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Information

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

Teaching assistant: Ikhsan Aulia (auliain@stud.ntnu.no)

Lecture schedule

— Tuesdays, 10:15-12:00 (theory and exercises) — P12
— Thursdays, 08:15-10:00 (theory and exercises) — P12
— Thursdays*, 11:15-12:00 (TA/Exercises) — P10

Course description

% .
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Course scope

* Production performance of wells and gathering systems.

« Addresses the integrated production 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
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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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Course content

* Introduction (well layout, production engineering domain)
*  Flow equilibrium
* Inflow performance relationship

— Undersaturated Oill
+ Radial and horizontal wells
» Water coning

— Dry Gas
* High velocity flow

— Saturated oil
*  Choke performance
e Tubing performance

— Dry Gas flow

— Tubing size considerations

— Multiphase flow of oil, gas and water
« Atrtificial lift

—  Gas lift

— Electric submersible pump
Temperature calculations in wellbore
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Course scope

e Practical Sl units only (bar, m3), not field units.

» Little 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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Information

e Lectures until 24 November
o Consultation time: preferably after class. Try to make an
email appointment.

 Reference group — any volunteers?
— Everyone can provide feedback using the anonymous comment
box (in blackboard)
 Use Blackboard to navigate the course

— Use the forum for Q&A
— For group deliveries: Join a group before delivering the exercise
(even if group consists of only one person!!)
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https://innsida.ntnu.no/wiki/-/wiki/English/Reference+groups+-+quality+assurance+of+education
https://innsida.ntnu.no/bb

Reference material

e Milan’s Compendium

e Book: Well performance (Golan and
Whitson)

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

Other

e Production wells compendium (Asheim)

 Book Nodal analysis of Oil and Gas
production Systems, (Jansen)

Michael Golan!Curtis |

PERFORMAN?E
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https://drive.google.com/open?id=1dkRpQOBfkr9tqkSS6f9MDjO4XW-Sy3DS

Evaluation

e 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

© NTINU | Norwegian university of


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
Video exercises are part of the assignments

Nr. of assignments is not yet known

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

B NTNU | saencanaecmoisy 10



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

© NTINU | Norwegian university of
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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)

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

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

« DO THE EXERCISES BY YOURSELF
e Read the additional material provided, if any

B NTNU ‘ Sce cea dTechno%gyf 12



Teaching - streaming

@ NTNU |

Norwegian University of
Science and Technology

Fysisk tilstedevaerelse for studenter ved Fakultet for
ingenigrvitenskap fra hesten 2022

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

| lepet av varsemesteret har vi opplevd manglende oppmate i forelesninger som
giennomferes fysisk. Manglene oppmate i undervisningen gjer det vanskeligere a felge
opp det pedagogiske opplegget, og diskusjoner og samarbeid blir vanskelig a
gjennomfere. | tillegg eker risikoen for faglige hull blant studentene noe som kan gi
darligere gjennomfaringsevne.

Fra studiestart hesten 2022 blir forelesninger og undervisning primeert gjiennomfert
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 strammer undervisningen.
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Teaching —recording?
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Course progress overview — Excel file
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Tools

Primary:
 Excel (VBA)

e Pipesim (SLB) or Prosper (PETEX) —

Secondary:
* Hysys (Aspentech) — farm.ntnu.no

Computer lab P2

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

Colaboratory

@ NTNU ‘ Sce cea dTechno%gyf
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COMPLETION BITE: WELLHEAD ARCHITECTURE

The wellhead has the following main functions:

Provides structural support (suspension point) for all casings and tubing strings. It transfers all loads
to the ground through the conductor.
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Offshore Structures for Oil and Gas Production M. Stanko

It seals off each annulus at the top (at the bottom such seal is achieved by cementing). This is to avoid

leakages and to avoid that an outer casing, of a smaller pressure rating, will be exposed to full reservoir
pressure and therefore fail.

Provide a connection point (interface) with the BOP and the Christmas tree.
Provide annulus access and monitoring.

The procedure to deploy a wellhead during onshore drilling operations is described next. The focus is primarily
on the wellhead thus some details about the drilling process are omitted. The mechanical details of wellhead
components are simplified for clarity.

1. Dig the cellar, drill the conductor hole (typically 36 in), run the conductor (typically 30 in and length
40 m-120 m) and cement it. Cut the conductor to the desired height (such that the production master
valve will be easy to operate at ground level).

ground level

well cellar
_.—conductor

cement

FIGURE 6-4. DEPLOYMENT OF THE CONDUCTOR

2. The BOP is placed, the surface casing hole is drilled (typically 24 in), the surface casing is run (typically
20 in) and cemented. The well is plugged and the BOP is removed. A baseplate is installed to transfer
all loads to the conductor and the casing head. The casing head is attached to the surface casing by
welding, threaded or with slips.

casing head

weld seams

baseplate

surface
casing

N
?

FIGURE 6-5. RUN OF THE SURFACE CASING AND CASING HEAD

The casing-casing head seal is positive-pressure tested from below with the pressure port.
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Offshore Structures for Qil and Gas Production M. Stanko

FIGURE 6-6. DETAILS OF THE PRESSURE PORT ON THE CASING HEAD TO MAKE THE PRESSURE TEST

3. The BOP is placed, the intermediate casing hole is drilled (typically 17 % in), the intermediate casing is

run (typically 13 3/8 in) and cemented. The casing is hang on the casing head with the casing hanger
(set of slips, wedge, elastomer and no-go shoulder).

intermediate
casing

no-go shoulder

FIGURE 6-7. CASING HEAD WITH THE INTERMEDIATE CASING HANGED

The weight of the casing drives the slips down, presses the wedge that in turn squeezes the elastomer
and activates the seal. Lockdown screws (that pass through the flange, not shown in the figure) are

sometimes used to lock the upper part of the casing hanger and avoid unseating if the casing
experiences thermal expansion.

FIGURE 6-8. DETAILS OF THE CASING HANGER (SLIPS AND SEALS)

The casing hanger can also be screwed, instead of using slips (also known as mandrel-type hanger).
A negative pressure test is performed to ensure the casing hanger seal has been set properly.

The well is temporarily plugged, the BOP is removed and the casing spool for the intermediate casing

is installed (flanged). The casing hanger seal and the gasket are positive-pressure tested from above
using the pressure port.
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casing spool

packing

bolt/nut

pressure__ _ //ring gasket
port

FIGURE 6-9. INSTALLATION OF THE CASING SPOOL TO THE CASING HEAD

Steps 3 and 4 are repeated as many times as number of intermediate casings are planned for the well.

5. Afterall casings are hanged on the wellhead, the tubing head is bolted to the last casing spool.
The tubing is ran in hole and the tubing hanger is threaded to the last tubing joint. The tubing
is then hanged on the tubing head. The seal of the tubing hanger is activated with the
lockdown screws.

Depending on the application, the tubing hanger may have a port for hydraulic lines

(activation of SSSV, ICV), instrumentation line (pressure and temperature gauges), power lines
(ESP), etc.

tubing /pon (penetrator)

hanger \

lockdown screw

FIGURE 6-10. FINAL CONFIGURATION OF THE WELLHEAD

SAFETY STRATEGY FOR WELLS

There must be two pressure barriers between the reservoir and the surface (in series)
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Class: 20220825

-First hour: we watched some videos about onshore and offshore (subsea) well construction, focusing on
the wellhead.

e The well construction process: https://www.youtube.com/watch?v=z9e WHpEDRME

e A casing head https://youtu.be/mGqgUvtbv9hs

e Installing BOP on a casing head https://youtu.be/HN4zmjBU4KY

e A X-mas tree https://youtu.be/kKzd47G1KVM

e Welding the casing head https://youtu.be/jaSmHG1vGiQ

e A casing hanger https://youtu.be/Phxlvd9z2RQ
e The drilling process in a subsea well (Dalia, Total)
https://www.youtube.com/playlist?list=PL6FB4DOF75DF4FBED
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https://youtu.be/mGqUvtbv9hs
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Temporary

Abandonment

Cap
Seal Wellhead
Assembly Housing

Conductor
Housing
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Figure 22-5 Typical 18%,-in.Subsea Wellhead System (Courtesy of Dril-Quip)
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Figure 22-23 Differences between VXTs and HXTs (Courtesy of Vetco Gray)



-Second hour: Group activity as described in the pdf that follows.



TPG4245 Autumn 2022 — Prof. Milan Stanko - Class activity (OiW) page 1 of 1

Class activity: Maximum allowable concentration of oil in water for
discharge to sea

Offshore oil and gas facilities worldwide must keep the hydrocarbon content of discharges to
sea below acceptable levels set by authorities. In the North Sea, for instance, the required
average concentration of hydrocarbons discharged in effluents, such as produced water, must
be below 30 mg/l (monthly average concentration).

