 770.0E+3 80 . ¢
250.0 150.0 15 0.600 799.1E+3 100 ) ’ ’ ’ )
250.0 130.0 15 0520 804.6E+3 120 000.0E+0 200.0E43 400.0E+3 600.0E+3 800.0E+3  1.0E46
2500  110.0 15 0440 804.6E+3 140 gas rate, qg, [Sm3/d]
250.0 90.0 15 0.360 804.6E+3 160
250.0 70.0 15 0.280 804.6E+3 180 } }
2500  50.0 15 0200 804.6E+3 200 Using the chom
250.0 30.0 15 0.120 804.6E+3 220 "metering™ mode: p1,p2 and
250.0 10.0 15 0.040 804.6E+3 240 diameter are given, calculate rate
250.0 0.0 15 0.000 804.6E+3 250
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@ Ensure constant rate when

20240930 . I
OUTLINE reservoir pressure mcreaseks;h \
-Recap of YT video assignments of last week (production choke) Yo = h’

-Expansion of CO2 in injection Choke
-Mechanical properties of tubulars

(¢
Z
__v‘_.o
% 99..\10\?1‘- 7O
(- : ] S
= N @ hkroyne{kb in
Why to choke when we invest so much money to t20kem\¢ 60 bov well o‘l‘w:{‘
increase pressure? L 0% (Not all we{rs require the
7 same pwh)
s Ab; 60 bera wLJ do 1 core »
10 W& pa-nen or
‘ _'D @ Q"‘tchh)ﬂ 0-‘-
A f ‘l‘l*ﬁj q;-d
l co (ﬁﬂb Ga)vj
T
@ dnwst d-}
l Vo‘ﬂfw) n
) steel od
;2 2°C Seal s

to drop the temperature to below -20 C you would need to have an expansion down to 20 bara or below
Carbon dioxide

100 T
-
@ 10 |
= [- 1]
a) b
= uw T
e
a2 w T
w
2 -
a 1
W 1 l
T ¢ % %22 (%% %
e 8k £ B8 2 55
Carbon dioxide, CO:
Pressure-Enthalpy Diagram
S=Specific Entropy, kJ/kg[K
T=Temperature, °C ,{
0.1 1
300 400 500 600 700 800 900 1000

Produced by |. Aartun, NTNU 2002. Based on the program Allprops,
Enthalpy [kJ/kg] Center for Applied Thermodynamic Studies. University of Idaho.
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-Mechanical properties of tubulars

Nominal Weight Threaded Coupling | Joint Yield Capacity
Tubing Size T&C Wall Coupling Outside Dia. Col- Internal Strength Table
Non- T&C Thick- | Inside Drift Non- Upset | Upset lapse Yield T&C Barrels | Linear
Nom. oD Upset Upset ness Dia. Dia. Upset Reg. Spec. Resis- Pres- Non- T&C per ft
in. in. Ib/ft Ib/ft Grade in. in. in. in. in. in. tance sure Upset Upset Linear per
psi psi Ib Ib ft Barrel
H-40 7,200 7,530 6,360 13,300
J-55 9,370 | 10,360 8,740 18,290
3/4 1.05 1.14 1.20 c-75 0.113 0824 0.730 1.313 1.660 12250 | 14.120 | 11.920 24,940 0.0007 | 1516.13
N-80 12710 | 15070 } 12710 26,610
H-40 6,820 7,080 10,960 19,760
J-55 8,860 9,730 15,060 27,160
1 1.315 1.700 1.800 c75 0.113 1.049 0.955 1.660 1.900 11.500 | 13270 | 20540 37,040 0.0011 | 93549
N-80 12270 | 14,160 } 21910 39,510
H-40 0.125 1.410 5,220 5,270 0.0019 | 517.79
H-40 0.140 1.380 5,790 5,900 15,530 26,740 | 0.0018 | 540.55
J-55 0.125 1.410 6,790 7,250 0.0019 | 517.79

11/4 1.660 2.300 2.400 1.286 2.054 2200

155 | 0140 | 1380 75% | 8120 | 21,360 | 38770 | 00018 | 54055
C-75 0.140 1.380 9,840 11,070 | 29,120 50,140 | 0.0018 | 540.55
N-80 0.140 1.380 10420 } 11,810 | 31.060 53,480 | 0.0018 | 540.55
H-40 0.125 1.650 4,450 0.0026 | 378.11
H-40 0.145 1.610 5,290 19,090 31,980 | 0.0025 | 397.14
J-55 0.125 1.650 5,790 0.0026 | 378.11

112 1 1500 § 2790 PRl sss | o445 | 1810 | 5% | 2200 IS 6870 26250 | 43,970 | 0.0025 | 397.14
C-75 0.145 1.610 8,990 10,020 | 35,800 59,960 | 0.0025 | 397.14
N-80 0.145 1.610 9.520 10,680 | 38.180 63,960 | 0.0025 ) 397.14
H-40 5240 | 52%
155 6820 | 7280

2 116 | 2063 oos | 0158 | 1751 & 5m |z 0.0030 | 33575
N-80 9.440 | 10,500
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EU(External upset)

EU(Extemal upset)

NU(Non-upset)

e

NU(Non-upset)

New VAM

Prof. Milan Stanko (NTNU)

What's The Difference Between Upset Tubing And Non-Upset Tubing?

What's The Ditference Between Upset Tubing And Non-Upset Tubing?

ds. Upset Tubing

Important when doing wireline/tractor operations in the tubing, to avoid getting stuck

hitps://www.youtube.com/watch?v=i77v2snWZ1c




Stress,0 =

LOAD P’
AREA A’

Strain,e =

change in length AL’

Initial length ‘U’
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Prof. Milan Stanko (NTNU)

Effect of heat treatment on material: https://www.youtube.com/watch?v=0SIr2sBHxA4

Normalization
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Nominal diameter often is neither the ID nor the OD, but when diameters start to go up it coincides with
oD

The yield point is not easy Lo measure exaclly. In the industry standard (API-
5 series) most often used for well tubular goods, the yield point is defined as
the stress corresponding to 0.5% elongation. Such an elongalion causes
permanent deformation.
The API (API Specification 5CT, 2005) defines the API yield strength
(somewhat arbitrarily) as the minimum stress required to elongate the pipe by 0.5%
for all grades up to T95, 0.6% for grade P110 and 0.65% for grade Q125.
Elongation is measured using an extensometer according to ASTM A370-5
standard (2005). The API yield stress is above the yield point. The API yield stress
defines the minimum strength of the grade. For example, L80 pipe has a minimum
API yield stress of 80 ksi, that is 80,000 psi. As well as the grade providing the yield
strength, tubulars are frequently designated with a singular or double letter prefix,
for example L or HC. API grades use the single letter, while proprietary grades use

API-pipe is referred to by steel grade and dimensions. The sleel grade is
designated by letters and numbers (e.g. N-80). The letter refers (o
requirements of the manufacturing process. The number refers to the
minimum yield strength in thousands of psi, Tab. 3.1. The minimum yield
strength is commonly used as load limit. Thus, N-80 and L-80 tubulars have
the same load capacily. The manufacturing process differs, resultling in
different corrosion resistance. Some manufacturers produce N-80 tubulars

approaching L-80 quality.

Example:

P-105 and P-110 are highest yield strenglh tubulars covered by the API
specifications. The manufacturing process may according to the cification
API- 5AX be either quenched and tempered or normalized and lempered.
Experience seems to indicale that normalized and tempered pipes is less
suitable for these grades.

Steel properties can be modified with carbon content, heat treatment and:

Alloy steel is a type of steel alloyed with several elements such
as molybdenum, manganese, nickel, chromium, vanadium,

silicon, and boron. These alloying elements are added to
increase strength, hardness, wear resistance, and toughness.

Premium tubular = NON API
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20241004
OUTLINE:
-Class exercise - Stress calculations in tubing .{ij H;jl,‘f
[ e b g
\
: e u\kf""t/le&'ﬂ-[ frasire
. Tedtw / ;’]I"; { A“";
- P SRy
P : ‘ ‘.ﬂ‘l* k‘\&o
B @) { : { ] \
Pl L Te it
Po A o thoal 9110&'1"0\ (?VPM‘&) ] Y
1 0\
—_— 1 ') Lnuon.'nj (Cb-\{'.rn(,'\'ﬁv\)
wtigt | —
Pn\lb-vm\. Itﬁuoon-‘:j So. Perform a stress analysis during production
non
&UM\' i T, e~ nner ad ool prsise

s
ar
calculate for all depths, for

inner and outer radius

1 &= (L0 thgeedh. g

SE A

R = s.‘ooo'q"l
fre -teng. A
— o
: Pr
Z B o

49
7
( ( Al-u + 4 7 2 Gawdl -

d_:’a . Q.L' ("’"‘j L rharaatl
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+ Hoop Stress,

(pi — po)rar?

Oh
L r2 —r? (r2 —r2)r?
B « Radial Stress,
B S 2 X Ay
o. — PiTi — PoTo (pi — po)roT;
N , =
r2 — r? (r2 — rf)r2

Finally, solving the general equations with A & B gives Lamé’s equations:

(5)

(6)

expansion/contraction due to balloonin

(@]

_ is free to move)

2uL

— Length Change due to Ballooning Formula (If tubing

ALpaticoning = — E(A, — A) X (A;AP; — ApAF,)
o i

N =
AP, [Ap, =0 —»i| 4p,=0 4&
w H H H
§ g
3 5 3
3 i £ —
o L i @ =
@ H @,
3 H 3!
£ { El —
2|: H b
5| i = o
Tubing Tubing
wants to wants to
contract expand
Ballooning Reverse Ballooning
Figure 9.12 Ballooning effects.
Thermal expansion
Abr = L oar (3-14) How to convert deformation to stress?
where:
L : indtial length
AT = ltemiperalure change r‘_ -
ce ¢ thermal expansion coellicient (for steel, = 11.5 - 10°% K1) d = E : c = E‘ QL
C
[
- bl .¢
a e
4 (I
[ler ve -
(e xvdon/ compression




ovmE = % (62 — 607 + (0 — 6. + (6 — 7.)°]

The most widely used yielding criterion is the Huber—-Hencky—Mises
(abbreviated as Von Mises equivalent or VME) yield condition, which is based
on the maximum distortion energy theory. Ignoring torque, the yielding criterion is
calculated from the three stresses:

(9.43)

Yielding occurs when the VME stress (6yme) exceeds the yield stress (Y),). Note
that the VME stress is a combination of all three stresses, but not simply a vector
- addition of these stresses.

LAN

el

A
‘-‘

®

s

=

‘—ah—f

0]
—

(=]

Can

—

Sinusoidal Buckling

;

Helical Buckling

of. Milan Stanko
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Heat treatment in metals analog: https://www.youtube.com/watch?v=xuL2yT-B2TN\
Nhy are m 5o stretchy: hitps://www.youtube.com/watch?v=sn1Y6zIS91g
Tubing e by (TRGADAS) Prof Mlaa Sk, NTWU
Stoal progartas
Tubing ywid strem [bana) SSINE BOOEOA [pel)
Young moduy ) L0606
Polign it I 0 Uniform axil strasins
tharml axpansion coathicient 1/X] 1LAS(08 Pre-load of tublng %)
Tubing dimanabent 1 propaction Strnh dot 10 tubing pre-hond nen
Tubing 10 m 0101 Tobinginnerr [m) 010 Dol thermal eipasion 104
tubing 00 I 0114 Tobing outerr [m) 008! Datal ballooing on
Tubieg wiight [kg/m] jH) Dol total (3]
Tubing Cros baitin L] LRED Contant wulal srwss dua 10 length change [bara) n
Total Conatant axial stren HH ]
VO Thormation Thd (pod] panawhun piubing tangentil siress at A tangental it ot g ndal oot gl atr Al force (weight) Aol e (weght)  Adlalotress () Caubantsens @71 Equivalentstens @ Safety ltoratdl
m© (bwra]  [oan) [bans] [bana) ) (M) [bara] [bans] [bara) I
0 0 ! 0o 4 ns A S N S0 Hil] “n L) YIS 0%
% ] CAT 1 0% 1962 it ] 45 S.06E00% nn o L] M on
00 X (YU 1) 0% m 1 " 40005 150 ) L ] on
[}] 1] e Wb 0 m Jo8 R R 1 s 1] L] 068
1000 40 18 W) 195 1687 1] Al 168405 1584 m Hn (] 065
1% u We N 189 15% 391 gL 10000 1386 s W %0 [T
1500 $ 0.0 W 14 1504 41 A6 176008 1184 (1 WY (1]}] 0%
% 3] (R Y] 1648 FUH 46 a0 LI0Ew0S w HH 3108 ] 0%
2000 62 Wl 154 m W) 2l LBEDS m o) ol na 08
iy i b Y] 144 jHl ] A% o] 1080408 ™ N b ] b ) 051
100 (1] NS A6 143 it 4N 265 S200004 1% 1540 pi1] un 048~
1 9 Wy W) N 1046 48 0] LH0EO4 1% i} W un 045
1000 0 4] 00 1 L) $00 A 0.00(+00 0 i me m [TH

o
I

Tubing section Length Tav_initial Tav_final Deltal_thermal expansion pi_initial pi_final po_initial po_final Deltal_ballooning
[bara] :

O 00N B WwN e

el
N o= O

250
250
250
250
250
250
250
250
250
250
250
250

[c] [c1
13.75 71.25
21.25 73.75
28.75 76.25
36.25 78.75
43.75 81.25
51.25 83.75
58.75 86.25
66.25 88.75
73.75 91.25
81.25 93.75
88.75 96.25
96.25 98.75

TOTAL-->

0.17
0.15
0.14
0.12
0.11
0.09
0.08
0.06
0.05
0.04
0.02
0.01
1.04

[bara]

32.3

56.8

81.3
105.8
130.4
154.9
179.4
203.9
228.5
253.0
277.5
302.0

[bara]

330.8
345.5
360.2
374.9
389.6
404.4
419.1
433.8
448.5
463.2
477.9
492.6

32.3

56.8

81.3
105.8
130.4
154.9
179.4
203.9
228.5
253.0
277.5
302.0

[bara]

32

[m]
3

56.8

81
105

.3
.8

130.4

154
179

.9
4

203.9

228
253

3
.0

277.5

302

TOTAL-->

.0

-0.07 -
-0.07
-0.07
-0.07 -
-0.06
-0.06
-0.06 -
-0.06
-0.05
-0.05 -
-0.05
-0.05
-0.72
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Inflow Performance Relationships for Solution-Gas Drive Wells

J. V. VOGEL SHELL OiL CO.
MEMBER AIME BAKERSFIELD, CALIF.
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F(p) = F(p = 0) + [F(ps) = F(p = 0))] %

Therefore, the solution of the pressure function integral will have a linear term in addition to the quadratic

term:

PR 1
[ Fwyap = Fp = 0) - (& = puy) + [F o) = Fp = O)] -
Prs Pr

Expanding terms:

‘ ‘ ‘Prof. L\/Iilan‘StanlLo (N%NU) ‘ ‘

5 (Pr* = Pus?)

PR

F(p)dp = F(p = 0) - px = F(p = 0) oy + [F(pr) = F(p = 0)] - - 5 (Pr® — Pws?)
Pwy
PR Pwr? _ Pr

F(p)dp =F(p=0) -prg —F(p =0) -py, + F(pn) - — F(pr) - 2 Flp=0)-=-
Pwyf Pr

pwf
= () -
+F(p ) S=ip

Grouping terms by pressure:

_[F@r) = F@ = 0)] pus?

Pr Pr
| F@dp = (F @ = 0) + Fo) - B2~ Fp = 0) - pus
Pwr

Dividing by [F(» = 0) + F(pr)] -"?*

2

2
[F(ip =0) + F(pr)] " Pr

=1 -

PR
. f F(p)dp
Pwy

F(p=0)-2 Pwy  [F(pr) —F(p = 0)] (pwf
[Fp=0)+F(r)] pr [F(p=0)+ F(pg)]

Defining a variable “Vv”

V= Fp=0)-2
~ [F(p = 0) + F(pg)]
Therefore:
-V = F(pg) — F(p = 0)

[F(p = 0) + F(pg)]

Substituting back in the integral of the pressure function:
2 PR
Fip =0+ F)] pr Jy,,

Fp)dp=1—V - ’;‘”’ a-v)- (”“”)

Substituting Eq. 2-24 back in the IPR equation:

_k-h-[F@o=0+F®@)l-Pr [, . Pwr B _MZ]
 18.68- (tn() 0.75 +5) - 2 Y == pn)

Making g max :

k-h-[F(p=0)+ F(pg)l-pr
18.68 - (ln( ) o7s+s) 2

ds6,max =

The following expression is obtained:

Pr

EQ. 2-16

EQ. 2-17

EQ. 2-18

EQ. 2-19

EQ. 2-20

EQ. 2-21

EQ. 2-22

EQ. 2-23

EQ. 2-24

EQ. 2-25

EQ. 2-26

Voﬁ L 5:-35 Ve

G
’u
J

Using Eq. 2-22, and assuming V = 0.2, F(p = 0) is then:

18.68 - (m (;5) — 0754 s) .2 18.68- (In (%) — 75 s) -1.8

F(pr)
F(p=0) = g’"
Eq. 2-26 can then be further simplified:
10 k-h-|(22%) |- pr
k-h-[5 - F@o)] - pe T . J
qomax = = = 1.8 ‘PR

Vogel found this same equation using data points generated with reservoir simulator, with V = 0.2.

Ea. 2-28
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The Isochronal Testing of Oil Wells

By

M. J. Fetkovich, Member ATIME, Phillips Petroleum Co.
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Video 19 - Saturated oil IPR, part 2 Prof. Milan Stanko (NTNU)
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[bara) [Sm3/Sm3]  [cp) [m3/Sm3] [cp)  [m3/Sm3] [ ) (1/ep) [-) -
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... NOTLINEARI ||
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fl 0.900
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. LINEAR?? N




Oil and gas production wells Video 20 - saturated oil IPR, comparison of methods Prof. Milan Stanko (NTNU)
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Function ipr_sat_oil_go_m function(k, h, re, rw, s, mpR, mPwf)
'ipr_sat_oil, oil rate in Sm3/d, calculated with the m function
'k, permeability, [md]
'h, layer height, [m]
're external radius of reservoir [m]
'rw, wellbore radius [m]
's, skin factor [-]
'mpR, m function at reservoir pressure [bara/cp]
'mpwf, m functino at flowing bottom-hole pressure [bara/cp]
ipr_sat_oil_qo_m function = k * h * (mpR - mPwf) / ((Log(re / xw) - 0.75 + s) * 18.68)
End Function
. 450
E .
8400 A —8-m function
@350 —e—Fetkovich
=]
v
— $ 300 1 —e—Vogel
a
o 250 -~
]
< 200 A
£
S 150 -
—| 8
w0 100 -~
— | =
T 50 A
o
= 0 T T T
I 0 2000 4000 6000 8000 10000 12000
oil rate, qo, [Sm3/d]
T T T T T T T T T T T T T T T 1T a0
Function ipr_sat oil go Fetkovich(k, h, re, rw, s, pR, Pwf, Bo_pR, visco pR, kro pR) © .
— 'ipr sat oil, oil rate in Sm3/d, calculated with the m function — 8400 4 ®-m function
'k, permeability, [md] - )
| 'h, layer height, [m] | ] g 350 Fetkovich
're external radius of reservoir [m a =
rw, wellbore radius [m] s
— 's, skin factor [-] o 250 A
'pR, reservoir pressure [bara) _g 200 A
I 'puf, flowing bottom-hole pressure [bara] B é
| 'kro pR oil relative permeability at reservoir pressure, [-] 9150 -
'visco pR oil viscosity at reservoir pressure [cp) °
— '3o_pR 0il formation volume factor at reservoir pressure, [m3/Sm3) — .nnn 100 H
J=k*h* (kro pR / (visco pR * Bo pR)) / ((Log(re / rw) - 0.75 + s) * 18.68) g 50 -
I qomax = J * (pR - 0) / 2 '] ©
| ipr_sat oil qo_Fetkovich = qomax * (1 - (Pwf / pR) * 2) Y0 T T
End Punction 0 5000 10000 15000 20000
oil rate, qo, [Sm3/d]
- Function ipr sat oil qo Vogel(k, h, re, rw, s, pR, Bwf, Bo pR, visco pR, kro pR) ||
'ipr_sat oil, oil rate in Sm3/d, calculated with the m function 3.000
'k, permeability, [md]
- 'h, layer height, [m] \FU»V
're external radius of reservoir [m) 2.500 A wo
- 'rw, wellbore radius [m) .
| 's, skin factor [-] S \‘
'pR, reservoir pressure [bara) E', 2.000 \‘O)b
- 'pwf, flowing bottom-hole pressure [bara) "6.: P
'kro pR oil relative permeability at reservoir pressure, [-] 2 1500 A
- 'viscc_pR 0il viscosity at reservoir pressure [cp) § ®
| 'Bo_pR oil formation volume factor at reservoir pressure, [m3/Sm3) = P
J=k*h* (kro pR / (visco pR * Bo_pR)) / ((Log(re / xw) - 0.75 + 8) * 18.68) 'S 1.000 + >
| gomax = J * (pR - 0) / 1.8 - °
ipr sat oil go Vogel = gomax * (1 - 0.2 * (Pwf / pR) - 0.8 * (Bwf / pR) * 2) 0.500 - ®
— End Function ’ N ®
[ J
O-OCD T L) T T L) T T
0 50 100 150 200 250 300 350 400
pressure, p, [bara]
~ Changing the GOR (Rp) manually to 500 Sm3/Sm3
1.200
[
1.000 - o]
— [ ]
Qo
= 0.800 - °
= MORE LINEAR....
° L ]
£ 0600 4
N ®
b
= o
“‘é- 0.400 4 °
~ °
0.200 ol
O-Om T T T T T T T
0 50 100 150 200 250 300 350 400
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THE PREDICTION IS BETTER

pwi m(p) qo qo - Fet qo -Vogel qo - Fet-v2 qo -Vogel-v2 450
[bara) [barafcp)  [Sm3/d) [Sm3/d] [Sm3/d) [Sm3/d)  [Sm3/d) ® _
382 2226 0 0 0 £ 400 - -o-m function
300 145.3 2810 2950 2990 s .
250 1080 4166 4401 4503 gsso ~e—Fetkovich
200 765 5312 5588 5782 ano - ——Vogel
150 502 6268 6511 6826 s
100 293 7028 7170 7637 %250 |
50 129 7625 7566 8212 £ 200 -
5 09 8059 7697 8530 g
1 00 8094 7698 8549 Z 150 -
0
m100 e
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3 50 A
2
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382 309.9 0 0 0 0 0 8 400 A -&-m function
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v
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20241011

OUTLINE

-Re-cap of last week's video lectures
-Composite IPR r
-variation of V in time e ()
-Solving problem 1, exercise set 1 U T

‘.
Tetaourch use the same equation used
for gas for saturated oil
G:G (2 -0f) b
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Comporle U | e~ F=T(A-)
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PROBLEM 1

A test has been performed on an oil well and the following pairs of oil rate and flowing bottomhole
pressure are reported:

Test point | qo [Sm3/d] | pwf [bara] -Flow in undersaturated and
1 1080 270 saturated conditions.
2 2050 180 (pwf>pb, pwf<pb),
1 |28h - -Reservoir pressure is above
pb
The reservoir pressure is 360 bara and the bubble point pressure at reservoir temperature is 250 bara. -Qilwell
Propose an IPR equation to use for this well and calculate all the parameters in the equation suggested
using the test data. Justify your answer. IPR proposed:
-Linear for pwf>pb
Additional information: -Fetkovich or Vogel, or
Generic saturated oil IPR equation generic V function for
» e pw_f<pb, not enough data for
5 = Qomax [1 —Ve===v): (E) ] Evinger and Muskat method.
-The combination of these
Undersaturated oil two is called Composite IPR.

o =1 (=P
q (Pn p f) What needs to be

determined?:

for pwf>pb

-J (linear)

For pwf<pb

-maybe gomax, if kro/moBo
is not linear!, because if it is
linear then qomax = J*pb/2
or J*pb/1.8.

-Maybe V, if Vogel/Fetkovich
do not match properly.
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o0 210
Id ¢ \
L,J( r"':,‘o 13[,’;_ - T- (|,I. - PMI‘
~ b N Tty !
ey
N
140 _ L ~\? T - ‘be - V080 - |l.
\ AL
{
. -~
1o 9z
PR [bara] 360
pb [bara] 250
~qgo pwf
~ [Sm3/] [bara]
- 1080 270
— 2050 180
— 2485 120
~ Undersaturated
. [Sm3/d/bar] 12
- Saturated
-V [_] 0.2 | use Vogel first, V=0.2
- gomax [Sm3/d] 1666.7 -—>J*pb/1.8
| then plot this IPR to see how does it match the test data. To make the plot, | need to
calculate go for several values of pwf. For that | program in VBA a function called composite
IPR
~ |(General)
| Function composite IPR qo(J, qomax, V, pwf, pb, pR)
— If pwf >= pb Then
B composite IPR qo = J * (pR - pwf)
Else
B sum part 1 =J * (pR - pb)
- pressure ratio = (pwf / pb)
B sum part 2 = gomax * (1 - V * pressure ratio - (1 - V) * (pressure ratio " 2))
composite IPR qo = sum part 1 + sum part 2
B End If
— | End Function
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For IPR plotting

pwf
[baral]

360
320
280
240
200
160
120

80

40

0

qo

[Sm3/d]
0.0
480.0
960.0
1437.9
1866.7
2227.2
2519.5
2743.5
2899.2
2986.7

What about Fetkovich?

\ [-]
gomax  [Sm3/d]

0
1500.0

400 -

For IPR plotting 3

pwf

qo

3

[bara] [Sm3/d]

360
320
280
240
200
160
120
80
40
0

0.0 2
480.0
960.0

1437.6
1860.0 2
2205.6
2474.4
2666.4
2781.6
2820.0

pwf, [bara]
(=]

1

50 1

00 -

50 -

(=]
(=]

50 4

00 -

50 -

Prof. Milan Stanko (NTNU)

400 -+

350 4

300 4

250 4

ara]

2200 A
H
o
150 4
100 4
50 A
0 T T T T T T 1
0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0
qo [Sm3/d]
Good match!
0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0
qo [Sm3/d]

Very good match also!

To find out which approach is better, one can calculate the mean average percentage error (MAPE) and

compare both

1 & |A-F
M—?—IZ Z )
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\Y 0.2 0
qo pwf gqomax [Sm3/ 1666.7 1500
[Sm3/] [bara] qo qo
1080 270 [Sm3/] [Sm3/]
2050 180 2055.467 0.003” 2042.4 0.004
2485 120 2519.467 0.014” 2474.4 0.004
MAPE 0.008 MAPE 0.004
Undersaturated
J [Sm3/d/bar] 12

It seems Fetkovich is slightly better.

One could change qomax, or gomax and V to obtain a better match, for example:

Changing gomax only:

V 0
gomax [Sm3/d] 1513.774
qo
[Sm3/] _
2049 4.72E-04
’ 2485 4.56E-08
MAPE 2.36E-04

For example, if the test data
would have been this one:

qo pwf Not Fetkovich (with gomax=J*pb/2) nor Vogel (with qgomax=J*pb/1.8) work
very wel

[Sm3/] [bara]

1080 270

2050 150

2485 80

v
§200 EZUD

150 4 . 150 A ]

100 A

50 4

0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 0 T T T T T T d
qo[Sm3fd] 0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0
qo [Sm3fd]
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Is V allowed to change apart from 0 and 0.27

MSc, finished in 2015

WYNDA ASTUTIK

IPR Modeling for Coning Wells

1.0 0.10
e Vo
. 015 g5t TP
S )
® 08 - ® - 0.08
3
o
o 07 2 0.07
-
T 2 06 . o%e ® 0.06
g4 ®o0 u
FE 05 [ 0.05
22 g1
;> oA ®.0 0.04
ge o
| 0] _

§ 03 50 0.03
v 0
E 0.2 - 0 - 0.02
a " 0

0.1 000 0.01

O 0 0
00 +00 -9 | 0.00
500 1000 1500 2000 2500
Reservoir Pressure (PR), psia

(obss) 10443 auenbs jo wing

Prof. Milan Stanko (NTNU)

If you have a lot of test points, V can be adjusted to better fit the IPR to the test values. But if there are
very few points, it is better to keep V fixed (either Fetkovich or Vogel) and change qomax (in case a
linear assumption gomax=J*pR/1.8 or qomax = J*pR/2 does not match well). go max has a much
bigger effect on the IPR than V.