Work in groups to conduct the following activities and answer the following questions

1. Read and understand the definition of ppm https://en.wikipedia.org/wiki/Parts-
per_notation

2. Who is setting the limit of 30 mg/l in the Norwegian Continental shelf? (tip: do an
internet search).

3. What is the average concentration of oil in produced water in the Norwegian
Continental Shelf? (tip: do an internet search)

4. How is this requirement monitored and enforced? What are the reporting requirements
the companies must comply with and to whom must they report? What happens if this
is not achieved in a month? (tip: do an internet search)

5. Assume that an oil platform has been discharging produced water (around 500 000
stb/d) with an oil concentration of 10 ppm for 15 days in a month. If the water
processing train suddenly has an emulsification problem, that causes the concentration
of oil in produced water to increase to 60 ppm, for how many days will the platform
be able to produce before shutting down to comply with the 30 ppm-in-a-month
requirement?

6. As a follow-up to question 5, how many barrels of oil are released in a month by the
oil platform discharging produced water (around 500 000 stb/d) with an oil
concentration of 10 ppm.

7. Seta person in your group to be the controller. Ask this person to close their eyes or
leave the room while preparations. Using the colorant and the syringe provided, and
tap water, prepare two containers, one with a 30 ppm solution of colorant in water, and
one with water only. Ask the controller to open their eyes. See if they can identify
which one is the one with the colorant.

8. Find out what is the lethal concentration of oil in water for fish (tip: do an internet
search)

9. Using the colorant and the syringe provided, and tap water, prepare a container, with
the concentration found in task 8. Discuss the differences with the one prepared in 7.
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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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Prof. Milan Stanko (NTNU)

Video 04 - Exercise on flow equilibrium (part 2, choke, compressor)
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Class exercises

1. Consider a vertical tubing through which only undersaturated oil is flowing. Consider that
wellhead pressure is kept constant and equal to separator pressure. Assume that at time t1, the

rate is 5000 Sm3/d. At a later time t2, the rate is 3000 Sm3/d. What can you say about flowing
bottomhole pressure in t2 and t1?

pwf at t1 is greater than at t2
p) pwf at tl is smaller than at t2
c) pwfattland att2 are equal
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2. As afollow-up to question 1, assume that the IPR of the well can be modeled with the equation
qo =J * (pR-pwf). What can you say about reservoir pressure in t1 and t2
Reservoir pressure in tlis greater than att2 &

b) Reservoir pressure in tl is smaller than at t2
c) Reservoir pressure at tl and at t2 are equal

d) We need more information to determine the relationship between reservoir pressure in

times tl and t2

$00o
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-Sign up for visit of Orkanger Spoolbase!
-Reference group members: Ali, Sean and Morten
-Information about mandatory exercises:
-4 deliveries in BB (most likely individual)
-What to deliver in each delivery is indicated in the work plan

3. Consider a horizontal flowline that transports gas from a compression station to a gas terminal
located on the shore. The compressors ensure the pressure at the inlet to the pipeline is always
constant. Select the alternatives that make sense:

a) When the rate through the pipeline is 30 E06 Sm3/d, the pressure at the exit of the pipeline

x is higher than when the rate through the pipeline is 20 E06 Sm3/d

./b) When the rate through the pipeline is 30 E0O6 Sm3/d, the pressure at the exit of the pipeline

is lower than when the rate through the pipeline is 20 E06 Sm3/d

X c) We need more information to determine the pressure at the exit of the pipeline when the

flow is 30 EO6 Sm3/d and 20 E06 Sm3

/ d) When the valve is closed at the terminal, and there is no flow of gas, the pressure at the exit

of the pipeline is equal to the pressure at the inlet of the pipeline

Pr P],. ?L :r f‘ GNLJV
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4. For a production system consisting of a single well producing to a separator through a flowline,
the curve of available pressure at the wellhead consists of pressures calculated co-current from
. T . - ‘_-—'_-_'_ . . . .-'____—-
reservoir to wellhead considering pressure drop in the formation and in the tubing for several
well rates.
a) False

@ True

5. As afollow-up to question 4, when comparing two curves of available pressure at the wellhead
for the same dry gas well, but using two different tubing diameters, Phil > Phi2, for a given
standard condition rate qg*, the corresponding available wellhead pressure pwh will be smaller
for diameter 1 than for diameter 2.

False

b) True
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6. Fora production system consisting of a single well producing to a separator through a flowline,
the curve of required pressure at the inlet of the flowline consists of pressures calculated
counter-current from separator to pipeline inlet considering pressure drop in the pipeline for
several well rates.

False
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7. For the dry gas production system shown in the figure below, what is the choke pressure

drop required (in bar) for the system to deliver a rate of 2.5 E6 Sm?¥/d.

LY
O .
Y Inflow equation:

R Howlve 9y = Cr (P2 —Piy)

( / V‘SJ{JFF-——- \l'\f:ith r\

o
O
- : .
,Ia\ X W / C,=104 sSm?/d/bar”2n
N { n=0.9

|
pr = 304 bara

[ Tubing equation:

2 0.5
| -~ 1)\n-.|" v ]
, qg=(r-[e—_¢—p..-;,]

I.‘-—-._./""’_-“_ﬁ
SRaE===—_ o Cr=4.41E4 Smdd/bar
T’@ $=0.31

S Flowline wellhead-separator:

B ) , 105
'\JN p = Cr. (22— P2,)
< Cr.=4E4 Sm?/d/bar
‘Wé\'

Psep = 40 bara

1,-_ -9(}%, ul,LL,-m p;,i -1 M:_) f.-'mu

(2 m available pressure upstream the choke (pwh)

2.a. formation flow (IPR)

pwf=(pR*2-(qg/CR)*1/n)*0.5 P -
pwf@qg=2.5e06 =136.7 bara e
‘LL flow in tubing
qg = Ct*((pwf*2/e*s)-pwh?2)*0.5
pwh=((pwf"2/e”*s)-(qg/Ct)*2)*0.5
pwh = 102.43 bara
o }
“‘L T - 'I' by mHow
y , Vb
Hbik.
w7
fuf + - - ™ s

3. calculate pressure required at choke exit(discharge)

3.a. calculate counter-current pressure drop from
separator to pin

qg=cflow*(pin*2-sep*2)*0.5
pin=(psep”*2+(qg/cflow)*2)*0.5

pin=74.2 bara

4. calculate the choke deltap
chokedp=102.4-74.2=28.2 bar

[ ﬁg [1(‘0& 5.7‘,]
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Figure 5—Cutout profile of the gate valve electric actuator.
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— Figura 2-10. Trem de acionamento de uma valvula gaveta FSO nas posigoes: (a) aberta,

(b) semi-fechada, (c) pinch-off e (d) completamente fechada.
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DHS AnND DH SERIES
GATE VALVES SPECIFICATIONS

DHS
SERIES
Seut
GATE
VALVE

DH
SERIES
SLaB
GATE
— VALVE

Vawve COMPONENTS

1, Hand Whee! W, Boreet 22 Upstream Gate

[ 2 Hind Wheel Soede P 15, Hallow s Plog 3. Aigervess Pin
3 Had 16 Seat Rssenbly
4 Ofeg 17. S A U Sed
5 G 18 Lt et B Seathiog

| B U8 NPT Py 19, Seat Assently € Wave Spring
7. Jam Py A UpSed 0 FaceSes
3 Ofeg 8. Seat fing E Seat
9. Beaieg . Waw Spring 25, Gate Gute
10. Ofieg [ 26 Gaw

— 10, Beavieg Theust Ry E Sat . e

. 12, Packisg et Assembly 0. Gate Guide 0 S

13, A 2, 29 Baty

Virtual tour of Gullfaks C Gravity-based platform
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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
0.1 83555.23| 124585.33

|

1 8355.52 12458.53

10 835.55 1245.85
1000 8.36 12.46
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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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

84 solver (SOLVER.XLAM)
= 184 vBAProject (Exercise_04_BO_
=155 Microsoft Excel Objects
m Chartl (1_moBo_versus_
] chartz (FR)

E Sheetl (Data)

ThiswWorkbook
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alt + F1

" e vosser '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
V o 150 .
pwf pav 1/(Bo visco) J qo o
[bara] [bara]  [1/(cp*m3/Sm3)] [Sm3/d/bar] [Sm3/d] g
300 300 0.449 3.0 0.00E+00 % 100 - "o
250 275 0.457 3.1 1.53E+02 w0
200 250 0.465 3.1 3.11E+02 2
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Lo [m] 0.1 n(1¢ ‘: 8.52E+00
k [md] 10 ~Y
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™ So% 0ATa 35| 15600 150 225 0.474 3.3 4.89E+02
100 500 0.483 3.2| 6.46E+02 100 200 0.483 3.3 6.64E+02
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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

Gal‘v\ / ‘AIL‘I‘{‘JV‘-

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
[
1,3(5 21.9 0.184 0.08 0.4
R 1 21.84 0.185 0.025 0.3
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simulating a CCE in Hysys (using farm.ntnu.no), from reservoir conditions to
surface conditions
| Source Databank HYSYS Select: Pure Components |
[ Component Type Group Search for: Set
| Nitrogen Pure Component
o2 Pure Companent Simulation Name Full Name / Syrnc
[ Methane Pure Component < Add perf-C4 Deca
Propane Pure Companent Cyclodecane ]
R i-Butane Pure Component 10aC1-4asilo Decamethy.
n-Butane Pure Component Sebacic_ Acid Decane Dica
" i-Pentane Pure Component Sebacic_Acid Dec
n-Pentane Pure Component DiC4Sehacate Decanedioic Acd,
[ n-Hexane Pure Component DecMCPentSil DecMCyc
n-Heptane Pure Compaonent DehydroC2-Am Dehydra
[ n-Octane Pure Component Malathion  Diethyl Mercaptosuccing
n-Nonane Pure Component DECarbonate DSEt
[ n-Decane Pure Component DiCICKilane DiMett
[ DICCCSDICate  Dimethyl-1 4-Cyclohexan
i i i i i
[ Set Up | Biney Goetis | Stablest | Phase Ouces | Tabuer | Notes |
Package Type:  HY'SYS Component List Selection Component List - | [HYSYS Databanks) =
Property Package Selection Options Parameters
Chieo Mol Enthalpy Property Package EOS
Clean Fucls Pty Density Costald
cPA Moddty Te, Pe for H2, He Modify Te, Pe for H2. He »
Fxwn Tabular Incexed Viscosity HYSY3'Viscosity
Extended NRTL Peng-Robinson Options HYSYS
6CEos £OS Solution Methods Cubic EOS Analytical Method
ey Phase identification Defaut
Glyrol Pockage
Grayson Streed Susface lension Method HYSYS Method
APWS-FOT Thermal Conductivity AP 12A3.2-1 Method
Kabadi-Danner
Lee-Kesler-Plocker
MEWR 3
NES Steam I
NRIL
PR-Tons
RSV
Stream Name 2 — 1
e Norpe . Q Vapour / Phase Fraction <empty>
Vapour / Phase Fraction . 1ure IC
CT—— emperature [C] R E—
Pressure [bar| —0—-@_—. Pressure |bar]
Molar Flow [kgmole/h) 1 2 Molar Flow [kgmole/h) —
Mass Flow fka/h] E-100 Mass Flow [kg/h]
Std Ideal Lig Vol Flow [m3/h] P ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
| | | |
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ik
o 1400 -_%_ e \\
P L 4 :EE:' / + \\
7& 1000 ot \
i / s e A B
utmq - / "'.'//
-2000 =1500 1000 =5000 nm,re“p:;:m{c;m 1500 200 2500 3000
q m [kg/h] 11.5952 59.7041
Ro- _90sc den [kg/m3] 0.91631 723.58
% q [m3/h] 12.6542 0.08251
Ve p 153.362
Let's now model the actual surface process (not CCE
~]
—3 1C
r':\-_
,..I.
—-»0—’ S
HPp HPT LPp LPT
[bara] [ [bara] [C]
SURFACE PROCESS 1 50 70 20 50
- f
; ES
V-100 SPRDSHT-1
1 erﬂfl_.l
—
E-100
Material Stream: 9
Temperature 1556 C
_ clwriow 04346 basrolahl
S A A D | |
| | | | | | | | | | | | | | | | | | |
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phase envelope of 3 (oil from Vs

first stage separator) phase envelope of 1

(production fluid)

When taking the oil and gas to standard conditions (using coolers E-101 and E-102), some oil will condense
from the gas (Stream 11 has some oil, 1.7 E-04 kgmol/h ), and some gas will vaporize from the oil (stream 10,
gas has a rate of 0.07 kgmol/h). We should merge these gas with the sc gas (0.448 kgmol/h) and sc oil (0.48
kgmol/h). However they are very small, so will probably not affect much the results if we neglect them.

m [kg/h] 8.40241 60.9351
den [kg/m3] 0.80013 720.941
q [m3/h] 10.5013 0.08452
p 124.244

The pressure and temperature of the second stage is typically a design parameter people perform a sentitivty
analysis on (using a process simulator) to determine values that minimize Rp

0}

']
—

doorm. QN*.'I"
¢ th shge

The pressure of the first stage is chosen such that rates are sufficiently high.



Oil and Gas production wells Prof. Milan Stanko (NTNU)
Class 20220908 -

Work in groups to conduct the following activities:

1. Get yourself familiar with the Hysys file created by Milan on the previous lecture.

Examples: — —
o Check the phase envelope of the reservoir stream and determine bubble b oo nowo
pressure at 80 C &

o Determine density of standard conditions o1l and convert to API. Does the el — e

value make sense? If not, what could be the reason?

This happens because we are neglecting components heavier than decane
C10. There are two options: including more components, or using pseudo
components (e.g. C10+)

2. Assume that there 1s 30 kg/s of reservoir oil flowing to the processing facilities. If the
price of oil 1s 80 usd/bbl, what 1s the difference in revenue (in USD/d) between using a
CCE expansion to standard conditions or using the two-stage separation process
provided in the Hysys file.

‘I:‘\‘:, :;.f;a— 5?5 ﬂs; ﬂﬁ'lp
v: = ﬂ? ( R EP 5)
A W bor cce  fo = Vletlgnd 1B

) G: 4 RP _5‘3) 35 - r-1ass|39'lsit','fii.g;'m3jl ‘ 09160
“-p = (17587.64/0.9160)/(
. 90412.3/723.6)
% = 300002 {-/od =153

= 1Pl
&w Z'atnjc.}*-p

I
=
I

T N
ek

—

- GOR 141

&
%

10 y
4 - /(noﬁ }uu, ods0) 0.0355 {wys

= 3013,59 fm’/&
12332, 3 sto/n

f tnL ffl“-
Rewrve 4 .0 ~ 1.So WO/d Cce

= 1,54 €06 LSO,

Difference: approx. 36.6 kUSD/d
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3. Calculate Bo at reservoir pressure and temperature using the Hysys file and the
spreadsheet. For that follow the steps:

o In the spreadsheet, in the tab “connections”, import mass flow and density of
the reservoir stream. Compute volumetric rate at reservoir conditions ina cell
on the spreadsheet |

o Use the volumetric rate at reservoir conditions and the o1l rate at standard
conditions to calculate Bo in the spreadsheet

4. Calculate Bo at several pressures from 400 bara to bubble point pressure at reservoir

Bo i1s calculated 1n the spreadsheet as a “dependent variable”

temperature. For this use the utility “Case Studies” (located in the tab “Home”). In —
case studies you must import pressure as an independent variable, and the cell where

C ions. | | Formulas | sg Jic ion Order | User Variables | 1 e

e o e N nE

Spreadsheet Name Calculations [ AT [veriabie: [ 1

- Imparted Variables

Cell Object Variable Description 1 Se olf rate 92510004 kph
B1 Oil-sc Mass Flow SSA . el

2
B2 Qil-s¢ Mass Density N "’::_':: ‘:;TWW_‘:“
B3 Gas-sc Mass Density ] eservain mass rate 1,000 +00% kah
B4 Gas-sc Mass Flow L o T 9552 by/end
BS Reservoir Mass Flow z prpe—r— Ty
B6 Reservoir Mass Density E] 2 v wol rate B4 00
_t o GOR e
il res ol rate .
12 Ba 1519
I T s e
Case Sty Tyt Murmier of Sates Rumbes of Bases: ;J:t:'\d Rt ¥ Reset e
_M‘ a
— Hacre 1] Furmerd Volot Units S End S Se Hhept
Reseronit - Fressere k1] b 2000 :i7] (£} o
Cona Sty 2
- AtT=80C

pressure

5. Usea Bo correlation prc;vided by Milan to calculate Bo. Compare the results obtained
with the correlations with the ones estimated with Hysys. Is it possible to adjust the Bo

correlation to match the results from Hysys?
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Why does Bo behave like this with pressure?

Due to compressibility (single phase oil). The greater the pressure, the smaller the volume, the higher the density.

Volume of oil at the bubble point pressure (pb): Vob
Volume of oil at a pressure p: Vo@p
Integrating the equation above between these two volumes and assuming that compressibility is constant:
-beta*(p-pb) = In(Vo@p/Vob)
Vo@p/Vob=exp(-beta*(p-pb)
Using the definitions
Bo = Vo@p/Vo_sc
and

Bob=Vob/Vo_sc

this gives (Vo_sc cancels out):
Bo=Bob*exp(-beta*(p-pb))

According to this equation, Bo is always smaller than Bob

If | want to estimate Bo using this equation, | need to input Bob, beta and pb.

If | don't want to use a compositional simulator --> Correlations for Black oil properties:

Several people have developed correlations for fields, fluids they have worked with/for which they have
data.

From Harald's compendium, Fluid properties
appendix:
Harald Asheim
2006

A compressibility factor correlation has been developed by Vazquez and Beggs /1980/.

Q

281 R +3.10T +171/y,-118 y, —1102
beta= ¢ =10"

)
p

The order of magnitude of this compressibility factor is typically: ¢ =107 - 107 ]bar_l
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Standing's correlation, for input parameter as for Eq. (6) above.

Bob= B,

Fluid properties.doc
18.08.2021

221/HA/alb

=c, +0.952.107°

(]

0.5 1.