Video 21 - flow in tubing, dry gas
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‘ OJI and‘gas p‘rodqution virells‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Prof. Milan Stanko (NTNU)
qg [Sm3/d] 2.85E+06
Gas gravity 0.7
Tubing ID [m] 0.157
Tubing cross section area [m2] 0.019
Tubing roughness [m] 1.50E-06
TVD p T zZ deng Bg viscg qg Vg p-calc
[m] [bara] (€] (-] [kg/m3] [m3/Sm3]  [cp] [m3/d]  [m/s] [bara]
0 40 87 0.948 28.6 3.00E-02 | 1.36E-02 |8.54E+04 51.03
284 46 89 0.942 32.9 2.60E-02| 1.38E-02 |7.41E+04 44.28
567 51 90 0.938 36.8 2.32E-02 | 1.39E-02 |6.63E+04 39.61
851 56 92 0.934 40.4 2.12E-02 | 1.41E-02 |6.04E+04 36.14
1135 61 94 0.930 43.6 1.96E-02 | 1.43E-02 |5.59E+04 33.43
1418 66 96 0.928 46.7 1.83E-02 | 1.45E-02 |5.23E+04 31.25
1702 70 98 0.926 49.5 1.73E-02 | 1.46E-02 |4.92E+04 29.44
1986 74 99  0.924 52.2 1.64E-02 | 1.48E-02 |4.67E+04 27.92
2269 78 101 0.922 54.8 1.56E-02 | 1.49E-02 |4.45E+04 26.61
2553 81 103 0.921 57.3 1.49E-02 [ 1.51E-02 |4.26E+04 2547 o Pua ®
2837 85 105 0.920 59.6 1.44E-02| 1.52E-02 |4.09E+04 24.46 77.7*1., (/
C 193 - 1583 3
\\‘\ — — | / V4 AN
— ) (AN
T —~— b-—-% ‘Y) ‘! “<f3 L‘:" - .\.'.-?p \
— Y /
--..._____-_-—--—--_-_- d r_z . L
7 4
/ usiag co iboey &t o..,! Py
 Punction Pout(qtl, ID, den, visc, Length, teta, pin, roughness)
"Function that give pressure available at the oulet of a pipe with a flow gt and inlet pressure pressure pin /
- 'Calculation made for liquid single phase flow
—  'Takes in data in §1 //
L't flow [mA3/d] /
"I inner dianeter of pipe (n] /
- "don density of fluid, [kg/m\3)
— 'vise viscosity of fluid, [Pa 8] Wﬁ,/g /
L 'Length, pipe length, (n]
'tota inclination angle of pipe with respect to horizontal (')
" 'pin, discharge pressute required, (bara)
—  'roughness of pipe (|
: 'Gravitational acceleration g, (m/s{2]
ERA)!
— "Pi number
et f
gl /(36000 % 240) ' (m3)/s)
[ 'Calculating area and velocity
— heac P (100D /4
Cveqt/ A
" Presscalel » pin -@‘Sin(teta P/ 160) * den * g/ 1000004)~ (ffactor(den, visc, 1D, roughness, v) * Length * (v * 2) * den / (D * 2000004))
—  Pout = Presscalcl
[ J .
- End Punction \ J_‘\,; C)‘ﬁb L_j \ € S ‘tO ‘L’\*Q. &m- pc. o
. e
TVD p T Z deng Bg viscg qg vg p-calc
[m] [bara] (€] [-] [kg/m3] [m3/Sm3]  [cp] [m3/d]  [m/s]  [bara]
0 40 87 0.948 28.6 3.00E-02 1.36E-02 8.54E+04 51.03 35.55
284 46 89 0.942 32.9 2.60E-02 1.38E-02 7.41E+04 4428 41.50
567 51 90 0.938 36.8 2.32E-02 1.39E-02 6.63E+04 39.61 47.03
851 56 92 0.934 404 2.12E-02 1.41E-02 6.04E+04 36.14 52.27
1135 61 94 0.930 43.6 1.96E-02 1.43E-02 5.59E+04 33.43 57.29
1418 66 96 0.928 46.7 1.83E-02 1.45E-02 5.23E+04 31.26 62.15
1702 70 98 0.926 495 1.73E-02 1.46E-02 4.92E+04 29.44 66.88
1986 74 99 0.924 52.2 1.64E-02 1.48E-02 4.67E+04 27.92 71.52
2269 78 101 0.922 54.8 1.56E-02 1.49E-02 4.45E+04 26.61 76.08
2553 81 103 0.921 57.3 1.49E-02 1.51E-02 4.26E+04 25.47 80.59
2837 85 105 0.920 59.6 1.44E-02 1.52E-02 4.09E+04 24 .46 85.04
‘ f
conds o ¥ _
\_ JUrpRgasy dole 7 -




Oil and gas production wells Video 22 - Tubing performance relationship, dry gas Prof. Milan Stanko (NTNU)
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Video 23 - Dry gas flow equilibrium, exercise
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Video 24 - Dry gas pipeline performance relationship

Oil and gas production wells Prof. Milan Stanko (NTNU)
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Oil and gas production wells

Video 25 - Tubing and pipeline sizing, part 1
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Nominal Weight Threaded Coupling Joint Yield Capacity
{ Tubing Size T&C Wall Coupling Outside Dia. Col- Internal Strength Table
MNon- T&C Thick- Inside Drift Non- Upset Upset lapse Yield T&C Barrels Linear
Nom. oD Upset Upset ness Dia Dia. Upset Reg. Spec. Resis- Pres- Non- T&C per ft
in. in. Ib/ft Ib/ft Grade in. in. in. in. in. in. tance sure Upset Upset Linear per

psi psi b Ib ft Barrel
H-40 7,200 7,530 6,360 13,300
J-55 9,370 10,360 8,740 18,290

3/4 1.05 1.14 1.20 c-75 0.113 0.824 0.730 1.313 1.660 12.250 14.120 11.920 24.940 0.0007 | 1516.13
N-80 12.710 15070 12.710 26.610
H-40 6,820 7.080 10,960 19,760
J-55 8,860 9,730 15,060 27,160

1 1.315 1.700 1.800 .75 0.113 1.049 0.955 1.660 1.900 11.590 13.270 20 540 37.040 0.0011 935.49
N-80 12 270 14 160 21.910 39,510

H-40 0.125 1.410 5,220 5,270 0.0019 S517.79
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J-55 0.125 1.410 6,790 7250 0.0019 517.79
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Oil and gas production wells Video 26 - Tubing and pipeline sizing, part 2 Prof. Milan Stanko (NTNU)
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Oil and gas production wells
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20241014

QOUTLINE

-Recap of last week video lectures
-Class work on Problem 2, exercise set 3

PROBLEM 2.

Consider the dry gas production system shown in the figure below:

:"4 b S ]I
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The pressure drop in the pipeline can be neglected, therefore, the pressure at the inlet of the
flowline can be assumed equal to the separator pressure, 40 bara.

An excel file is provided with all the information and VBA functions you need to make your
calculations.

Task 1. If the well system is producing a dry gas rate of 1 E5 Sm?/d, and wellhead pressure is
80 bara, estimate the backpressure coefficient of the formation. Regarding n, assume values in
the range 0.8-1 are possible.
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Task 2. Consider that the sensor of the wellhead pressure is damaged and unavailable. The
only information available is pressure downstream the choke (40 bara) and choke opening (9.4
mm). Would it still be possible to estimate the backpressure coefficient of the formation?
(assume that n = 1)? Is the choke operating in the critical or subcritical regime?
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repeat same procedure as task 1, pwh-->pwf-->CR

Task 3. Assume reservoir pressure has changed to 100 bara. Estimate choke adjustment (new
choke opening) to ensure the dry gas rate remains constant. Use the values of dry gas IPR
estimated in task 2. Is the choke operating in the critical or subcritical regime?
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Task 4. At this new reservoir pressure, you are concerned about liquid loading. Check if there
could be risk of liquid loading at well bottom, using the Turner equation:

4
(oL — Pc) - 0)1/
pé

Vge = 5.46 - (

Assume that liquid density is 1000 kg/m3, and interfacial tension liquid-gas is 0.028 N/m.
Assume the tubing inner diameter is 0.07 m.
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Superficial liquid velocity [m/s]
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Oil and gas production wells Video 28: Multiphase flow, some fundamentals Prof. Milan Stanko (NTNU)
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TWO-PHASE FLOW IN VERTICAL TUBES

By D. J. NICKLIN, B.Sc. App.,* J. O. WILKES, M.A.* and J. F. DAVIDSON, M.A., Ph.D., AM.LMechE.* . Oliversity of Cambridge, Department of Chemical Engineering,

'Pe.ll}lbroke S% Cambridge.
1 Present ess: University of Michigan, Department of
SUMMARY Chemical and Metallurgical Engineering, Ann Arbor, Michigan,
A study bas been made of the properties of long bubbles in vertical tubes, It has been shown that these bubbles USA.
l’lserel.ltlvetolhellqmdahuﬂofﬂ:anatavelodlyendlyeqmltoﬂnerisingvelodtyofwakelessbubbles :
of the type studied by Dumitrescu and by Davies and Taylor. For 1 in. tubes, this velocity is closely predicted by ‘TRANS. INSTN CHEM. ENGRS, Vol. 40, 1962

s theory and equals 035 (¢ D)} where g is the acceleration of gravity and D the tube diametor. The ’ ’
moﬂoa;lol;tgzml?xin mwwwhmmm?%ﬁmgmt&mmdm )
m Pl‘ﬂdﬂl! me M}' tﬂﬂhﬂse £} lﬂuﬁct i
voidage agrees well with results reported here and elsewhere, S SRR o us = 1-2 dr, + 0-35 ((.‘s"‘D)i

v. zuser § Average Volumetric Concentration

Advanced Technology Laboratories.

2y = 2 Numbers in brackets designate References at end of paper.
Mem: ASME I“ TWU'PhﬂSB FII]W SYSthS Contributed by the Heat Transfer Division and presented at the

J. A. FINDLAY Winter Annual Meeting, New York, N. Y., November 29-December
Knolls Atomic Power Laboratory. A general expression which can be used either for predicting the average volumetric 3, 1964, _Of TH"E‘ AMERICAN S‘UCIETY oF MEecHANICAL ENGINEERS.
Mem. ASME concentralion or for analyzing and interpreling experimental data is derived. The Manusecript received at ASME Headquarters, September 15, 1964,
General Electric Co. analysis lakes inlo account both the effect of nonuniform flow and concenlration profiles
Schenectady, N. Y. as well as the effect of the local relative velocity between the phases. The first effect is

taken into account by a distribution parameler, whereas the lailer is accounted for by the
weighted average drift velocity. Both effects are analyzed and evaluated. The results
predicted by the analysis are compared with experimental data obtained for various
two-phase flow regimes, with various lquid-gas mixtures in adiabatic, vertical flow
over a wide pressure range. Good agreement willh experimental data is shown.

Z. . Math. Mech. . - . .
1;(1?12';:ge§r_ 3“.;,,“5913;;; Dumitrescu, Stromung an einer Luftblase im senkrechten Rohr 139

THE FLON OF LIQUID-GAS MIXTURES IN VERTICAL TUBES.

Stromung an einer Luftblase im senkrechten Rohr.

Von D. T. Dumitrescw in Bukarest.

Hans Behringer

The mechanics of large bubbles rising through extended
liquids and through liquids in tubes

By R. M. DAvVIES AND SiR GEOFFREY TAvLoRr, F.R.S.
ZEITSCHRIFT FUR DIE GESAMTE KALTE-INDUSTRIE, 43, 55-58, 19%6.
(Received 13 September 1949)
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Uss ~ Comparison of void fraction correlations for different
o flow patterns in horizontal and upward inclined pipes
(%) 2Da(1 4 cos 0)(py — pg)] vie Pam —
Usg| 1+ (g&) +29 5 L G (1.22 + 1.22 sin 0)Pswem Melkamu A. Woldesemayat, Afshin J. Ghajar *
e pL e | School of Mechanical and Aeraspace Engineering, Oklahoma State University, Stiffwater, OK 74078, USA

—_— Received 1 June 2006; received in revised form 13 September 2006

Pipe Fractional Flow Theory: Principles and Applications
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QOil and gas production wells
Video 29 - Some examples of pressure drop models for multiphase flow

Prof. Milan Stanko (NTNU)
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A UNIFIED MODEL FOR PREDICTING FLOW-PATTERN

TRANSITIONS FOR THE WHOLE RANGE OF
PIPE INCLINATIONS

D. BARNEA

Faculty of Engineering, Department of Fluid Mechanics and Heat Transfer, Tel-Aviv University,

Ramat-Aviv 69978, Israel

(Received 2 February 1986; in revised form 9 June 1986)

[ Uys\Ugs , Physical properties, D and 3 ]

i

TRANSITION FROM DISPERSED BUBBLES
Mechanism: turbulent energy dissipation octing on the
gaos phase - transition D
or
a »0.52 - transition G

e = depOf deg
(S)-t7
or

ax> 052 (8)

YES

1

STRATIFIED - NONSTRATIFIED TRANSITION
Mechanism: Kelvin = Heimhol tail t n A

Lr 3 A r—
N %\
° [9) sonstfied YES
STRATIFIED — ANNULAR TRANSITION

! Mechanism: trojectory of drops torn from
liquid film - transition L

Condinon
(4] sotisfied
figures 3,4)

NO YES

ANNULAR — INTERMITTENT TRANSITION
Mechanism : instability of the liquid film
or
blockage of the gas core
= transition J

STRATIFIED SMOOTH~STRATIFIED WAVY
TRANSITION

YES 3 Mechamsm: Jeffreys, wind wave interacrion=

transition €

or

Fr=1.5=tronsition M

Condition C16.
or condition [(17]
satisfied
(figure 5)

Condition [20]

or condition (23]
satisfied

(figures 3,4)

Check whether bubbly
flow 1s possible

0= Oy (N
and YES
B = B, t2)

Mechanism: liquid slug is free of Mechanism: a 2 0.25 = transition B
sntrained bubbles — tran. N
NO -YES

|

SLUG-CHURN TRANSITION
Mechanism: maximum pocking of
bubbles in the liquid slug = tron. H

SLUG-ELONGATED BUBBLE ‘I'RANSITiONI\/ BUBBLE — INTERMITTENT TRANSITION

Condition (4
satisfied

Figure 6. Logical pass for flow-patiern determination.

Bubble Flow-Pattern

» Turbulent forces prevent bubble
agglomeration and slip effect.

» Transition from bubble flow is given
in the work of Barnea et al. (1987).

» The bubble flow-pattern is modeled
as homogenous single fluid flow with
averaged properties of liquid and gas.