Ze R, +0.4017 —103

Yo

where:

CcB

calibration constant.
cB = 0.9759 estimated by Standing for California

crudes

TABLE A-1—BUBBLEPOINT PRESSURE CORRELATIONS

Correlation Origin

Author Publication Date
Standing®'*® 1947
Elam™ 1957
Lasater’ 1958
Vazquez and 1976
BBQ 9323.24
Glase ' 1980
Labedi®"** 1982
Owolabi™® 1984
Owolabi™ 1984
Al-Marhoun™* 1985

California

ax3
Po=18.2 ﬂ._ joleseen room2s,, ) 4
Ve

- R:’.?ﬂz
5= ""0.514
Fe

Texas

‘,(u.oo.t-w T — 00282 y pp + 3.58)

P T + 459.67) Midcontinent U.S.

Fe

Pe=

-1
7o
X =|1+——---=
= [ 7.521x|0'°R_M,,]
015649

[. 033705 ‘I

Pr=e 4 —0.59162

By vy i
Py =| 4 R, lo[p.amm]
7 o
P,
Feoc =7x [: + (0,50]2 =10 '))' art T IOB[ 1 ::.'? )]

Coefficient = 30 = 30
A 27.64 56.06
B -11.172 —=10.393
[ 0.9143 0.8425

Worldwide

nonvolatile oils

0816
R Tﬂ.'|72
X = [ = ] (WJ
Ye Yarm
volatile oils
R DRI6G To-‘-‘o
(5T ()
Ye Fam
Ps=1 .76694-}'.74;7;;09)(—0.30213
og

North Sea

07097

Rrosna (T e Libya, Nigeria, and
Py = 8:0001 (Axru ] § = Angola
Ve PRI |
I R Alaska
Py =550+ 0.8643|| — W Cook Inlet
R A T.DP!S)‘ISD
P, = —987.56359+ 179.588 1 (—] e Alaska
= o North Slope

e r3.m65
X =R i
?”

(7 + 459.67)130347 Saudi Arabia

Py =—64.13891 + 7.02362=10"> X — 2.278475=10"" x 2
where 11,3091 < X <1,541,298.4

https:/ipetrowiki.s

/Ol bubblepoint_pressurs
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correlation to match the results from Hysys?

5. Usea Bo correlation provided by Milan to calculate Bo. Compare the results obtained
with the correlations with the ones estimated with Hysys. Is it possible to adjust the Bo

Function pb_func(gamma ¢, API, GOR_, T_):
'end functions bubblepoint pressure according to the correlation by Standing, in bara

'gamma_g, Gas specific gravicy
'API, API of the oil

'GOR, Gas oil ratio in S5m3/5m3
'T, in C
'FOl, Tuning factor

GOR = 5.61458 * GOR_ 'Converting to scf/stb
TwF * 1.8+ 32 "' converting to F
FOl1 = 1

pb = 18 * FO1L * ((GOR / gamma_g) ~ 0.83) * (10 ~ (0.00091 * T - 0.0125 * API))
pb_func = 0.06894757 * pb 'converting from psia to bara

End Function

Function Co_func(gamma_g, gamma_o, GOR_, p_, T_):

'The oil compressibility (Co l/bar) is obtained from correlation of Vazquez and Beggs.
'gamma_g, Gas specific gravity

'g 0, o1l specific gravity
'GOR, Gas o0il ratio in 5m3/Sm3
*API, API of the oil

'P, Pressure, bara
'T, in C
'FO4, Tuning factor

Foq4 = 1
GOR = 5.61458 * GOR_ 'Converting to scf/stb

T=T_* 1.8 + 32 " converting to F
P =p_/ 0.06894757
API = RPI from gamma o (gamma o)

SGgS = gamma ¢ * (1 + 0.00005912 * gamma o * 60 * Log(l4.7 / 114.7) / Leg(l0))
Co = FO4 * (-1433 + 5 * GOR + 17.2 * T - (1180 * SGgS) + 12.61 * API) / (p * 100000)

Co = Co / 0.06894757 'converting to l/bar
Co_func = Co
End Function

Function Bo_und oil(Co, Bol, p, pl):
'*Co oil compressibilicy (Co l/bar)

'gamma_¢ specific gravity of gas
‘P, pressure, bara

'pl, reference pressure, bara
‘Bol reference oil volume factor at pressure 1
Bo = Bol * Exp(Co * (pl - P))

Bo_und_oil = Bo
End Function)

Function Bob_Standing(gamma_ ¢, gamma o, Rs, T_, pb):
*saturation oil volume factor according to the correlation by Standing in m3/5m3

'T temperature in K
'Rs solution gas oil ratio

'gamma_o specific gravity of oil
'gamma_g specific gravity of gas
'P, pressure, bara

'pb, bubble point pressure, bara
T=T_+ 273.25 'converting to K
A= ((gamma_g / gamma o) ~ 0.5) * Rs + 0.401 * T - 103

Bob_Sl:andinE = 0.97959 + 0.000952 * (A ~ 1.2)
End Function

Function gamma_o_from API (API):
‘calculates specific gravity of oil given API gravity

gamma_o_from API = 141.5 / (API + 131.5)
End Function

Function API_from gamma o(gamma o) :
‘calculates API gravity given specific gravity of oil

API_from_gamma_o = (141.5 / gamma_o) - 131.5
End Function

Ol PVT calculator, Prof Milan Stanko (NMTNU)

AP -1 Ga.8
pb [Baral o7.48
Bob [m3/5m3] 1.4642
HYSYS DATA (2 stage)
[} Co Bo
[baral [1/bar] [m3/Sm3] GOR [Sm3/Sm=]
a7.a8 5. 78E-04 1.464 denc_sc  [kg/m3]
100 5 GAE-O4 1.462 deng_sc  [kg/m3]
120 4. 70E-04 1.446 PEE@ 80 C [bara]
140 4.03E-04 1.432 Bob@80C [m3/Sm3]
160 3.52E-04 1.421 Eamma o -1
180 3 13IE-04 1.411 Bamma g -1
200 2.8B2E-04 1.402 T <1
2z0 2.56E-04 1.394
240 2. 35E-0a 1.387 e Bo
260 2.17E-0a 1.380 [baral [m3/Sm3]
280 2.01E-04 1.374 A00.0 1.374906296
200 1.88E-04 1.269 2937 1.ITT2AZ058
azo 1.76E-0a 1.364 A8/7 3 1379620152
340 1.66E-04 1.359 381.0 1.382038922
260 1.57E-04 1.354 A74.7 1.3BAS0078
380 1.48E-04 1.350 368.3  1.387007206
400 1.41E-04 1.346 AG2.0 1.3BI559761
355.7 1.392160082
349.3  1.394809899

24320 1.297511033
336.7 1.400265405
330.3 1.&0?075045

144.1
720.9
0.8501
152.4
1.519
07209
0.6951
BO
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|  RAGE ~* x v K =pb_func{J13;C2;17;)14)
LA | B C D E | F | @ H | J
|0il PVT calculator, Prof Milan Stanko (NTNU)
] API [-] 64.8
| pb [bara] |=pb_func{J13;C2;)7;
Bob  [m3/Sm3] 1.4642
— HYSYS DATA (2 stage)
| | P Co Bo
[bara] [1/bar] [m3/Sm3] GOR [sm3/sm3] | 1441]
* 97.48 5.78E-04 1.464 deno_sc [kg/m3] 7209
| 100 5.64E-04 1.462 deng_sc [kg/m3] 0.8501
1 120 4.70E-04 1.446 pb@80 C [bara] 152.4
1 140 4,03E-04 1.432 Bob@80C [m3/Sm3] 1.519
| 160 3.52E-04 1.421 gamma o [ 0.7209
180 3.13E-04 1.411 gammag [-] 0.6951
— 200 2.82E-04 1.402 T [c] 80
Y Y Y et Y o s R S S M [ m . —
ERAGE = = [ =Bob_$tand|ndll3:l12:J'!;Jld:(‘.3]
A | B C D E F G H I J
|0il PVT calculator, Prof Milan Stanko (NTNU)
AP [-] 64.8
pb [bara] 97.48
| Bob  [m3/sm3] |=Bob_Standing(J13;
| HYSYS DATA (2 stage)
p Co Bo |
| [bara] [1/bar] [m3/5m3] GOR [sm3/5m3] l 144,11
97.48 5.78E-04 1.464 deno_sc [kg/m3] 720.9
| 100 5.64E-04 1.462 deng_sc [kg/m3] 0.8501
120 4.70E-04 1.446 pb@80 C [bara] 152.4
|| 140 4.03E-04 1.432 Bob@80C [m3/Sm3] 1.519
160 3.52E-04 1.421 gamma o [ 0.7209
I 180 3.13E-04 1.411 gamma g [-] 0.6951
200 2.82E-04 1.402 T [cl 80
— 220 2.56E-04 1.394
240 2.35E-04 1.387 p Bo
| | | | | | | | | |
Beieéuse Codep ends on preﬁsuﬂe, it is better to apply the equhtioﬁ:
Bo=Bob*exp(-beta*(p-pb))
Between two points, 1 and 2
|
Bo2=Bo1*exp(-beta_1*(p2-p1))
S,taq:ﬁ,ng,with,th, Jo,uh?hlg,p,oi, t
g Copy (@O =Bo_und_oil(C&;D8;Ep;88)
Put a copy of the selection on the RAGE  ~ X « fo | =Bo_und_ oil(C9;D9;810}89)
Clipboard so you can paste it C D
L -somewhere else, - A B C D
Oil PVT calculator, Prot Milan Stanko (NTNU) : 5
- Oil PVT calculator, Prof Milan Stanko (NTNU)
API [-] 64.8 b
API [-] 64.8
. pb [bara] 97.48
pb [bara] 97.48
i Bob [m3/Sm3] 1.4642
Bob [m3/Sm3] 1.4642
I p Co Bo co B
p o
H bara 1/bar m3/Sm3
[ ] [1/bar] [m3/ ] [bara] [1/bar] [m3/Sm3]
97.48 5.78E-04 1.464
1 97.48 5.78E-04 1.464
100 5.64E-04(1(C8;D8;B9; o0 S ] e
i 120 4.70E-04 1.446 — '
120 4.70E-04|B10;B9)
L 140 4.03E-04 1.432
140 4.03E-04 1.432
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Figure 3.10_Anisotropic reservoir
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Prof. Milan Stanko (NTNU)
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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( ) 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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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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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
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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