Pressure gradient equation:

Stratified Flow-Pattern Model Pipe Cross-Section

Combined momentum equation:

.5, 1,5, 11 .
L 21 lgirS|—+— |- - sin =0
4, a4 T (p,—p,)gsinp

Pressure gradient equation:

_[dp]= 7,8, + 7,5, +(A,

A
— L p+—£ sin
= y S PT P ]g B

Intermittent Flow-Pattern Models

Pressure gradient equation:

.S, +7.8
_[%]=p"gmﬁJr%[[EEDL]J{ f IA ¢ z;fﬂ

Annular Flow-Pattern Model

Pipe Cross-Section

Pressure gradient equation:

dP T, S A A .
-(%)- f*[jpf““?‘gpstgSl“ A
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Video 30 - Fluid properties
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Oil and Gas production wells Video 31: Class exercise, pressure drop calculation in wellbore Prof. Milan Stanko (NTNU)

Exercise: Pressure drop calculation in saturated oll well, Prof. Milan Stanko (NTNU)

GOR (sm3fsm3) 1551
Pipe 1D [m) 0.15
Pipe cross section area [m2) 0.0177
Pipe roughness [m] 1.50€-05
Pipe inclination from hor (deg) 90
qo [Sm3/d) 100
s [Sm}/d] 1556404
BO table column 3 4 H 6 8 10 7 9 1 Woldesemayat and Ghajar
VD [m] Tic) plbara) Rs [Sm3/Sm3] rs[Sm3/Sm3] Bo[m3/Sm3] Bg(m3/Sm3] deng(kg/m3] viscglcp) deno [kg/m3) viso [cp] sigma_o_g[N/m] qo[m3/d] qgim3/d] wuso[m/s] usg(m/s] lambdagl-] e[-] dp/dx[bara/m)
0 0.0 23 26 1.286-05 12 3.446-02 378 110602 7288 18 L1SE-02 1174 45666402 0077 0299  0.80 049 0.0384
500 $7.1 472 411 1.31E-05 12 1.906-02 708 125602 708.8 12 837603 1242 21736402 0081  0.142 064 0.34 0.0283
1000 643 714 65.3 1.43£.05 13 1.09¢-02 1194 1.458.02 634.3 08 $.12€.03 133.2 9.832e+01 0.087 0.064 0.42 0.21 0.0556
1500 7.4 9.2 9.9 1.69€-05 14 7.29€-03 178.7 191€-02 657.3 0.6 264603 1444 44686401  0.095 0029 024 012 0.0589
2000 78.6 128.6 1244 2.136-08 16 $.71€-03 2282 2.386-02 608 05 L3303 1568 L761E+01 0403 0012 010 0.06 0.0597
2500 85.7 158.4 153.2 2416.05 17 4.496-03 2295 244602 @19 04 671608 1690 &£79%01 0111 0001 001 0.00 0.0595
3000 92.9 188.2 1551  0.00€+00 1.7 0.00€400 0.0 0006400 @13 04 0.00£400  169.5 00006400 0111 0000 0.0 0.00 0.0602
3500 100.0 2183 1551 0.006400 17 0.006400 0.0 0006400 ©14 04 0.006400  169.5 00006400 0111 0000 0.0 0.00 0.0602
} } } } } } } } } } } } } } } } } } \ | \ | \ | \ | \ \ | \ |
Flow pattern map, 900, upward vertical flow
1 pressure, p, [bara]
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With Wolgha model
pwh[bara] 28 50 70 0
q0 pwf  pwf pwf '
[Sm3/d] [bara] [bara] [bara] -
100 2183 2549 2814 B “_./
250 2000 2471 278.3 ]
a 250.0
500 188.5 243.0 278.2 ¢
1000 1824  243.0 2818 2
o 2000
2000 186.9 250.8 2929 =
—te
3000 1992 2628 306.3 £ 0o &
4000 2245 2773 £ =e=30
5000 2452 2940 g =70
0 100.0 4
6000 2805  327.0 =
<
3 500
0;0 L] L} T T T T L}
0 1000 2000 3000 4000 5000 6000 7000
oil rate, qo, [Sm3/d]




Oil and gas production wells Video 32: pressure drop calculations in wellbore, comparison of different models Prof. Milan Stanko (NTNU)
Iulation in saturated oil well, Prof. Milan Stanko (NTNU)
[Sm3/Sm3] 155.1
[m) 0.15 u
[m2] 0.0177
[m) 1.50€-05 Bl
(deg] %0 1
[Sm3/d) 100
[sm3/d] 1.556404 L
80 table column 3 4 5 6 8 10 7 9 11 Woldesemayat and Ghajar
VD [m] Tic) plbara) Rs [Sm3/sm3] rs [Sm3/sm3] Bo[m3/sSm3] Bg[m3/sm3] deng (kg/m3] viscg[cp) deno [kg/m3] viso [cp) sigma_o_g [N/m] qo[m3/d] qglm3/d] wuso(m/s] usg(m/s] lambdagl-] e[-] dp/dx[bara/m] ——
0 50.0 28 226 1.286-05 1.2 344602 378 1.10E-02 728.8 18 1.15€-02 1174 4,566E+02 0.077 0.299 080 0.49 0.0384
500 571 47.2 411 1.31E-05 1.2 1.90€-02 708 1.25€.02 708.8 1.2 8.37€-03 1242 2173402 0.081 0.142 064 0.34 0.0483
1000 64.3 714 65.3 1.43E-05 1.3 1.09€-02 1194 1.49E-02 684.3 0.8 5.12E-03 133.2 9.832E+01 0.087 0.064 0.42 0.21 0.0556
1500 714 99.2 93.9 1.69E-05 14 7.29€-03 178.7 1.91E-02 657.3 0.6 2.64E-03 1444  4.468E+01 0.095 0.029 0.24 0.12 0.0589 |
2000 78.6 128.6 1244 2.13E-05 16 5.71E-03 228.2 2.38E-02 630.8 0.5 1.33E-03 1568 1.761E+01 0.103 0.012 0.10 0.06 0.0597 |
2500 85.7 158.4 153.2 2.41E-05 1.7 4.49E-03 229.5 244E-02 607.9 04 6.71E-04 169.0  8.799%-01 0.111 0.001 0,01 0.00 0.0595
3000 92.9 188.2 155.1 0.00£+00 1.7 0.00E+00 0.0 0.00E+00 607.3 04 0.00E+00 169.5  0.000E+00 0.111 0.000 0.00 0.00 0.0602 |
3500 100.0 218.3 155.1 0.00£400 1.7 0.00E+00 0.0 0.00E+00 607.4 04 0.00E+00 169.5  0.000E+00 0.111 0.000 0.00 0.00 0.0602

Function e_wolqha(usl, usg, denl, deng, sigma_lg, teta_deg, p, D)

Function dpdx_mpf (roughness, viscl, viscg, denl, deng, usl, usg, D, angle, voidfraction)

'p in bar
'Dinm

'dpdx_mpf pressure gradient, in bar/m, for multiphase flow
'denl, liquid density, [kg/m3)

'usl in m/s
'usg in m/s

'deng, gas density, [kg/m3]
'usl superficial liquid velocity, [m/s]
'usg superficial gas velocity, [m/s]

'denl kg/m"3
'deng kg/m"3

'angle, inclination angle of pipe with respect to horizontal [deg]
'D hydraulic diameter of pipe [m]

'teta deg in deg
'sigma_lg in N/m

'roughness pipe roughness, [m]
'viscl, liquid viscosity [cP)

If usg = 0 Then
e wolgha = 0

'viscg, gas viscosity, [cP)
'voidfraction [-]

Else
Pi = Atn(l) * 4

Pi = Atn(l) * 4
denm = voidfraction * deng + (1 - voidfraction) * denl

teta = teta_deg * Pi / 180
'void fraction correlation by Woldesemayat and Ghajar (2006)

If voidfraction = 0 Or usg = 0 Then
ug =10
ul = usl

a=usg * (1 + ((usl / usg) * ((deng / denl) "~ 0.1)))
B=2.9*% ((9.81 * sigma 1g * D * (1 + Cos(teta)) * (denl - deng) / (denl ~ 2)) " 0.25)

fg=10

C = (1.22 + 1,22 * Sin(teta)) ~ (1.01325 / p)
e wolgha = usg / (a + (B * C))

fl = ffactor(denl, viscl, D, roughness, ul)
Elself voidfraction = 1 Or usl = 0 Then

End If
End Function

ug = usg
ul = 0
fl=10
fg = ffactor(deng, viscg, D, roughness, ug)
Else

ug = usg / voidfraction
ul = usl / (1 - voidfraction)
fg = ffactor(deng, viscg / 10004, D, roughness, ug)

fl = ffactor(denl, viscl / 1000, D, roughness, ul)
End If

dpdx_f = (fg * deng * (ug * Abs(usg)) * 0.5 /D) + (f1 * denl * (ul * Abs(usl)) * 0.5/ D)
dpdx h = denm * 9,81 * Sin(angle * Pi / 180)

dpdx_mpf = dpdx_f + dpdx_h
dpdx_mpf = dpdx_mpf / 100000%

End Function
lculation in saturated oil well, Prof. Milan Stanko (NTNU) .
[Sm3/Sm3] 155.1 T
[m]) 0.15 e
[m2) 0.0177
[m] 1.50¢-05 o
[deg] %0
[Sm3/d) 1000 e
[Sm3/d] 1556405 i
80 table column 3 4 5 6 8 10 7 9 1 Nagoo
wolm]  T[C] plbara]  Rs[Sm3/sm3] rs[Sm3/Sm3] Bo[m3/Sm3] Bg[m3/Sm3] deng[kg/m3] viscg[cp] deno [kg/m3] viso [cp] sigma_o_g[N/m] qo[m3/d] qglm3/d] uso[m/s] usg[m/s] lambdagl-] el-] dp/dx[bara/m]
0 50.0 28 2.6 1.28€-05 1.2 34402 378 110602 7288 18 L1SE02 11743  4.566E+03 0.769 2991 080 0.61 00313 |
500 57.1 437 373 1.29€-05 1.2 2.08€-02 634 L2602 nLe 1.2 8.906-03 12294  2.451E403 0.805 1.605  0.67 0.50 0.0387
1000 64.3 63.0 56.3 1.36€-05 13 1.34€-02 100.1 1.40€-02 691.6 09 6.20E-03 13004  1.320E403 0.852 0.865 050 0.38 0.0461 |
1500 714 86.1 M2 1.53€-05 14 8.91E-03 146.3 1.68E-02 668.7 0.6 3.756-03 13906  6.776E+02 0911 0444 033 0.26 0.0525
2000 78.6 112.3 105.7 1.84€-05 15 6.67¢-03 195.8 2.08£-02 6443 0.5 2056-03 14971  3.306E402 0.981 0217 018 0.16 0.0567 |
2500 85.7 140.7 134.2 2.32€-05 1.6 5.56€-03 2346 2486-02 620.2 04 L126-03 16155 1.167€+02 1.058 0076 007 0.06 0.0588 |
3000 929 170.1 154.6 1.91€-06 1.7 3.876.04 179 1.91€-03 604.6 04 6.306-05 17018  2.006€-01 1115 0.000 0.00 0.00 0.0597
3500 100.0 200.0 155.1 0.00£+00 1.7 0.00E+00 0.0 0.00€+00 605.0 04 0.00E400 17020  0.000E+00 1.115 0.000 0.00 0.00 0.0649 ——
Ihmcr.ion dpdx_mpf (roughness, wiscl, wviscg, denl, deng, usl, usg, D, angle, voidfraction)
'dpdx mpf pressure gradient, in bar/m, for multiphase flow
'denl, liguid density, [kg/m3] *
'deng, gas density, [kg/m3]
—+ 'usl superficial liquid velocity, [m/s]) -
Function e_Naqoo[lambdaq} 'usg superficial gas velocity, [m/s]
' & Nagoo, the void fraction of gas, in fraction, using the ANSLIP equation by Nagoo, 2013 ‘angle, inclinacion angle of pipe with respect to horizontal [deg] -
- . . . . X 'D hydraulic diameter of pipe [m]
'lambdag is non slip volume fraction of gas, in fraction ‘roughness pipe roughness, [m]
If lambdaq = () Then T 'wiscl, liquid wviscosity [cP] T
'viscg, gas wviscosity, [cP]
& Nagoo = 0 4 'voidfraction [-] —
Else Pi = Atn(l) * 4
e Nagoo = (lambdag + 1 - ((lambdag + 1) * 2 - ¢ * (lambdag " 2)) * 0.5) / (2% 1ambdag) ~ T wosaresorimg o b or wag = o Tnen fraction) ¥ dend |
End If ug = 0
End Function T ul = usi I
fg =0
fl = ffactor (denl, wviscl, D, roughness, ul) |
ElseIf voidfraction = 1 Or usl = 0 Then
ug = usg
ul = 0 [
f1 =0
fg = ffactor(deng, wviscg, D, roughness, ug) —
Else
ug = usg / voidfraction |
ul = usl / (1 - voidfraction)
fg = ffactor(deng, viscg / 1000%, D, roughness, ug)
fl = ffactor(denl, wviscl / 1000, D, roughness, ul) [
End If
dpdx £ = (fg * deng * (ug * Abs(usg)) * 0.5 / D) + (f1 * denl * (ul * Abs(usl)) * 0.5 / D)
dpdx h = denm * %.81 * Sin(angle * Pi / 180)
dpdx_mpf = dpdx f + dpdx h |
dpdx_mpf = dpdx_mpf / 100000%
Enﬁl E‘u.n‘ctio‘n ‘ ‘ ‘




Oil and gas production wells Prof. Milan Stanko (NTNU)

Exercise: Pressure drop calculation in saturated oll well, Prof, Milan Stanko (NTNU)

GOR [Sm3/sm3] 155.1
Pipe 1D [m) 0.15 |
Pipe cross section area [m2) 0.0177
Pipe roughness (m) 1.50€-05 |
Pipe inclination fromhor  [deg) 9
qo [sm3/d) 6000 -
Q2 [sSm3/d)  9.31E+05
B0 table column 3 4 5 6 g 10 7 - 1 Mechanistic model -
VO [m] Ticl plbana) Rs [Sm3/Sm3] rs[Sm3/Sm3] Bo[m3/Sm3] Bg(m3/Sm3] dengkg/m3] wviscg [cp) deno [kg/m3) viso [cp) sigma_o g [N/m] qo[m3/d] qgim3/d] wso(m/s] usg[m/s] lambdag(-] flowpattern dp/dx [bara/m]
0 $0.0 28 26 1.286-05 1.2 344602 378 1.10€-02 7288 1.8 LI1SE02 70460 27406404 4615 17944 080 Slug 0.0492 —
500 57.1 526 %68 1.34£-05 13 1.64€-02 821 1.29€-02 041 11 7.566-03 75645  LOGSE«04 4954 6976 058 Slug 0.0417
1000 643 735 67.6 1ASE.08 13 1.05€-02 125.0 1.536-02 6824 0.8 488603 90842  5.540£+03 5.269 3628 041 Bubble 0.0605 —
1500 714 103.7 9.2 1.76€-05 1.5 6.90€-03 189.5 2.00€-02 6533 0.6 235603 87812 2326403 5.751 151 on Bubble 0.0673
2000 786 1378 1348 233608 16 $.376:03 2431 255602 6236 0.4 LO7E03 96504  6.5958E+02 6321 0430 006 Bubble 0.0708 —
2500 85.7 1729 155.1 0.00£+00 1.7 0.00E+00 0.0 0.006+00 609.0 04 0.006¢00 101446  0.000E+00 6,644 0.000 000 Liquid 0.0693
3000 92.9 2075 155.1 0.00€400 1.7 0.00€+00 0.0 0.006+00 610.1 0.4 0.006+00 10127.0  0.000E+00 6,633 0.000 0.00 Uquid 0.0693 —
0.4 0006400 101257  0.000E+00 6,632 0.000 000 Liquid 0.0692

3500 100.0 242.1 155.1 0.00£+00 1.7 0.00E+00 0.0 0.00E+00 610.1
|
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10 — o o 350.0
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£ 3000
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2 2000 -
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QOil and gas production wells Prof. Milan Stanko (NTNU) %,
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Oil and gas production wells Prof. Milan Stanko (NTNU)
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Prof. Milan Stanko (NTNU)

Oil and Gas production wells

20241021

OUTLINE
-Recap of last week video lectures
-Quick overview of exam questions with Multiphase flow

-Meeting with Reference group
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Oil and Gas production wells Prof. Milan Stanko (NTNU)

20241025

OUTLINE

-Q&A

-Exercises related to Multiphase flow in tubing

In YT video 35 (gas lift exercise), some students report that the mpf_p function does not work. This
function uses dictionary, and requires to enable the library Microsoft runtime. MAC users do not have
this library, unfortunately. Milan will upload a alternative version of the Excel file that is using
self-programmed dictionary function and does not require Microsoft runtime.