_(pw_po)'g”l()'(hez_hbz).["
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B PVYT - Automatic Calculation (u...

Caneel |

|| codate

5as production Prof. Milan Stanko
_.Ias% 20220913
Options to get PVT properties for our production ca tions
periments and record resul tables: expensiv ited range, may not i de rface
process
- ned with experi 'EI'ES. iccurate, but comnr put? y expensive. Must be regenerate [
there are changes in composition (GOR) or surface process ‘
-qos and r‘eco‘(d ré‘suItF in ‘tabl?s: Accurate (use a prope‘r number of points), goo? for con‘rput t'or‘r.
ges in composition (GOR) | |
-BO carrelatiops: computation and for calculations with little data. Tunijg is alw?ys requhred.
-~ Be careful with a tion ammao, gamma g) and max-min deviati aﬂeravefagkrer or.
BO properties in Prosper
'wuﬂr«l- Prodper (3260 15.0 - License® D627 - IPM V11.0 - Build® 160 - lam 7 2019 (untithed)*** Educational Licerre - No Commencial Use Permitited *** - o x
Fie Options PVT Spstem Matching Calulbtion Detign Stmulation Output Ueits Wizard Help
Disi@) 1lnje) 8i1)
e scemanic R [i7R 0472 ]
VT ethedtlac 01 s Mo Black OF - ! S e Mo Ever ki By Hand
e Separator 5 X msmm“mmﬂv&w
e v i o % el Sermpentity N3
i G oSS § e (00
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CBine Thermal Prapersesilo Pressire Com Rs, Bo Cormelation Glaso Skin :0
‘Stearn OpticnNo Steam Calculations OIHW W“‘
Flow Tubing l.m"mm
Well Producer
nﬁumm
Pressure and Ti (offshore)
‘l‘wwu wm
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e R Bomeh
System | > 1PM V11.0 - Build # 160 - Jan 7 2019
Surface Equipment Gradient
>< Petex House
Downhole |
Equipment | e Choke Performance e oo i
- Tubing Comelation Comparison | > United
B PVT - INPUT DATA {untitled)
A
[ [ o Jomm | [ e [ Com ) [ [ |[ = ] r
Ingt Data b, Rs, Bo Correlators.
m_m e | Glaso | sunteg | wmee | vsuecbegm | evosy | smawhom | Decnens |
Sohston GOR 144 Sm3Sm3 e Satotr
o Gty 720.9 ral3 Parameter | Parameter 2 Standard Devistion Reset Al
co o S - s [ =
Water Sainity 0 pom Soluton GOR ' T o Feset
Male Percent K25 0 percent Ol FVE (Below Pt} 1 [ o Raset
Mole Percent 020 percent Ol FYF (Above PO} . B —
Mole Percent N2 0 percent
P, Rs, Bo Correlaton Gaso =
Ol Viscosity Corelaton Sealetal e

ulwlmlwlmmlmmlmmml
Match Satetes - -

Parameter | Parameter 2 Suardard Deviston Reset A
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5 @ YT Galclation Section x w38 o & =

&8 VT Caleulation Results 13.09.2002 - 11:13:22 - :
T Calc-Vals:T=80-0ll FVF
* Temperature = 80 (deg ) [0): 99.999997, 1.2913162 |

Plot View Flot S

» —a— PVT Calc-Vals:T=80-0d FVF

[E7 PVT - INPUT DATA (untitled)

P, Rs, Bo Correlaton Gaso.

[ I ][ Qomom N wom ][ o ][ m [ o [ = ]
L o —
1~ Ingaut Data 1 [Py Rs, Bo Comelations
Sokston GOR 144 Sm3fsm)
Ol Gravity 7209 rgmd Parameter | Parameter 3 | Stardard Deviston | Resst Al
o T - -~ e[ =
Water Salrity |0 pom Ll 1 o Reset
Male Percent 125 0 percert 04 FYF (Bl PO} n , p
o et O o OIFIF (bove ) . p —
Mk Percent N2 0 percert

[ PVT - Matching (untitled)
[ome J[ o |[oma [[Ca ][ oot |[[wwent [[ wvmimwr [[ vwwwr |[ o |[ o |
[~ PVT Match data
Temperature | 50 degC
-jl Bubble Point | 152 BARa
Pressure Gas Ol Ratio Ol FYF
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B | PVT - Matching (untitled)

| Cancel Man | Match | Match A1 Parameters | | plot | Plot Al ] [ relp |
Match Variables Match Data
— - =
[ ] T 5 )
Select Al j ‘emperature | 80 .
[Gubte Pont i j BT = BAF Temperature
Ggs Ol Ratio - Point
g ,F,;:mw - Pressure Gas Ol Rato Qi FvF Ol Viscosity A~ 90
! oint
(BARa) (Sm3f5m3) (m3f5m3) (mPa.s) &
1 s ™ 1519 e
2 8
3 80
4 80
5 80
& 80
7 80
8
8 v >
80
Pb, Rs, Bo 5
| L2 | Glaso | Standng | Lasater | VazquerBeggs | Petosky | AlMahoun | DeGhetto &
Glaso Match Statistics a0
andng 80
Vaoe P 1 2 2 tandard Dex Reset Al
Varquez-Bepos arameter 1 arameter 2 S lard Deviation eset 80
Petrosky et al 80
Al-Marhoun Bubble Point
De Ghetto et al (Heavy of) o ‘ 1.27507 390.814 0 Reset 0
Solution GOR [ ; : o
CUFYE: ekom FL) ‘ 0.63904 0.35724 0 Reset
Ol FVF (Above Pb) [ 7 P — .
-~ - 474 ’

-Recap of the content of last week videos: horizontal well IPR equations, water+oil
IPR, and coning

-Fingers are formed due to interface instabilities or due to heterogeneities
(permeability variations along the wellbore). For oil-water is mainly due to the
difference in viscosity

https:/iwww.flowvis.org/2015/10/11/the-saffman-taylor-fingering-instability-was-formed-in-a-hele-shaw-cell-a-narro
w-space-between-parallel-plates-as-red-india-ink-was-injected-into-the-more-viscous-tide-laundry-detergent/

another example: https://en.wikipedia.org/wiki/Rayleigh%E2%80%93Taylor_instability

EY
v&&-\L rndn‘al WIU' ir’ju}m muu. E P,
s —

N ) t

A/ |

Is it possible to use the undersaturated oil well IPR equation for this case?
What changes must be made?
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Class 20220915

Announcements:

-Deadline for exercise set 1 this Sunday (18.09) . These deliveries are mandatory to take the exam
-Change of TA: Ikhsan resigns --> Amin Jelvani takes over from next week

-1rst Reference group meeting today, 15.09, 10:00.

-Guest presentation next week by company Inflow Control (20.09, 10:15) - Watch the video lectures
13.1 and 13.2 before the presentation

https://iwww.inflowcontrol.no/

https://www.youtube.com/user/InflowControl/videos

cont. Discussion on IPR for vertical radial water injection wells
f‘@«q‘ ?ﬂ.
v _am wh __E‘f_
e %o BN
(o Q }r
ﬂﬂ 061 ) _ 1l Kl (ﬁ@ (’wﬁ

b/ A Qg,&)%,

— -k (14 - Mf)

— <' _o. S) Ql gw)@ o

Qv) l\ Using this equation, we WI|| obtain a negative rate since pR<pwf, therefore, we
3 change the sign of the pressure delta to obtain a positive value

q_ A0) M.k(pqu ﬂ)
0. Q) €)-95 @”J‘“’J

pRis located in the same place!
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What went wrong?

* Fractured the formation up to the sea bed

— Spill of produced water with 100-500 ppm oil into the sea
48 - 175 Sm3
Qil film cbserved on the sea surface 11.05.08 and a new one the 14.05.08

A 40m wide and Tm deep crater observed at the sea floor 30.05.08, 60m
from the nearest well template

— All injection in Utsira stopped

— Eruption of produced water ceased

StatoilHydro

__] Total injection kfe of well 34/7-R-1 H: 5 1/2 months (10-12-07 to 31-05-08)

N
-
A
i

9 5 Fr ~
it g = M ] L

StatoilHydro

% To SH screendump Tordis crater 01042008 jpg - Windows Picture and | ax Views EExE H

.... and why did it go wrong?

* Before drilling

- Insufficient geological, petrophyshical and rock mechanical description of
Utsira and the overburden

* After drilling

Despite negative well result wrt reservoir properties decided lo stick to
original plan

* 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

[ AF S =

00 Xo07 £/ ae XbHE StatoilHydro

Water properties, Bw and viscw
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CURTIS H. WHITSON AND MICHAEL R. BRULE
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Chapter 9

9.1 Introduction

Water/Hydrocarbon Systems

9.2 Properties and Correlations

ane

gative siqn is miss‘ing here \

| | S

., A
B\(p.T) = Bii-fm-.ﬂ(l + P
0

=(1/4,)
"

9.4.6 Water/Brine Viscosity. Fig. 9.9 presents the viscosities of

~ pure water and NaCl brines as functions of temperature and salinity.

The following equations (except for the pressure correction Ag) are
presented by Kestin er al.,2 who report an accuracy of +0.5% in
the range 70 < T < 300°F, 0 < p < 5,000 psia, and 0 < Cj, < 300,000
ppm (0 < ¢y <5 M).

Hy = [l + Aup]u:-.

.
Hw My

logﬂa_ =A + A, log@.
Ap = 10730.8 + 0.01(T — 90)exp(— 0.25¢,,)],

A, = Z a;Chy -

and %0 = 1002.€D, e s mniesivie s e s e (9.22)

where a1 =3.324 X ]U_z.(1|3=3.624>< 1073, a;3=—1.879x 1074,
a1=—-396% 1072, an=1.02x 1072 a33=—7.02x 10" 4 a3 =
12378, azp=—1.303x 1073, a33=3.060x 1076, a33=2.550%
10~8, with & in cp. T in °C. and p in MPa. Kestin ef al.’s pressure
correction Ag contains 13 constants and does not extrapolate well at
high temperatures. The pressure correction for Ag in Eq. 9.22 is
more well-behaved, with only small deviations from the original
Kestin ef al. correlation at low temperatures.

The effect of dissolved gas on water viscosity has not been re-
ported. Intuitively, one might suspect that water viscosity decreases
with increasing gas solubility, although Collins3? suggests that dis-
solved gas may increase brine viscosity. As Fig. 9.10 shows, sys-
tems saturated with CO» show an increase in viscosity with increas-
ing gas solubility.

there was an error in

the

excel sh

eet
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End

The water formation volume factor is calculated with the procedure
reported by Whitson, in his SPE monograph phase behavior (section 9.2.5).
The procedure uses the Rowe and Chou correlation, among others.

Function Bw(p, T, Csw, denw_sc)

'p pressure in bara

'T temperature in C

'Caw water salinity in ppm w

'denw_sc water density at standard conditions kg/m3
psc = 1.01325 'bara

Tsc = 15.56 'C

B0 = 5.91635 - 0.01035794 * (T + 273) + (0.000009270048) * (T + 273) ~ 2 - 1127.522 / (T + 273) + 100674.1 /

Al = -2.5166 + 0.0111766 * (T + 273) - 0.0000170552 * (T + 273) ~ 2
AZ = 2.84851 - 0.0154305 * (T + 273) + 0.0000223982 * (T + 273) ~ 2

denw o = 1/ (A0 + Al * Caw / 10 ~ 6 + A2 * (Caw / 10 ~ &) ~ 2) 'density of brine at zero pressure in g/cc

denw_o = denw_o * 1000 'converting to kg/m3
Bw_o = denw_sc / denw_o

{T + 273) ~ 2

A0 = (10 ~ &) * (0.314 + 0.58 * Csw / 10 ~ 6 + (1.9 * 10 ~ -4) * (T * 9/ 5 4 32) - (1.45 * 10 ~ =6) * (T * 9 / 5 + 32) ~ 2)

Al = 8 + 50 *Csw / 10 ~ 6 - 0.125 * (Csw / 10 ~ 6) * (T * 9 / 5 + 32)
Bw_star = Bw_o * ((1 + (Al / AO) * p * 14.7) * (-t 7 AL))

Bw = Bw_star

Function

The water viscosity (Visw cp) is calculated from Kestin et al correlation

as reported by Whitson, in his SPE monograph phase behavior (section 9.4.6).

Function Visw(T, p, Csw)
'T, in °C

'p in bara
'Csw salinity in ppm

MW_H20 = 18
If Csw <> 0 Then
Csw =

End If
p=p/ 10

visw0d_20 = 1.002

17.1 / ((1000000% / Csw) + 1)

Ao = 0.001 * (0.8 + 0.01 * (T - 90) * Exp(-0.25 * Csw))

'converting from ppm to molality

pressure, p, [bara]

@ Bw

® viscosity

Al = (0.03324 * Csw + 0.003624 * Csw ~ 2 - 0.0001879 * Csw ~ 3)
A2 = (-0.0396 * Csw + 0.0102 * Csw ~ 2 - 0.000702 * Csw *~ 3)
cl = (20 - T)
c2=(20-T) ~ 2
c3= (20 -7T) ~ 3
cd = (20 -T) ~ 4
log_ratio = ((1.2378 * cl - 0.001303 * c2 + 0.00000306 * c3 + 0.0000000255 * c4) / (96 + T))
viswd = visw0_20 * (10 ~ log_ratio)
visw_star = visw0 * (10 ~ (Al + A2 * log_ratio))
Visw = (1 + Ao * p) * visw_star
End Function
Prof. Milan Stanko (NTNU).
\water Salinity llppmw] 100000
‘Density of water at standard conditions  [kg/m3] 1072
p T Bw viscw denw
[bara] [C]  [m3/sm3] [cp]  [kg/m3]
1 80 1.0308 0.425 1040.40
20 80 1.0300 0.425 1041.20
30 80 1.0296 0.425 1041.62
40 80 1.0291 0.426 1042.04
g ope (R0 1087 DA 104745
] . 10320 - 0.432
[30]
- 1.0310 l °
E °® - 0431
- 1.0300 - L ° ] L
£ 1.0290 - °. .o. [ 0430 2
£ 1.0280 - ®e o® - 0.429 2
210270 A s ® | o8 2
£ 10260 1 e*te, g
& 10250 - o} ® - 0427 @
o .'l. .i‘. S
| g 1.0240 - °® °. L 0426 5
G 10230 1 e ) *g?
|| = 1.0220 _r [ ] ® - 0.425
| © 1.0210 4 T T T T 0.424
3 0 50 100 150 200 250
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Skin factor for water injectors
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Video 13.1 - Effect of wellbore pressure drop on Prof. Milan Stanko (NTNU)
horizontal undersaturated oil well IPR
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Solution (using Python)
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Video 13.2. - Downhole networks and inflow control
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OTC 11933 HYDRAULICALLY ACTUATED INTELLIGENT COMPLETIONS: DEVELOPMENT AND APPLICATIONS 7
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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)
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20220920

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

You are part of the well planning team in Lundin 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 diameter 1s 8-1/27.

to ‘-!.u.haol

|
J

(myr L Pl-q

‘.‘_ -:""_—\.l

Ah

e 2, t’nﬂ E\,{,‘_‘

4 5
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.

lacesl
‘%
\E\

[ —

=k

The layers have different lengths, widths, and thicknesses (as shown in Table 1). There is a 100
m thick shale layer in between the two oil bearing layers.

\

Layer 1 | Layer 2
Thickness [m] 20 ]
Length [m] 1000 500
Width [m] 800 400
Horizontal permeability [md] 15 40
Permeability anisotropy 10 10
Reservoir pressure [bara] 400 500
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~ Samples were taken of each layer and the PVT expert has created tables of black oil properties
~ Boand oil viscosity for your use (available in the Excel file attached). Because the composition

of each layer is slightly different, there is one BO table for each layer.
— 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 hydrostatic o1l column between 1 and 2. Assume that the bottom-hole
~ location of each layer is located exactly in the middle of the layer.
~ Task 1.
- Estimate the productivity index of each layer. To calculate the BO properties needed in the IPR
~ equation, use the average between reservoir pressure and the bubble point pressure of the fluid
_ (at reservoir temperature). Consider that the well 1s fully perforated throughout each layer.
s R N O B
Funccion J_vertical(k, h, Uo, Bo, re, rw, s, 3a)
'_Ejr.?:".'.::_.lz'it‘; index for vertical well, undersaturated oil, pss, in Sm3/d/bar
.": J.SI md
fa i 'h,i;im:;:L: r
J_vertical = (k * h) / (18.68 * Uo * Bo * (Log(re / rw) - 0.75 + s + sa))
'Natural Log in Visual Basic is Log, not LN'
End Function
) 7 — effective radius
w
T
y ™~ 2
~ < y Ap -W.L =TT
"‘"h\ /
~_ J/ !
] / / (e = |w-L
r ,/ Ju
~— l
\ —~~
S
BO properties layer 1
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Chart Title
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Task 2. -

What 1s the maximum oil rate that can be produced from the well and the well GOR (Rp) while

ensuring the two following conditions:

e There 1s no gas is liberated in the reservoir
70 There 1s no gas liberated in the wellbore section from layer 1 to layer 2 \ —

!