Milan already did last year!! check all the information in the YT video

4 P Pp| o) 0:00/32:15 - Introduction >

35. Gas lift exercise

‘9 M|Ianslectures - Promote

779 views Jan 17,2023

pdf: \ t

file: V t.n an les

If you are using Mac, use this file instead (Avoids the dependency on Microsoft Runtime): http
Part of playlists:

Artificial lift: = - Artificial lift

Petroleum production engineering: = * Petroleum production engineering

Well performance: » + Well Performance




Oil and Gas production wells Prof. Milan Stanko (NTNU)

From last year's resit:

PROBLEM 6 (20 POINTS).

Consider a vertical tubing, 2000 m long and with an internal diameter of
0.1 m that has gas and oil circulating through it. Assume both are
incompressible and that there is no mass transfer between them.
The mass flow of the oil is 8 kg/s while the mass flow of gas is 4 kg/s.
The density of the oil is 800 kg/m3, while the density of the gas is 100
kg/m3.
Calculate:
e Total amount of liquid (in kg) that is in the tubing
e How long does it take a particle of oil to travel from the bottom
of the well to the top
e How long does it take a particle of gas to travel from the
bottom of the well to the top.

Additional information: N
e The liquid holdup (H.) can be estimated with the Chisholm
correlation:
" 1
L= .
025)91, . +1
ZAN
(E) "Pg - (l=2x)

Where x is the mass fraction (mg/(ml+mg))

Asking how much liquid is in the tubing is equivalent to asking: "if there are two quick closing valves, one at
bottom-hole and one at wellhead, if | activate them, how much liquid will be trapped in the tubing?" This is

essentially the holdup*tubing volume. Since both phases are considered incompressible. and have the same
velocity through the tubing. then the holdup will be constant along the tubing,/If that were not the case, one
needs to integrate segment-wise.

V= (HL A.dz vz . A-de ‘1"5‘1‘0* A

° ¥ ~ .
A

To calculate the time it takes for a particle to travel from bottom to top, you need to use the length and the
velocity of the phase. The velocity of the phase can be calculated from the holdup, the tubing cross section
area and the volumetric rate of the phase.
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Oil and Gas production wells Prof. Milan Stanko (NTNU)

PROBLEM 12 (10 POINTS).

Consider an oil and gas mixture flowing upwards in a vertical well. The local rates of oil
and gas are go = 0.07 m®/s and qg = 0.3 m?3/s. The inner diameter of the tubing is 0.15
m. The density of the oil and the gas are 700 kg/m?3 and 200 kg/m? respectively.

Task 1. Calculate the non-slip gas volume fraction.

Task 2. Calculate the hydrostatic pressure gradient (dp/dx in bara/m) using the value of
the density of the mixture. To calculate the density of the mixture use the non-slip gas
volume fraction calculated in Task 1.

Task 3. Assume that the real velocity of the gas is twice the real velocity of the liquid.
Calculate the gas holdup (gas volume fraction of the mixture considering slip).

Task 4. For the condition presented in Task 3, will the hydrostatic pressure gradient of
the mixture be higher than the value calculated in task 2 or lower? Explain your answer

.-
AP ‘)\:) = ._j-?—— = E.'l. - 04\
9 0.3
L 0-fifg-L T ] D

k 9 ‘:] Potential exam question:if there was slip
-5k 1 between liquid and gas, will the void

AL fraction be higher than the non-slip gas

v fraction or lower?

g . ¢ (.)kb
2. - \jw‘“-r. f‘_. HL 4 (I-“‘v)fs

fc (\‘%) + )’5/f3 =24 {

Task 2

Density of the mixture rhro_m =rho_| * lamda_I| + rho_g* lamgda_g =
700*0.19+200*0.81 = 294.6 kg/m3

Hydrostatic pressure gradient = rho._m*g = 294.6 * 9.81/1e5 = 0.0289 bar/m
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Oil and Gas production wells

PROBLEM 3.

A pressure survey has been performed in a producing oil well (production rate of 1394
Sm3/d, GOR = 155.1 and water cut of 30%), and pressure and temperature at several
depths have been recorded. The values are provided in the Excel file attached. Assume
that the water density is constant and equal to 1000 kg/m?, the water viscosity is
constant and equal to 0.6 cP, and the liquid-gas interfacial tension is constant and equal
to 0.01 N/m. Assume there is no slip between the oil and water.

Task 1. Calculate the following parameters along the well:

* Non-slip gas volume fraction

+ Gas void fraction

« Liquid and gas real velocities

* The gas-liquid slip ratio

* The hydrostatic pressure gradient

¢ The gas-liquid flow pattern (for this use the file
Problem_3_Multiphase_Calculator_v1.3-public.xlsm)

For this task, assume the viscosity of the oil and water mixture can be calculated as
U =WC - + (1 -WC) -
With WC in fraction

a: %5 Coe
2 % Mp)h '}rn-l,"lr\

[-we

pox checw zg

S"\Q. 60-4 r) no-t ‘Jrouobd

Nw: T
% +%w

a
Y N

(Aﬂ(b':-'

g =

A
A
T
A

Prof. Milan Stanko (NTNU)

p-T along the well--> immediately associate
with the exercise solved on YT video

-No need to integrate p/calculate dp/dx,
since pis given.

-Water is givenl!l, but we know how to deal
with water (equivalent liquid with equivalent
density and viscosity)

-To calculate lambda_g, qg, go and gw are
needed.

Workflow:

-Calculate BO properties at p, T
(twoDiminterp)

-Caculate local rates at p,T

-calculate void fraction at p,T

-Calculate real gas velocities
-Calculate.......

gl.-" )u- fw ) (I-’)w)fo
hl,'—'- >“U Mo + (‘-AW)}"D..

ae =3 fw-?> (j,,. (-€) 4+ £5- )
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Task 2. How are you results affected if the oil-water mixture exhibits an emulsion

behavior as indicated below: (
The oil+water mixture exhibits an emulsion behavior where its viscosity is a function of the water h > = h o (! L) + he )'v

volume fraction. The cutoff watercut is 60%.

Regime Richardson emulsion viscosity
__ d,.m,e Mo walue
Oil continuous (WC < 60%) p, = p, e L
Water continuous (WC > 60%) po=p @S0 w2

With WC in fraction

Task 3. Is it important to consider the effect of rs in your calculations? Can it be
neglected?

Task 4. Consider that gas lift is applied to the bottom of the well (rate of 300 000
Sm3/d), and the temperature and pressure is 93 C and 160 bar bara. The oil rate is

1450 Sm3/d. Can the table provided be used to estimate black oil properties for these
conditions? If they can, estimate local rates of oil and gas.

B, , ~RB,

0

—» [lg [l_Rs'%l_RVVI g

] q{) = ' 0
Qw

-B,x° B, o

l—Rs-/n( l—Rs-r}/

0

0

A

0
o 0 Blon

TL o % ond B ane ey d.Hm-\{ ‘}b,m. ‘“‘t pro-o4
Uen vy wl lae o L\"-,L. l‘ar-lpd'
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Lecture 34, Gas lift intro

Artificial lift technique to:
-Increase production rate from
natural flow

-enable production (natural flow
is zero)

-Improve well flow (e.g. avoid
instabilities)

TP (Pazeost) Gon™ (3 L)

fl '(Puk:mf), cot (ro 5sbh)

° Pul ‘

R

4%#-)'4‘(, ¥ Ab;'hbl\l—cl, * accelereton

— A ———

.o b L ¢
f’“ja 'f"cv'z'_
© ®

-?3 S f‘”"" SFL
fo )5

b= A
o goal o} guy it wa,.ga>> oy © o= By fy g BUf B
Al
-
150- Gm‘: %"i ‘kﬂ.

e I5n

151.:;
—> + Oy 6oL’ > éor,
Wi
R W
-0 . all by Loy Gop
[ Toe
5
4 P
1 ™ %
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Lecture 35: Gas lift exercise

ion to estimate flowing bottom-hole pressure

nce curv

= of 1

| drop calculations from wellhead |
-Calculate IP sualize r s. Calculate TPR for several
‘terseeti -and estimate how much gas li

[\

|

Tubing diameter, D [m] 0.1
Tubing angle from hor, angle [deg] 90
v 54 ""‘{/ 3 Tubing length, L [m] 2500
= I Tubing roughness [m] 2.00E-05
wellhead pressure, pwh [bara] 30—
Wellhead temperature, Twh [cl 70

100

|Flowing bottom-hole temperature, Twf

8
]

s
z
+
!

Y4

RN

37

Function mpf_p (pBound, BoundType, go_sc,
'mpf_p, function that calculates preas
"pBound, pr ure at the boundary, [bara]

undType, type of boundary, -1 for inlet, 1 for outlet
0il rate at standard conditions, [Sm3/d]
gas rate at standard condi /d]

[
water rate at standard conditions, [Sm3/d]
L, pipe length, [m]

roughness, in [m],

radius, [m]

perature at the boundary, [C]
fluid temperature at the other boundary, [C]
ix, matrix with BO propertiez for the flowi

pl2) T(3) FROF1 PROPZ PROP3Z PROP4
value wvalue wvalue wvalue wvalue
value wvalue wvalue wvalue wvalue

value wvalue value wvalue value
value wvalue wvalue value v; @
'‘profile, provides the ofile along the conduit, 1 yes,

'Preparing to perform interpolation in the property table
ColRs
ColRv 5
ColBo = 6

L

ColBg = 7
ColViscg = 8
ColDeng = 9
ColViaco = 10

gqg_=c, gw_sc, L, angle,
re at inlet or outlet

g composition,

no

roughneas,
of pipe,

*angle, pipe inclination angle, in deg, measured from the horizontal

D,

in bara,

TBound,
depending on

arranged in the following manner

Profile)

FfAalNans = 11
g:
A B +] E F G H ] K L P
r-h b GOR Pressure Temperature Rs 3 Bo deng wisco deno IFTog wiscw denw
-] Dertes by [Sm3fsm3]  [bara] 1€l [$m3fsm3]  [sm3fsm3) [m3/smd] [m¥/Sm3] [cp]  [k@/m3]  [cp]l  [kg/m3]  [N/m] [kgfm3]
. | 54 10 0 104 0.00£+00 1.030 LOOE-01 1.126-02 7.8 0.65 Ti1.8 2.04E-02 997.0
I 54 10 60 71 2.63E-05 1072  LISE-01 1.256-02 7.6 0.43 680.6 1.74E-02 1.0 997.0
54 10 100 5.2 2ASE-04 1123 L33E-01 1.39E-02 81 0.30 647.8 1.44E-02 1.0 9|0
54 20 20 1.0 0.00€+00 1.054 4.88E-02 1.156-02 15, 0.60 706.1 1.92€-02 1.0 w10
54 20 &0 16.0 B.90E-06 1.096 5.63E-02 1.28E-02 0.40 6745 1.64E-02 1.0 ¥97.0
54 20 100 128 1.18-04 1.148 6.45E-02 1.41E-02 146 0.28 640.8 1.36E-02 1.0 997.0
54 30 20 301 0.00€+00 1.073 3.18E-02 1.17E-02 23.2 0.56 T00.3 1.81E-02 1.0 %970 |
54 30 60 240 5.53E-06 1116 3.69€-02 1.30€-02 213 0.38 G688 1.56E-02 1.0 %970
54 30 100 203 B.2BE-05 1171 4.23E-02 1.44E-02 21.0 0.27 6344 1.29€-02 1.0 997.0
54 40 20 39.2 0.00£+00 1.092  2.33E-02 1.20E-02 314 0.53 694.2 1.72E-02 1.0 970 _ |
54 40 60 3.6 4.79€-06 1134 2.73E-02 1.33E-02 8.4 0.36 663.0 1.49E-02 1.0 997.0
54 40 100 7.2 6.89E-05 1191  313E-02 1.46E-02 7.5 0.26 628.1 1.24E-02 1.0 7.0
54 50 0 48.5 0.00€+00 1,112  LB2E-02 1.24E-02 40.0 0.50 687.9 1.64E-02 1.0 "o
54 S0 &0 0.4 5.08E-06 1,154 2.15E-02 1.35E-02 5.6 0.35 657.1 1.43E-02 1.0 wWwro |
54 50 100 343 6.32E-05 1.213 2.48E-02 1.48E-02 341 0.25 621.7 1.18E-02 1.0 9970
54 &0 20 537 0.00€ +00 1.123 0.00E+00 0.00E+D0 0.0 0.49 6848 CLOOE 00 1.0 997.0
54 &0 &0 473 5.99€-06 1174 L77E-02 1.386-02 43.1 0.34 651.0 1.36E-02 1.0 %970
54 &0 100 415 G.15E-05 1.235 2.05E-02 1.51E-02 40.8 0.24 615.1 1.13E-02 1.0 W —
54 70 20 517 0.00€+00 1.121 0.00E+00 OCLOOE+00 0.0 0.50 686.0 0.00E+00 1.0 997.0
54 0 60 537 0.00£+00 1.190 0.00E+00 CLOOE+D0 0.0 0.33 646.4  0.00E+00 1.0 997.0
54 70 100 49.0 6.22E-05 1.258 L.74E-02 1.54E-02 47.7 0.23 608.3 1.09E-02 1.0 997.0
54 80 0 53.7 0.00£+00 1.119 0.008+00 CLOOE+DD 0.0 0.50 687.2 C.00E+0D 1.0 wWro |
54 80 &0 53.7 0.00€+00 1,187 0.00E+00 0.00E+00 0.0 0.33 648.1  0.00E+00 1.0 "o
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nterpo !aﬂienifpeiermedxrsing
R

i . . https://en.wikipedia.org/wiki/Trilinear_i
tri-linear interpolation (GOR, p -
nd T must be provided)

Cia
/ 4
Es = TrilinearInterpol (GOR, p, T, GOR_bounds(0), GC CDUI C el
Rv = TrilinearInterpol (GOR, p, T, GOR_bounds (0}, GC 01
Bo = TrilinearInterpol (GOR, p, T, GOR_bounds(0), GC
Bg = TrilinearInterpol (GOR, p, T, GOR_bounds(0), GC C [ ]
vizseg = TrilinearInterpol (GOR, p, T, GOR_bounds(0), 10
deng = TrilinearInterpol (GOR, p, T, GOR bnundsw];
visco = TrilinearInterpol (GOR, p, T, GOR_Db 1y
deno = TrilinearInterpol (GOR, p, T, GOR_bounds(0),
IFTog = TrilinearInterpol (GOR, p, T, GOR ._bounds (0), C
‘raw = TrilinearInterpol (GOR, p, T, GOR_bounds (0), )
Bw = TrilinearInterpol (GOR, p, T, GOR_bounds(0), GC . 2
denw = TrilinearInterpocl (GCR, p, T, GOR_bounds(0), cooo COD 100

Viscw = TrilinearInterpol (GCR, p, T, GOR_bounds(0),

> make the interpolation

References - VBAProject

ficient, a "dictionary” is used in
e VBA code. Therefore, you

Available References:

I Visual Basic For Applications

st have this library active —__

inside the VBA menu Tools--> [

v Microsoft Excel 16.0 Object Library
| OLE Automation

| Microsoft Office 16.0 Object Libral
[{Microsoft Scripting Runtime

ferences

[l atpvbaen.xls

[IMicrosoft Forms 2.0 Object Library
[_] Ref Edit Control

[Isalver

[l vBAProject
[132-bit Aec32BitAppServer Library
[_]:-) videoSoft VSFlexGrid 7.0 (Light)

Set dictx = CreateCbject ("Scripting.Dictionary®)
Set dictxl = CreateObject("Scripting.Dictionary”)
Set dictx2 = CreateObject("Scripting.Dictiocnary”)
Set dictxd = CreateObject("Scripting.Dictionary™)

<

Microsoft Scripting Runtime

Language: Standard

[]:-) videoSoft VSFlexGrid 7.0 (Light/Unicode)
[T Ac3?RitAnnServer 1.0, Out of nrocess server for 32-hi Y
>

Location:  C:\Windows\SysWOW6&4\sarun.dil

ssure gradients (dp/dx) ar

ulated using the drift flux

al inarnal +inrrthe

oael (neglecting the

acceleration term)

dap

dx

+ pTng + pgvsg

dV dv,

=+ oy =

/oldesemayat and Gh

"he gas holdup (void fraction) was calculated using the correlatio
J
\

3

Usc

(ﬂﬁ)m Da(1 + cos ())(
Uso |1+ (§2)\* ) +29)2

—PG)

PL

Paim
(122 + 1.22 sin 0)ovem

Melkamu A, Woldesemayat, Afshin J. Ghajar *

Sehool of Mech:

! atiid Aerospace Er inng, Ol Stare University, Stillwater, QK 79078, USA

Received | June 2006; received in revised form 13 September 2006

Comparison of void fraction correlations for different
flow patterns in horizontal and upward inclined pipes

T

emperature of an intermediate

inear interpolation between inlet

int was calculated by doing a

* T{X)

d 4 d i th it
nd-outlet and usin (ne position

the point

—

Tv
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U)

The pressure integration was

-~ performed using Euler's
method. 10 intervals were used

wp

[

\)
-::5"
k—
s
Cg.

chiw ol Lo prcpanalioid

Nsec = 10 v p

— deltal = L / Nsec 1 {
9

——
o
-—
L~

qo qw ag pwf
[Sm3/d] [Sm3/d] [Sm3/d] [bara]
500 500 50000 271

PART 1: Learning how to use the VBA tubing function to calculate pwf

~gas is needed

~ -Calculate IPR and TPR and visualize results. Calculate TPR for several
- Rp and see the effect on the intersection and estimate how much gas lift

|
N?tural flow
: :
PART 2: IPR vs TPR _-
— We= 0 Rpe= 54 Rp= 54! =
a0 we qw Row ag Rp’ W g pwi(TPR) g 200.0
[sm3/d] [l [Sm3/d) [Sm3fsm3] [Sm3fd] [Sm3fSm3] [Sm3fd]  ([Sm3/d]  ([bara] 4
01 0 0 54 5376400 54 5376400  0.00E+00 185 g
1 1] o 54 5.37E+01 54 5.37E+01 0.00E+00 185 3 150.0
10 0 0 54 5376402 54 5376402 0.00E400 184 g
50 1] o 54 2.69E+03 54  2.69E+03 0.00E+00 181 = 100.0
100 0 0 54 5376403 54 5376403 0.00400 179 2
250 1] o 54 1.34E+04 54 1.34E+04 0.00E+00 181 E
500 1] o 54 2.69E+04 54  2.69E+04 0.00E+00 191 § 50.0
750 o o 54 4.03E+04 54 4.03E+04 0.00E+00 201 ~y
1000 o o 54 5.37E+04 54 5.3TE«04 0.00E+00 211 E
2000 [ 0 54 1.07E405 54 LO7E0S 0.00E400 256 : o0 T T T T T +
0 500 1000 1500 2000 2500 3000
PART 3: gas lift performance curve oil rate, go, [Sm3/d]
...... ——owf (PRl ——owf (TPR
| l I 'amﬁalilewappm ~400-Sm3/d oil
S !!IF GOR in tubing = 100 ‘
" PART 2:IPRvs TPR = 0.0
we= 0 Rpe= 54 Rp'= 100 3
| q0 wc aw Rpw ags Ao ag.;  pwf(TPR) E 200.0
[$m3/d] [1  [Sm3/d] [Sm3/Sm3] ([Sm3/d] [Sm3/Sm3] [Sm3/d]  [Sm3/d] [bara) a
01 0 0 54 5.37E400 100 1.00E+01 4.63E400 180 ¢
— 1 0 0 54 5.37€+01 100 1.00€+02 4638401 180 g 100
10 o 0 54 5.37E402 100 1.00E+03 4.63E402 174 g
| 50 o 0 54 2.69E+03 100 5.00€+03 2.316+03 160 2 1000
100 o 0 54 5.37E403 100 1.00£+04 4.63E+03 151 2
250 0 0 54 1.34E+04 100 2.50E+04 1.16E+04 147 E
- 500 1] 1) 54 2.69E+04 100 5.00E+04 2.31E+04 154 E 50.0
750 0 0 54 4.03E404 100 7.50€+04 3.476404 166 3
1000 [} [ 54 5376404 100 1.00E+05 4.63E404 179 £
— 2000 0 0 54 1.076+05 100 2.00€+05 9.256404 226 5 oo T T T T T *
0 500 1000 1500 2000 2500 3000

PART 3: gas lift performance curve

SOLVER

oil rate, qo, [Sm3/d]
——pwf (IPR) ——pwf (TPR)

gmnj

nterhection approx. 800 Sm3/d oil
inj 0-46 3

veen 34 7 46 300 Sm3/d

gas
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gas lift, GOR in tubing =300
PART 2: IPR vs TPR _ 2500
Wces 0 Rpy= 54 Rp= 300 E
qo wcC qw Rpy QEn Qsceat QB pwi (TPR) g 200.0
[sm3/d] [1  [5m3/d] [Sm3/sm3] [Sm3/d] [Sm3/Sm3] [Sm3/d]  [Sm3/d]  [bara] 3
| 0.1 0 0 54 5.37E400 300 3.00E401 2.46E401 175 ¢
1 ) 0 54 5.37£+01 300 3.00£402 2.466+02 172 2 1500 1
10 0 0 54 5376402 300 3.006+03 2.46E403 149 £
- 50 0 0 54 2.69E403 300 1.50E404 1.23E404 109 2 4000 4
100 0 0 54 5.37E403 300 3.00E404 2.46E404 97 2
250 0 0 54 1.34E404 300  7.50E404 6.16E404 95 E
— 500 0 0 54 2.69E404 300 1.50E405 1.236405 106 g 500
750 0 0 54 4.03E404 300 2.256405 1.856405 119
1000 0 0 54 5376404 300 3.00E405 2.46E405 141 g
2000 0 0 54 1.07E+05 300  6.00E+05 4.93E405 237 g T T T y T t
0 500 1000 1500 2000 2500 3000
PART 3: gas lift performance curve oil rate, go, [Sm3/d]
Y ——pwi (IPR) ——pwf (TPR)
| |
ntersection approx. 1200 Sm3/d oil
jinj betweeen 246 000-493 000
Sm3/d gas
GOR = 500 (gas lift)
PART 2: IPR vs TPR - 0.0
* W= 0 Rpe 54 Rp= 500 H
qo wc qw Rps age L. . pwt (TPR) E 200.0
L [sm3/d] - [Sm3/d]  [Sm3/Sm3] [Sm3/d] ([Sm3/Sm3] [Sm3/d] [Sm3/d] [bara] =
0.1 [ 0 54 5.37E400 500 5.00E401 4.46E401 173 g
1 0 0 54 5.37€401 S00 5.006402  A.46E+02 168 3 1500
b 10 [ 0 54 5.37E+02 500 5.00£+03 4.46E+03 132 §
50 [ 0 54 2.60E403 500 2.50£404 2.23E404 87 2 4000
100 [ 0 54 5376403 500 5.006+04 4466404 7 2
* 250 [ 0 54 1,34E404 500 1256405 1126405 82 3
500 [ 0 54 2.60E404 500 2.50£405 2.236405 100 E 50.0
750 [ 0 54 4.036404 500 3.75€405 3.356405 127 B
1000 0 0 54 5376404 500 5.00E405 4.46E405 150 £
2000 0 0 54 1.07E+05 S00  1.00E406  B8.93E+05 320 s 0o T T T T T t
| = 0 500 1000 1500 2000 2500 3000
PART 3: gas lift performance curve oil rate, qo, [Sm3/d]
. ——pwf (IPR) ——pwf (TPR)
|4, 1 14N =] s NP
Intersection approx. 1100 sm3/d

of oll

the

-Calculate |

gas

lift perform

qn

of the

ce cu rv;e

V}'lell

Flow equlibrium-> pwf calculated from TPR
should be equal to pwf calculated from IPR
by adjusting the rate
PART 3: gas lift performance curve oll rate, go, [Sm3/d)
SOLVER —pwf (IPR) —pwi (TPR)
P we o qw Ro @ G B RP" pwi(TPR) pwi (IPR) error
[sm3/d) [} [sm3/d] [Sm3/sm3] (Sm3/d] ([Sm3/d]  [Sm3/d] [Sm3/sm3] [bara] ([bara] [bara]
777.0667545 0 0 54 4.18£404  7.506405  7.926405 019 1 1n 1 Gas lift performance curve
POINTS 1400
By @ Re T 1200 ;
[sm3/d) [$m3/d] [Sm3/Sm3) § 1000 -
0.00E+00 400 54 2 500 4
LO0Es03 423 56 g
L00Es04 539 iz g o
2506404 679 0 B 400 1
5.00E+04 893 110 ® 200 4
LO00E+05 1061 148 0 . . .
2508405 1197 263 000E+00  2.00E+05 4.00E+05  G.OOE+05  B.00E+05
5.00E+05 1055 528 AT e
7.50E405 m 1019 gas lift injection rate, qginj, [Sm3/d]
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35.1. Flow equilibrium and gas lift performance curve in gas-lifted oil well with tubing table J
[
" Tee(Ih zcoity Gout, |
" 2 {
 Tte (th:cout , o,
N b — / 1
L S /] /
/N N— ™~ %7
4zic ?.( q , .
5~ 1= - A
LR S N\~ In 7 Fam (1 ('—-t’
e 5 \w |
N ~—" A\ !
b lP \\
.
y °\L 3
y |.,\ NIl 4 [. "i;-
-2
S ﬂgt 0
- cast hiumt
Gols - | 9 Gody dmi_
t -: : -:—
¢ % | bt %
0
? " » '
- f - -
. * 3 °
qo GOR pwi
—— [sm3/d]l [Sm3/sm3] [baral 300
0.1 54 185.3
o i ET
10 sa 183.9 250 -2
|| 50 s4 180.7
100 54 179.2
250 s4 181.2 200
I 500 sS4 190.8 —
750 54 200.9 =
. 1000 54 211.4 2 150
2000 54 255.6 3
— 0.1 100 180.4 a
1 100 179.7 100
|| 10 100 17a4.3
s0 100 159.7
|| 100 100 151.3 50
250 100 146.7
| 500 100 154.3
750 100 166.1 0
1000 100 178.6
[ 2000 100 225.6 0 500 1000 1500 2000 2500
0.1 200 175.4 qo, [SmB}'d]
T 1 200 173.8
. 200! 259.7 —e—GOR=300 —e—GOR=100 -e-GOR=54
— 50 200 127.9
100 200 115
| | 250 200 110.1
500 200 119.4
N
Gas lifted well exercise, Prof Milan Stanko (NTNU) I 200.0
5 1800
IPR PR a
pR [bara] 200 pwh [bara] 30 T« 160.0 A
qomax [sm3/d] 3000 g
wc [-1 0 g 140.0 A
GOR (Rp) t 100 3 1200 -
Ryr 00 ]
5 100.0
qo/qomax qo  pwf(IPR) qo  pwf(TPR)  qgT gk qginl B o0
Il [sm3/d] [bara] [Sm3/d]  [baral  [Sm3/d] [Sm3/d] [Sm3/d] = :
0.00 0 2000 0.1 180 1.00E401 100E+01 0.00E400 | £ §0.0 4
0.20 600 1789 1 180 100E+02  1.00E+02 0.00E400 — S
0.40 1200 154.9 10 174 1006403 1.006+03 0.00E400 Q8  40.0
0.70 2100 109.5 50 160 5006403  5.006403 0.00E400 ‘b o o
0.95 2850 a7 100 151 LOOE+04  1.00E+04 0.00E+00 § T
1.00 3000 0.0 250 147 250E404  2.50E404 0.00E400 |3 (0 . : : . . \
500 154 5.00E+04 5.00E+04 0.00E+00 =
50 166] 7.506108]  7.50£+08] 0.00E400 0 500 1000 1500 2000 2500 3000 3500
1000 179 LO0E+05  1.0OE+05 0.00E+00 oil rate, go, [Sm3/d]
2000 226 2.00E+05 2.00E+05 0.00E+00

i S e s e i i s i — o (PR —owi (1)
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200.0

180.0 A
160.0 A
140.0 -
120.0 -
100.0
80.0
60.0 1
40.0
20.0 1

flowing bottom-hole pressure, pwf, [bara]

o
[=)

o

T T T T T T

500 1000 1500 2000 2500 3000
oil rate, go, [Sm3/d]

——pwf (IPR) ——pwf (TPR)

3500

200.0

180.0 -
160.0 -
140.0 -
120.0 -
100.0 -
80.0 A
60.0 A
40.0 -
20.0 A

0.0

flowing bottom-hole pressure, pwf, [bara]

500 1000 1500 2000 2500
oil rate, go, [Sm3/d]

—pwf (IPR) ——pwf (TPR)

3000 3500

Determine

the equilibrium point:

qo
[sm3/d]

- Flow equilibrium solver

Rgr pwif (IPR) pwf(TPR) ermror
[Sm3/Sm3] [bara] [bara] [bara]

939.97 700 166 166

/71'

0

LG QBroral
[Sm3/d] [Sm3/d]
9.40E404 6.58E+05

Ao
[Sm3/d]
5.64E+05

qo

[Sm3/d] [Sm3/5m3]

939.97

Ryr

700

\ /

\

change, until

(]
v
w
N
W
(@]

o

Repea

t for Rpt from 100 to

/00:
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Gas lift performance curve

1000 _/\

0.00E+00 1.00E+05 2.00E+05 3.00E+05 4.00E+05 5.00E+05 6.00E+05

gas lift injection rate, qginj, [Sm3/d]
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Lecture 36: Hardware

forg

as lift we

SURPLUS GAS
TO SALES

- INJECTION GAS MANIFOLD
(METERING AND CONTROL)

COMPRESSOR

STATION

OlL STORAGE
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MMM Series
side pocket mandrel.