2158 u"}'»—’ Average between pb2 and pR2

e
\\;M S, ) 184.8bara ) b n. v
R U - 0, - 253 /
- 5y e\ | N 1
Tgn, e b [ Vi
/ /,/
P\ ); pb2 >= 13;13 bara (3) // -
[y
//
we set pwf1=253 bara, to /
honour equations 2 and 3 //

——
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Task 4.

One of your colleagues is suggesting drilling a multilateral well with two stacked horizontal o
laterals. to produce the two layers. instead of a single vertical well.

Stacked dual lateral

In this case. assume the flowing bottom-hole pressure of each layer is constant along the lateral.

A multilateral well is expensive, riskier and more complex to drill. compared to a vertical well.
Additionally. in this case. the multilateral well must be drilled from another location on the sea

floor which adds some extra costs in subsea equipment. Therefore, the cost department has

determined that the cost of drilling such a well could be almost twice the cost of the vertical well.

However. if a multilateral well gives higher oil rates. the well revenue will also be higher. which

would make it a better option. The reservoir group has indicated that an X increase in initial rate
will give roughly the same increase in well revenue.

Assume that the lateral is located in the center of the layer. and it is completed all across with a
slotted liner. -
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Use the equation by Harald for horizontal well IPR

According to Milan, it gives

J1= 34 Sm3/d/bar % Do QCMl

J2=561.6 Sm3/d/bar

It seems a horizontal well will give much more production than a vertical well. But it is necessary to doaneconomic
analysis to consider the costs of drilling and completion, and the expenses due to intervention to make sure that
horizontal wells is more profitable in the long term. There are more risks and complexities when drilling the horizontal
well option.

Task 5. Effect of uncertainties

The value of horizontal permeability of each layer is highly uncertain. Formation tests have been
performed on each layer using exploration wells, but the locations of the samples are far away
the planned well location and the petrophysicist has indicated there is some permeability
heterogeneity in the layers. He recommends using the following horizontal permeability range.

Horizontal permeability [nd] | Min | Max
Layer 1 5 30
Lavyer 2 20 50

Additionally, due to formation damage (mud invasion) during the drilling process, one of your
colleagues has mentioned that the skin of the vertical well could be of up to 5.

Does this change your conclusions regarding tasks 1-4 above?

We have to evaluate all combinations
-(poor perm layer 1, poor perm layer 2)
-(good perm layer 1, poor perm layer 2)
-(poor perm layer 1, good perm |ayer 2)
-(good perm layer 1, good perm layer 2)

To determine which option (vertical or horizontal) is best. it might be that for some perm combinations, a vertical
well is more attractive.

Task 6.

Each layer has slightly different oil composition. Because of these two BO tables have been
provided for each layer. Provide some advice about what BO table should be used for the well

flow downstream the bottom-hole location of layer 1?

-if using tables generated by compositional simulation:

1.itis possible to use the same table if the fluid properties are similar . For example, for the case below, if the
pressure is below 184.8 bara it seems it is possible to use the same table. However, it is not possible to use the
same table for pressures above 184.8.bara

2. If the fluid properties are not similar, it is necessary to generate a new BO table considering a new
composition made out of fluid from layer 1 and 2. The amount of oil coming from each layer is required to
estimate this composition, so it is an implicit process.
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2 Cable Tractor (Aker Solutions/2010 /)

6.23 Cable tractor, equipped for milling (Aker solutions 2010)
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Sub surface safety valve

Wellhead choke (disk type)
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Hydraulic packer (Slip and
packing element)
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Task 3.

Based on the results from task 2, 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 oil from the system.

@ '-I'\‘Ilvw CO'\{N)L \ml.ve
__k dewla Lie) frum

Joclace

+— %,

-To ensure production from layer 1 is maximum, pwf1=253 bara (pb1)
-To ensure production from layer 2 is maximum, pwf2=185 bara (pb2)

‘ q Yoo 153

NG
W=7 (fe, -0)) = Wees L

st S0 s

Hhan (?:,- )= 24Ls ‘v*/dx

fu, = fb, = 1S bea
"-"1.‘— WS & W25 . #23.5.90 1984 bow

L €S =
- w - - - - c\f—,
W= © 95, = 1.3 [s00 -1m3) = 23585 L
Check, if pwf1>pw1 ---> production is possible. q’ﬁf: aﬁ +Q°1 = 1263 +2356s = LaPs

bptc,\ -15) ~35 = ¢ b~ %5, - wie.3 f-%(
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Video 14 - Dry gas IPR - Part 1
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Bovle (Enalish)

Hooke (Enqlish) Charles (French)

Gay-Lussac (French)

CopyricuT, 1942 AND 1943, BY THE
% 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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-Class activity

-Flecq@ab ut dry gas IPR

Problem 1: CO2 emissions in an oil and gas field

Perform an internet search to answer the following questions:

— e What is the main source of CO2 emissions in an oil and gas field?

e What is the CO2 footprint (mass) per Sm3 of oil in the NCS? What does this number
include?
What is the CO2 emission (mass) per MWh produced by a gas turbine?

— e What is the consumption of natural gas per MWh by a gas turbine?

e What is the average energy required to produce a barrel (or Sm3) of oil in the NCS?

Some useful links:

— e https://www.api.org/~/media/files/ehs/climate-change/ghg industry-guidelines-ipieca.pdf
| e https://www.equinor.com/content/dam/statoil/documents/impact-
assessment/wisting/equinor-wisting-forslag-til-ku-program-05-01-21.pdf

. A \
emissions to air \ (¢ ;,CL,' R )
PAN
\
Operating field ’
_ — - — B ==
1, %
/ /A 1 Semprt
d 45 erolerd -
s - ,/ ( TR
e [~ P e ~ \ ‘| = emissions to water (g;, | 1 )
L \Giw  ele./
: 13:61' \
' )
——
| . N— )
I
S _ . L L e =] == 1
CO2 originates from combustion -> used for energy gener‘*ation (el?ctric power, shaft power, heat)
\ \ \

Reaction: Methane reacts with oxygen to yield
carbon dioxide and water

Balanced .

equation: CH;+2 0, — CO,+ 2 H,0

Sketches

. . 2senti
Not all the fuel that is bumed is {ﬁg{g;ﬁ;;;’fg
methane, so the reaction will look
slightly different
--> natural gas has other heavier
c,omp,_n,e ts . . Meaning: 1 molecule 2 molecules 1 molecule 2 molecules
--> ships and helicopters burn liquid of methane ~ of oxygen of carbon © of water
el dioxide

--> there are other components that ‘ ‘ ‘ ‘ ‘
might not react (inert) like N2 (but take https://web.fscj.edu/Milczanowski/psc/lect/Ch11/slide3.htm

some energy to heat up), or that

generate compounds that are

ndesired
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Let's use the case of Wisting to verify this number
- e https://www.equinor.com/content/dam/statoil/documents/impact- |
— assessment/wisting/equinor-wisting-forslag-til-ku-program-05-01-21.pdf —
I s I A N N (N N N
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- vil det ikke veere behov for gassturbiner pa produksjonsinnretningen. Varmebehovet vil da dekkes gjennom
 elektriske kjeler.
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oil volume

Wnshuny g__p!:_lg&_ ~3YEVL L.’Vn —» 19178 5»3/1

CO2 emissions --> 190 000 tonnes/year

CO2 per Sm3 oil --> 190 000 000 kg /7E06 Sm3 = 27.14 kg CO2 per Sm3 oll

Considering oil+ gas
1000 Sm3 of gas =1 Sm3 o.e.

during plateau --> oil+gas = 7e06 + 400 E06/1000 = 7.4E06 Sm3 o.e. per year

——

CO2 per Sm3 oil equiv. --> 190 000 000 kg /7.4E06 Sm3 = 25.67 kg CO2 per Sm3 oil equiv

It is somewhat similar to the number shown by Rystad.

The CO2 intensity will increase with time because the CO2
emissions are stable (power consumption is stable, is less affected
by production rates) and oil and gas production is going down. For
example, at end of field life

oil+gas production = 0.6e06 + 25 E06/1000 = 0.625 E06 Sm3 o.e.