From Schlumberger catalog

From Lufkin catalog
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NOVA orifice venturi
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Slickline
kickover tool

Side pocket
mandrel

E\\
[ﬂ

For an animation check: hitps://www.youtube.com/watch?v=RA3V42hdrDk at 01:00

https://www.slb.com/-/media/files/oilfield-review/defining-gas-lift.ashx



locking
fingers
of the
pulling
tool

Jarring down.

The lock ring .

contacts the Jarring down. The
wall cam. cam presses the

lock ring upwards
and compresses
the spring

Jarring down. The
cam presses the
lock ring to the
side and the valve
moves down pass
the cam.

of. Milan Stanko

Jarring down. After

the lock ring
passes the cam,

the spring extends
and brings the ring

to its original
position. The valve

is now locked in
place.

Jarring up. The lock ring
locking fingers contacts the
contact the cam.

fishing neck.

Jarring up. The

Jarring up. The
shear pinis
sheared, the
spring pushes

the sleeve
upwards

FIGURE 3-8. SEQUENCE TO RETRIEVE A GAS-LIFT VALVE FROM THE MANDREL POCKET

Jarring up. The
cam pushes the

lock ring to the

side and the

gas lift valve

moves upwards
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Tubing-retrievable gas lift
mandrels (From Lufkin
catélogue)
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Annular safety valve

hitps://ndla.no/subject:1:01c27030-e8f8-4a7c-aS5b3-489fdb8feal30/topic:2:18206 1/topic:2:151959/resource: 1:182399/332

ASYV skal alltid plasseres under DHSV i kompletteringen. Det er fordi kontrollinjen til DHSV ikke skal
fores gjennom ASV.

Fig 1 - PRINCIPLE OF AC 1 ANNULUS VALVE
L—-—-—-—-—— 7" Tubing :

Control Line

. 5.87"AC1 Valve

OR0N0;

| AC 1 Nipple

HOLORO

Injecti H
jection Gas Path .

10 3/4" RHR Packer

Trapped Gas
5 1/2" Tubing /
Production Casing

LE Close Position 4 Open Position

SPE number/page 19278/1

Title FIELD EXPERIENCE IN DOWN HOLE ANNUIL.US SAFETY VALVE

Authors J IL. GEYELIN

TOTAL—CFP
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Lecture 27
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http://www.orisun.asia/Products.asp?dl=111&xI=165

Other-important components:

-other gas-handling equipment (after the
gas separator)

-Check valve (above the pump)
-Bleeder valve (above the check valve)

http://www.orisun.asia/Products.asp?di=111&xl=
164
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Switchboard
Junction
Wellhead Box

Flowline e %

_Sub me HSI b l.e (

motﬁ
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Pump

Intake or
Gas Separator

Protector

Motor

380V Distribution

Variable Speed
Control Drive (V5D unit)
system,
data logger
and comm,

interface
&

RTU

Remote
Terminal Unit
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Depletion

Variation of frequency - why?

Prof. Milan Stanko (NTNU)
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Lecture 39 - Flow performance of ESP - part 2

Hydraulic efficiency
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PIV measurement in a radial flow stage

» Flow features in diffuser and impeller may 1 Eficienc
be identified from measurements

» Flow misalignment and recirculations
reduce efficiency

Head

________________________________________ 7 BEPN Flowrate
BEP flowrate

55% of BEP flowrate 79% of BEP

1 1 L L L 1 1 L L | |
04 42 0 02 06 04 42 0 02 26 04
xR xR

9z

xR
Example of stall region in diffuser passage (measured)
PR IDOLE EAST (11 : SPE-14MEAL-14017-PP-MS * Measurement and Unsteady Simulation of Internal Flows within Stages +J Dusting

Prof. Milan Stanko (NTNU)
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Peregrino ESP Well coverage Pumpll!- 1 ety P47 550
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ESP Application on Heavy Oil in Peregrino Field

Vinicius Castro, and Daniela Leite, Statoil; Daniel Lemos, Jean Marins, Rui Pessoa, and Jodo Magalhdes, Baker
Hughes

@“3 V-JOOJI‘{D OA!’ ’H’UJ c\Lio c.,{/)[t(‘/‘f! JA—C @OYLV‘M’&% o:,, f\m,P

o |
r~ “40
\\o CP
l

q

LINIEREITY (F DAVTON ROFSCH TIRFARY - ANSIHI 9.6.7-2010

American National Standard (Guideline) for

Effects of Liquid Viscosity on
Rotodynamic (Centrifugal and Vertical)
Pump Performance




Oil and Gas production wells Prof. Milan Stanko (NTNU)

20241028

OUTLINE

-Occurrence of multiphase flow of CO2 in injection wells
-Recap of video lectures on artificial lift

-Exam questions

Carbon Dioxide: Temperature - Pressure Diagram
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100 - Carbon dioxide
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Pressure-Enthalpy Diagram '
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T=Temperature, °C
300 400 500 600 700 800 900 1000
Produced by I. Aartun, NTNU 2002, Based on the program Aliprops
Enthalpy [kJ/kg] Center for Applied T amic Studies, U y of Idaho.

Conditions for which | might have CO2 multiphase flow in the wellbore:

-Low pR( saline aquifer hydrostatic column (120 bara)
-Low pwf, high injectivity index (J)

-High pressure in the pipeline (higher than 80 bara)
-Wellhead choking

Why is it a concern to have two phase flow in the tubing?
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vV - ‘Uo.1000 | z 25w/
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OUTLINE:
-Exam questions on artificial lift.

707\ -vt J&hﬁ) mvl'&{{,ﬁ
PROBLEM 3 (6 POINTS).

Hanz is a small undersaturated oil reservoir satellite to the Ilvar Aasen platform. The reservoir will be
developed using one single oil producer and a flowline connected to the platform. The flowline from the
Xmas tree to the platform exhibits a very low pressure drop, thus, as a first approximation, the wellhead
pressure can be safely assumed to have a constant value of 50 bara.

The well will be produced with open choke. The well doesn’t produce any water.

The IPR of the well is provided: ? q ¢o. 200 hooo ?“

s =J-(pe - p,, R (. % =5
7 (o= por) ?“‘Sr - T M"@H:u ! 00 bes
J =60 sm?*/d/bar 0 ) 1‘ . \

With ps= 200 bara. i P..,_‘

The tubing performance relationship (required flowing bottom-hole pressure at constant wellhead
pressure of 50 bara) is provided in the figure below.

Tubing performance relationship for p,,,, = 50 bara

N
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oil flow rate, qo, [Sm~"3/d]

Task 1. Is is possible for the well to produce 4000 Sm3/d by natural flow? If not, estimate the pressure
boost required by the ESP pump located downhole.
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TPG4245 (Regular exam 2022) — Prof. Milan Stanko
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page 1 of 3

PROBLEM. (100 POINTS)

You are part of the well planning team in AkerBP that is tasked with designing a vertical
production well for the Noaka development. The reservoir consists of an undersaturated oil

layer.

The well is vertical, it has a tubing and a bottom packer, both placed close to the formation and
to the perforations, therefore the pressure drop from the perforations to the bottom of the tubing
can be neglected. The lower completion consists of a perforated cemented casing.

4. (20 POINTS) The reservoir engineers have determined that the natural flow rate is not
high enough and that artificial lift is required. Consider a downhole electric submersible
pump located at the end of the tubing, in front of the perforations. Estimate pump delta
pressure, oil volumetric rate at pump suction and required pumping power to produce as
much oil as possible. Make sure that the suction pressure does not go below the bubble
point pressure of the oil at reservoir temperature.

This question is similar to the one solved above. The only difference is that TPR is not given graphically, but

in tables. But which TPR curve to use? (for which GOR), what is the reservoir GOR?

-Undersaturated oil reservoir --> single phase flow of oil entering into the wellbore
-BO properties at TR versus p are available.

Oy = n“@h =100

B.0E+D1 +

6.0E+01 <

BO property

4.0E+01 4 -

R -

150 200 250 300 350
pressure, p, [bara]
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go will be maximum, when pwf is minimum, but pwf>=pb (253 bara), then pwf=253 bara

t20 POINTS) An engineer in the office has suggested using gas lift, because then the
suction pressure can go below the bubble point pressure and one can potentially

produce more from the reservoir. The gas lift valve will be placed as close as laossible to

the bottom of the tubing, and therefore, the gas-lift analysis can be performed

considering that the tubing GOR is changing. In the Excel file, several TPR curves are

given for different values of Rp (GOR). Determine if using gas lift is a better idea to
increase production and estimate the optimal amount of gas lift rate required.
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Consider a gas-lifted oil well. The injection point is very close to the bottom of the tubing, so it is
reasonable to assume that the lift gas is injected at the end of the tubing (see the figure below). The end
of the tubing is very close to the perforations.

.l

B F

‘1§Li

'."’________‘_,_.—.,__ A ———
'\-\. "\.{E ’pl-
o

___/'_"'N-.-"'_'_' q.. o S —
32
The reservoir GOR is equal to 54. The reservoir IPR can be modeled with Vogel equation:

Pwr _ o8- (pw;)z]
Pr Pr

956 = qs,max [1 —0.2-

using a pR = 200 bara, and a gomax = 3000 Sm3/d.

The figure below shows the curves of Tubing performance relationship at a constant wellhead pressure
of 30 bara, for different values of GOR in the tubing.

350 pwh = 30 bara
300
pwf pwf/pR qo

250 175 0.875 637.5
= 200 150 0.75 1200
§ 125 0.625 1687.5
“5.-_‘ 150 100 0.5 2100
(=R

100

50
0 + k=l T ' T T T 1 “qo (3“-)-;“):2"!»%
(0] 500 10002 1500 2000 " 2500 3000
<o ff;; [Sm3/d]
——GOR=54 ——GOR=100 ——GOR=300 ——GOR=500

Task 1. Determine the optimal gas lift injection rate (i.e. the one that gives the highest reservoir oil rate).
Use only the tubing GORs that are provided in the figure. Explain the procedure you followed.

Additional information:

* Solve this problem graphically.

1'54, +
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[ 10200 ‘.’H— a.{ -’a{.
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PROBLEM 2 (20 POINTS). Estimation and verification of ESP requirements

The Rio Ariari complex is a field currently under development in the region of “Los llanos” in
Colombia. The reservoir has a thin layer (19 m) containing undersaturated oil and a very strong
bottom aquifer. There is coning from the water layer into the well

The field will be produced with ESP-lifted horizontal wells like the one shown in the figure below.

At —ml - | - —— | - \—
¥, &Y

—— The Wood company has proposed a unique ESP model (TE7000) with 50 stages which they

claim has a wide operational envelope to handle all possible well operational conditions.
Your task is to estimate and verify the ESP requirements for a well in the Ariari Field.

TASKS:

Task 1 (5 POINTS). What is the effective viscosity (in cP) of the oil-water mixture (using the

~ Richardson emulsion equation) when the well is producing a total liquid rate of 250 Sm¥d with

54% water cut?

-~ Explain how you have performed this task.

Task 2 (10 POINTS). -For the total liquid rates of 250 Sm®d, estimate the required pump
pressure boost (DP in bar, input a positive number) and pump power (in kW) to deliver the rate
if the wellhead pressure is constant and equal to 40 bara.

Explain how you have performed this task.

Task 3 (5 POINTS). -According to the ESP envelope given below, will the ESP model
suggested be able to deliver the desired rate of 250 Sm?d?

-~ Explain how you have performed this task.

I I I I I I I I I I I I I I I I I
WC is input in fraction.

This equation is programmed in a VBA function called “Avprop” provided in the Excel sheet.

f(n.-l NJP.
* The oil+water mixture exhibits an emulsion behavior where its viscosity is a function of l
the water volume fraction. The cutoff watercut is 60%. q
Regime Richardson emulsion viscosity we =
Oil continuous (WC < 60%) u, = p, - forb
Water continuous (WC > 60%) u, = p, -’
% - %

The viscosity of the oil is 10 cp and viscosity of the wateris 1 cp (1 cp=1E-3 Pas). WC is

input in fraction.
| | | | | |

/\;ﬁ.o

¢ Assume that the oil compressibili
standard conditions is equal to the rate at local conditions p and

ty and GO

R can be neglected such as the rate at
T.
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| *Gravitational acceleration g, [m/fa{2]
g = 9.81

Pi number
Pi = 4 * Atn{l)
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'Calculating area and velocity
Area = PL * {ID ~ 2) /

| v = qt / Area
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Lecture 41: Temperature calculations in wellbore
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Heat Transfer for Flow in Conduits M. Stanko

8.  HEAT TRANSFER FOR FLOW IN CONDUITS

The equation for conservation of energy for a section of a conduit is

) . ) EQ. 8-1
Q+W =m-(eou — €in)

The specific energy that the stream has is usually split in internal energy (u), potential energy (z:g) and kinetic
energy (V?/2).

A conduit doesn’t exchange work with the surroundings, but the fluid must perform work to enter and leave
the system. This specific work is: (Pin * Vin = Pout * Vour) (Here v is specific volume).

By combining the inlet and outlet specific internal energy “u” with the specific work to enter and leave the
system to obtain specific enthalpy, the energy conservation equation is written as:

£, Vuie)” (Vin)? EQ.8-2
Q=m- (hour +Zoue "9+ o;t - hin —Zin" 9 — %
Or, alternatively
. . (Vout)z (Vin)z EQ.8-3
Q=m (ﬂh.+&z g+ > >

Here A represents outlet minus inlet.

In differential form (for an infinitesimally small length of pipe) the equation can be expressed as follows:

. =0
Q . _(dh.+ dz . ) EQ. 8-4
FT7A VTAME AP TR/ T)

Heat leaving the system is negative (the temperature of the outlet fluid is lower than the temperature at the
inlet and the term Ah is usually negative). Heat entering the system is positive.
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Oil and Gas production wells Prof. Milan Stanko (NTNU)
specific enthalpy (h):
-Another BO property, just like
viscosity, density, etc
-calculated at p-T with e.g. EO!
Mixture specific enthalpy:
ol —
! P T ho hg
I'\m = Xq .Lu; + Xeo h, X, he [bara] (€1 [w/kgl [k/kgl
~ 300.0 148.0 -2108.26 -3529.99
N 1 l 300.0 137.1 -2136.36 -3602.31
Ke = 3 [ | 300.0 126.2 -2164.67 -3672.1
3= = 300.0 115.3 -2193.21 -3739.34
mr 300.0 104.4 -2221.97 -3803.95
300.0 93.6 -2250.97 -3865.83
300.0 82.7 -2280.24 -3924.82
300.0 71.8 -2305.53 0
300.0 60.9 -2329 o
300.0 50.0 -2351.97 o
285.7 148.0 -2094.13 -3547.64
285.7 137.1 -2122.44 -3619.91
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285.7 115.3 -2179.62 -3757.24
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OIL PHASE GAS PHASE FIGURE 8-8. BEHAVIOR OF SPECIFIC ENTHALPY OF GAS AND OIL VS. PRESSURE FOR THREE TEMPERATURES

FIGURE 8-6. BEHAVIOR OF SPECIFIC ENTHALPY OF GAS AND OIL VS. PRESSURE FOR THREE TEMPERATURES
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Oil and Gas production wells Prof. Milan Stanko (NTNU)
-1 sign
LHeat term (Q) J
Q:—Zon.L-r.U-(Tf_Tm) EQ-S'ZO i
Where:
' i reference radius [m] |
U Overall heat transfer coefficient, expressed in terms of the reference radius r [W/m?2.K] |
T Mean ambient temperature [K or °C] |
Tr Mean fluid temperature in the section [K or °C] 4
. . . . . . ) d T
In this section we will work with the heat by unit of conduit length % = d—f
| t transfer mechanisms: In pipes Convective heat transfer A hL |
— . Ny = Conductive heat transfer kL T
srorced convecuori T
) . ~— . I
Condaction N\, 90 > forced:  Nu— f(Re,Pr)
— H“—_->_=—2'7T'Ti'hi'(Tf—Ti)
L > free Nu= f(Gr,Pr
_/
‘\ IMPLICIT! T is required to find hl!
N\ ~, steadystate d( (T; — T,)
\ In G2)
~,
2 Transient?
ATTENTION!!
-h can be pump head (‘deltapl(d en*q))
h czn b speEﬁc enthalpy (u+p*v)
-h can be forc dffHee convection
coefficient
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Clearing the temperature difference between fluid and wellbore wall:

dQ
(Tr — Twp) = ~dL

il 1 1 1 1 1

2-m-1richy 2-Moke 2 7o hann 2T Kpe 2-m-k. 2-m- ki

In (rt,o) In (rpc,o) In (r:‘c,i ) In (ric‘.o)
Tt,i rpc,i rpc‘,o ric,:‘

1
= 2-m-k,

=t
In ( wb)
Tic,o

If the inner tubing radius will be used as reference radius, we then we divide by the inner perimeter of

the inner tubing:
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¢ Inner forced convection: The inner forced-convection coefficient (h;) is usually in the range 100-

50 000 W/m? K.2 It is lower for low velocities and for gas flow. This gives a term in the range O(1E-
5) to O(1E-2).

e Conduction in metal: Inner radii of well tubulars and pipelines are usually in the range 0.01-0.25 m.
The ratio between inner and outer radius is usually between 1.05-1.3 (thickest pipe walls are usually
for the small pipe diameters), thus the natural log of it is between 0.04-0.24. Lastly, the conductivity
of the steel is around 45 W/m? K. This gives a term O(1E-4).

Free convection in the annulus (Term 3): The free convection coefficient in the annulus usually has values
around 100 W/m? K. The ratio between outer and inner tubing diameter can range from 1.05 to 1.3. Therefore,
this term is usually O(1E-2).

Conduction in cement (terms 5 and 7): The thermal conductivity of cement (k) is usually in the range between
0.3 to 2 W/m K. The ratio between the outer and inner diameter of the annular space is usually around 1.2.
The inner tubing diameter is usually 0.02-0.2. Therefore, this term is usually O(1E-2).
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Heat transfer in formation or soil

A e
0°T, 1 0T, c.-p, 0T,
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T T O do aT
T T T T —Q:—ZEke‘wa—e
— k. Thermal conductivity, soil [W/m.K] dz orly=r,,
G, Specific heat capacity, soil [J/K.kg] 4\
| ~—— input
t Time [s]
— Transient!!!!
An approximate, analytical
solution:
~ Wellbore Heat Transmission
- H, J. RAMEY, JR. MOBIL OIL CO. .
MEMBER AIME SANTA FE SPRINGS, CALIF.
SPE 22866 T
Heat Transfer During Two-Phase Flow in Wellbores: T
Part |I—Formation Temperature
UTing that solution, Tnd doing some math: ;l:.mgma:::. U. of North Dakota, and C.S. Kabir, Chevron Oil Field Research Co.
| | A T T T T T T T T
— U-k _
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Dimensionless time, tp, =
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Lecture 42 . Temperature calculations in wellbore - exercise
u o o BO table column
TVD [m] T[C] p[bara]
0 50.0 28
-~ 500 57.1| 39.2|
B 1000 64.3 58.6
1500 71.4 82.5
— 2000 78.6 109.4
B 2500 85.7 138.4
3000 92.9 168.9
= 3500 100.0 200.2
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L=y gy

TVD [m]
0
500
1000
1500
2000
2500
3000
3500

BO table column

T[C] p[bara]
50.0 28
57.1| 39.2
64.3 58.6
71.4 82.5
78.6 109.4
85.7 138.4
92.9 168.9
100.0 200.2

TVD [m]
0
500
1000
1500
2000
2500
3000
3500

TIC]
65.6
74.5
81.2
86.3
90.9
94.9
97.9

100.0

p[bara]

28

44.8

65.3

89.1

115.8

144.5

174.7

205.9

of. Milan Stanko
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OUTLINE:
-Introduction to PROSPER and Pipesim

A Brief History of PIPESIM

1984 - PIPESIM developed on Unix Platform
® 1985 - PIPESIM ported to DOS & Baker Jardine formed

® 1990 - PIPESIM GOAL (Gas Lift Optimization & Allocation)
Developed

1993 — Windows GUI added to PIPESIM

1994 — PIPESIM Net Launched

1996 — PIPESIM FPT Launched

1997 — PIPESIM FPT linked to ECLIPSE

2000 — PIPESIM 2000 developed (New 32-bit GUI)
2001 — Baker Jardine Acquired by Schlumberger

2003 — Q1 — Release of PIPESIM 2003
Schlumherger

Nows

Schlumberger acquires Baker Jardine and Associates

Apr 11, 2001 Updated Apr 11, 2001, 2:26pm COT
RECOMMENDED
GeoQuest, an operating unit of Schlumberger Oilfield Services, has inked a deal PMMERCIAL REAL ESTATE
IN THIS ARTICLE to acquire Baker Jardine and Associates, a London-based petroleum

engineering firm. BJA is a provider of software tools, information technology
consulting and integrated solutions focused on increasing oil and gas

. ENERGY
production.
BlackRock to invest

PETEX (1990)

FOUNDER: GUEDROUDJ, HAMID (working earlier at EDINBURGH PETROLEUM SERVICES
LIMITED (EPS)

https://www.petex.com/the-company
/

Hamid Guedroudj
Chief Executive
Petroleum Experts Ltd



https://www.petex.com/the-company/

TPG4245 2024 — Assoc. Prof. Milan Stanko - Class exercise

1. Subsea oil well modeling

Goal: set up a computational model of the well and perform some production engineering analysis.

Fluid information:

Use a black oil correlation of Glasg (ps, Rs, Bo) and Beal (viscosity) to characterize your PVT behavior.

Solution GOR = 142 Sm”3/Sm3
Producing GOR = 142 Sm”"3/Sm~3
Oil gravity = 37 API (840 Kg/m"3)
Gas gravity =0.76

At initial conditions no water.

Formation Water salinity = 23000 ppm
No H2S, CO2, N2.

Heat capacity of oil = 2.219 KJ/Kg/K
Heat capacity of gas = 2.1353 KJ/Kg/K
Heat capacity of water = 4.1868 KJ/Kg/K

Well layout:

Deviation survey

Geothermal gradient

roughness =
0.015 mm

MD [m] | TVD [m]

0 0

123 122

1059 1036

2164 2103

2640 2560
MD [m] | T[C]

0 4

2640 100

3/ g

Overall heat transfer coefficient = 45 W/m~2 K

Reservoir info:

Producing from a single layer
Reservoir pressure = 360 bara
Reservoir temperature = 100 C
Water cut = 0%

Productivity index = 12 Sm”3/d/bara

Flow in Tubing (ID = 4 in),
length =120 m

SSSsV, 1D 3.7

Flow in Tubing (ID = 4 in)
length = 2440 m

Flow in Casing (ID = 6.4 in)
length = 80 m
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Tasks

PVT

e Determine the bubble point pressure of the oil and gas mixture at reservoir temperature

e Plot Bo, Rs and visco versus pressure at reservoir temperature. Export the curves to Excel.

e Perform a calibration of the BO correlations. Assume that the viscosity of the oil at reservoir
pressure and temperature is known and equal to 1.3 cP.

Pressure transverse calculations

e Perform a calculation assuming wellhead pressure is 35 bara and oil rate is 1000 Sm3/d.
examine the results and plot versus measured depth the following variables:
0 Total pressure gradient, hydrostatic, frictional and acceleration pressure gradient
components
0 Liquid holdup and non-slip volume fraction. Compute slip between liquid and gas.
0 Gas and liquid velocities
0 Temperature
e Repeat the calculations above for a wellhead pressure of 70 bara and oil rate of 1000 Sm3/d.
How does this change affect your results?
e Change the overall heat transfer coefficient to 10 W/m2 K and repeat your calculations. How
does this change affect your results?
o Assume the well is producing with a water cut of 20%. How does this affect your results?

TPR

e Calculate TPR curves for wellhead pressures equal to 35 bara, 70 bara, and 100 bara.
e Calculate TPR curves for GOR equal to 200, 300 and 600 Sm3/Sm3.

Flow equilibrium

e Estimate the producing rate using flow equilibrium and wellhead pressure is 35 bara.

e The team is considering using a bigger tubing. Evaluate the effect this could have in the
equilibrium rate.

e Assume the well is producing with a water cut of 20%. How does this affect your results?




Transient flow
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Presentation by Prof emeritus Harald Asheim



Transient, multiphase flow in pipe

* In multiphase piplelines, liquid slugs, large enough to «drown» the processing plant, had been experienced. This led to
development of the OLGA-program, supported and verified by measurements from the large scale experimental facility at
Tiller. It enabled prediction of transient multiphase performance, providing basis for safe operation. So, the task of
predicting transient multiphase flow may be considered solved... ?

e |s further R&D is worthwhile? This old professor-emeritus thinks so. And it may be supported by field measurements.

e This presentation outlines the basics of transient multiphase flow and how it may be predicted.....

* Content

1 Field measurements

2 Physics

3 Mathematical modelling

4 Numerical solution



Field measurements, Heidrun well

=40 T
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Multiphase measurement = I + J 1
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Ref.: Verification of Transient, Multi-Phase Flow Simulation for Gas Lift Applications, SPE 56659.




Physics

Wave=Some recognizable change that moves through space

In 1 phase phase flow: compression waves (change of pressure and velocity)

In 2 phase flow

* Pressure & velocity change : Compression waves. Fast
* Fraction change . Kinematic waves*. Slow

* aka: «continuity waves» , «density waves»



Initial: Steady state flow

Gas inflow twice as high as liquid

Liquid fraction in pipe 50%.
This due to slippage




5 seconds after increased water inflow
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10 minutes after increased water inflow

The pressure wave has passed
Fraction change proceeds along the pipe

Kinematic
wave velocity




Performance

The first minutes, the water inflow increase has little effect on the outflow.
After 15 minutes, the increased fraction reaches the outlet and liquid outflow will increase
After some more time, liquid outflow will stabilize and new steady state reached

2000 T
T Initial

1500 e e t=4.6 min.
E ~a. el — t=9.2 min.
£ e N S —— t=15.3 min.
E_'IDDD' ~ T ~
a Tl Trimg

h\"":-.-_\-"'\—y._\_ = o
500 f \ﬁ_"*m
D | 1 1 1 1 | H""" 1 - -\--|: o "= . 1

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Liquid fraction: Y,



Mathematical modelling
(Transient contributions in red frames)

1 Pressure balance of flowing mixture

ov
° ot

1% _g+pf

ov

op oy 1

/
ot

u + pm v:r?s . = + pTng + Efm

ox ox

2 Mass balances for gas and liquid phases

0

ot

0

(pgyg) + a(pgvﬁgg ) +w, = mg

0

Ot

()Ofyf)

0 .
+ _()O.FV.S.F ) _ H’Js — ma’

ox

3 Drift flux relation: v, =C v, +v,

4 Density relations: o, (p.T,......) p (p.T,

2
pmv~ =0

d iy



«Processed Equations »

Mathematical manipulations of the modelling equations above results in:

Reduction from the 3 pdf equations to 2: One pressure equation and a total mass balance



Numerical solution

Discretization of the 2 pdf equations leads to the matrix: Ax=b

Prediction of pressure and velocity change in time and space by inversion:

Vo EER>
) — tr o =1 [ 1t
e B d;, 4y, P a4, —aq,,V,
—P — b?,] b4,1 0 Vy B1 o b1 Vi
| 'ﬁ !0 a5 éﬁa ds 5 4,2 [ P, _ o,
| —
| L : bm bz,z Vs Bz
| | 0 P Oy
. | | L — - —
P —] .
2 fe— Bandwidth (5) ——= _
v . : Diagonal
—P=p,_-
4t

Given pressure and velocity, fraction is updated explicitly (no matrix inversion)



TPG4245 2024 — Assoc. Prof. Milan Stanko - Exercise using production engineering simulation
software

1. Snghvit subsea gas well modeling

Fluid information:

Use the compositional PVT model for your PVT behavior.

Component Moles

Water 0
Methane 78
Ethane 8
Propane 3.5

Isobutane |1.5
Butane 1.2
Isopentane 0.8
Pentane 0.5
Hexane 0.5
C7+ 6

Properties for pseudo component C7+: Molecular weight: 115, specific gravity: 0.683

Well layout:

Deviation survey

MD [m] | TVD [m]

2100 2100

Geothermal gradient

TVD [m] | T[C]

0 4
2100 92
roughness =
0.015 mm

MA
N
/

Vv



TPG4245 2024 — Assoc. Prof. Milan Stanko - Exercise using production engineering simulation
software

Flow in tubing only, tubing diameter 0.15 m
Overall wellbore heat transfer coefficient = 30 W/m? K
Reservoir info:

Producing from a single layer

Reservoir pressure = 276 bara

Reservoir temperature =92 C

Backpressure coefficient = 1000 Sm3/d/bara
Backpressure exponent =1

Tasks:

e Determine the saturation pressure of the fluid at reservoir temperature.

e Plot the phase envelope of reservoir fluids.

e What is the condensate gas ratio, and the water gas ratio of the well?

e Estimate the producing rate using flow equilibrium assuming that the well is producing
against a constant wellhead pressure of 100 bara.

e Calculate equilibrium rates for wellhead pressures equal to 100 bara, 120 bara, and 150 bara.

e Add a wellhead choke with size 16/64”. Report the new equilibrium rate and temperature
downstream the choke.

e Pressure gradient calculations: Perform a calculation assuming wellhead pressure is 100 bara
and gas rate is 3 E0O6 Sm3/d. Examine the results and plot versus measured depth the
following variables:

o Total pressure gradient, hydrostatic, frictional and acceleration pressure gradient
components

o Liquid holdup and non-slip volume fraction. Compute slip between liquid and gas.

o Gas and liquid velocities

o Temperature
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