CO2 per Sm3 oil equiv. --> 115 000 000 kg /0.625 E06 Sm3 = 184 kg CO2 per Sm3 oil equiv
e What is the average energy required to produce a barrel (or Sm3) of oil in the NCS?
No good references were found on the web for this question . Using the data of Wisting:

oil volume

U’;&&‘ub fa pu~n~ PR 1¢]A 34-3/3 — 19178 5»1/,(

?(.u.q_f . ’U.,.._UN coMrw (ijb s P.P\I'\.f.y =60 ,14.945 =z 5724600 Ilu\q.
YWy

Q"".ﬁ/ ) - §i%6oo V\WL\-: 1s) et ,j-ln_{lv
[f“L }COL gm’ S");L

35 kvl
s‘v_&

Battery .0 The battery capacity within the Model S has changed
numerous t ut, ranging from 60-100 kWH
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Considering oil+ gas
1000 Sm3 of gas =1 Sm3 03

during plateau --> oil+gas = 7e06 + 400 E06/1000 = 7.4E06 Sm3 o.e.

Energy/Sm3 oil = 71 kWh/Sm3 o.e.

How much energy is there in one(1) Sm3 of oil?

https://www.investopedia.com/terms/b/barrelofoilequivalent.asp

"There are 42 gallons (approximately 159 liters) in one barrel of oil. The energy contained in a barrel of oil is
approximately 5.8 million British thermal units (MBtus) or 1,700 kilowatt-hours (kWh) of energy. "

Energy/Sm3 oil = (1700 kWh /159 L) * 1000 L /Sm3 = 10 691 kWh/Sm3

A Sm3 of oil has 150 times (10691/71) more energy than what is required to extract it.

e What is the CO2 emission (mass) per MWh produced by a gas turbine?

"0.486t CO2 eq /MWh for https://www.rte-france.com/en/eco2mix/co2-emissions
gas-turbine plants”

Verifying this number with the Wisting data

In plateau
Power = ca .60 MW. In a year 60 * 24 * 365 = 525 600 MWh
Emissions = ca 190 000 tonnes

CO2 /MWh =190 000 /525 600 = 0.361 1t CO2 / MWh --> similar number to the one provided
above

e What is the consumption of natural gas per MWh by a gas turbine?

Reaction Methane reacts with oxygen to yield
carbon dioxide and water

Balanced

It comes from this reaction equation CH,+2 0, —= CO,+ 2 H,0

Sketches H o
representing c . N e c D | H m
molecules: @ H

Meaning: 1 molecule 2 molecules s 1 molecule 2 molecules
of methane *  of oxygen of carbon of water

dioxide

hitps://web.fscj.edu/Milczanowski/psc/lect/Ch11
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hitps://en.wikipedia.org/wiki/Gas_turbine

A Gas turbine has an efficiency of 40-50%,

The calorific value of natural gas is 40-55 MJ/kg
hitps://group.met.com/en/media/energy-insight/calorific-value-of-natural-

standard conditions natural gas density around.
0.7 kg/m3

gas mass " calorific value * GT efficiency = 1 MWh = 3600 MJ

gass mass = 3600/ (50 * 0.4) =180 kg

gass volume = 180 kg / 0.7 = 257 Sm3 The actual number is highly
dependent on the efficiency of
Energy / Sm3 of gas = 1MWh / 257 Sm3 gas the turbine, the type of gas and

the type of combustion

How much gas do | need to burn to provide the energy requirements for Wisting?

Wisting requires in plateau year 525 600 MWh, this is 525 600 * 257 Sm3 of gas, i.e. 135 E06 Sm3 of gas, or 370
080 Sm3/d of gas.

k_a It seems there is not enough gas in late life to feed the gas turbine?

Using the data from the previous question to verify

Reaction Methane reacts with oxygen to yield
carbon dioxide and water

Balanced
equation CH,+ 2 O = CO,+ 2 H,O

Sketches G—D o H &

representing . . - C =

molecules: Q“iob a0 G[ E ' @
H

Meaning 1 molecule 2 molecules = 1 molecule 2 molecules
of methana of oxygen of carbon of water
dioxide

1 mol of methane (16 gr) gives 1 mol of CO2 (44 gr). There is a ratio of
16/44=0.36

if 1 MWh emits 361 kg of CO2, this means ca 129.9 kg of methane are
combusted to generate 1 MWh

129.9 kg of methane are (den = 0.657 kg/m3) --> 197.7 Sm3 of methane

A number which is somewhat similar to the one above (257 Sm3 of natural
gas)
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Challenge

* Long horizontal wells to ensure maximum reservoir contact
* Friction inside the well
» Heterogeneous reservoirs (permeability and formation variations)

* Non-uniform well drainage creates gas/water breakthrough
* Requires large gas/water handling systems
» Gives reduced production
« Gives reduced recovery

« Conventional ICD can delay the breakthrough problem, but:
* The solution is to stop the gas/steam/water locally
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AICV - Autonomous Inflow Control Valve

Characteristics:

— Autonomous; requires no external power or control

— Effective; can stop the gas/water completely

— Reversible; allow oil production after an earlier breakthrough
— Distributed; no limit in number of zones

— Retrofitable; can be installed in new and old wells

— Compatible; with standard completion
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Fluid dynamic theory, I
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Design of the AICV

 Large flexibility of design/application;
* |ICD strength
* Closed vs. open
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Well path
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—fll— Pressure Gauge P1A
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Weyburn-Midale CO2-EOR Project

Weyburn Unit Oil Production

Vertical Infills




Conventional WAG EOR

* Non-uniform well drainage creates Gas/water (CO,-) breakthrough
* Poor sweep efficiency

* Gives reduced production




AICV technology with WAG EOR

e AICV choke back the breakthrough zone
* Gas/CO, stays in the reservoir
* Qil production from the other zones along the well

* The WAG sweep increases to the whole well
* Maximum WAG sweep are ensured
* When residual oil releases and flows in to the well, the AICV will open again

* Increased storage and contact of Gas/CO, with the residual oil




Summary

« At least 50% of the oil is left after shut down
— Main reason: Breakthrough of gas and water

* New technology developed
— Increases the oil recovery and production
— Needs no power from surface, utilizing the fluid behaviour through the device
— Choking or closing locally for unwanted fluids
— Producing oil from zones with remaining oil
— Water and gas remain in the reservoir and maintain the reservoir pressure
— Can be utilized for CO2 — EOR and storage

N) inflow
control
akin

Making Better Wells® © 2020 InflowControl AS
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Flow inside a choke

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

Fluid Mechanics Films
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|
Video 17.2. -Choke models
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o
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[ [ [ [ [ [ [

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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(NTN

)

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

<\
L
\

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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Oil and Gas production wells

class 20221004

Problem 2: IPR for a vertical CO; injection well

The Snehvit field 1s a subsea dry gas field, located in the Barents Sea. The field produces to a
LNG facility on the island of Melkoya through a pipeline that is 140 km long. In the LNG plan,
CO2 is captured, it is then pumped and transported for 140 km back to the field and injected in a
deep formation (Tubaen). The CO2 is injected in an aquifer, but in this problem, we will assume
that the layer has only CO?2.

Prof. Milan Stanko (NTNU)

143 km
28 “ OD

_4%4

]

I
\
A

A
\

The discharge of the CO2 in Melkeya is usually at around 270 bara. During the transport in the
CO2 pipeline, the temperature can be around 4 °C (seabed temperature) or less, due to cooling
because of the Joule-Thompson effect. The maximum injection bottom-hole pressure is 390 bara.
The mitial temperature of the formation 1s 95 C.

Task 1. Consider the phase diagram of CO2 shown below. Discuss/speculate in what phase is
the CO2 in when it reaches the injector well (wellhead and bottom hole).

P“‘% < 741 v

Twu = ‘1‘('

Thhee 2 82°C
wellhead L., - 3%0 Lm
temperature

depends on heat

transfer along
the pipeline. it
should reach
equilibrium with
environment
{Twh =4 Cj, but
sometimes can
be ¢older due to
Joule Tompson
effect

Wellhead
pressure: we
assume there is
little pressure
drop and that
factional DF is
equal to
hydrostatic DP

o~
o W legys
— b
x| ¢« Y'c must be relatively cold (less
— L than 40C) because we want to
pump in liquid phase (more
Lol B efficient)
000
T Taa
— ?ITQ'&
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T T T =
AY ALOMG WHICH
ITICAL PHASE

Pressure, atm

af.m*cu -

L4 L illil

o wsSh K')D * ’Zl:)D
Q-Eemperatura. -C

Possibilities for flow in wellbore:

Point 1 - no pressure drop, good

heat transfer .[’—
Point 2 - no pressure drop, poor 3
heat transfer

Point 3 - pressure drop, good

heat transfer

Point 4 - pressure drop, poor

heat transfer

Prof. Milan Stanko (NTNU)

>
- oynd
//’“U
ey L"L 5 ey
L :

— >
T

be careful with the SCALEN! (left is log, right is linear)

2l

dad T

formation temperature
distribution

1n'cC resrvonr

From this example, it seems CO2 at bottomhole is liquid or

supercritical liquid-like fluid

Task 2. Compute the Injection Performance relationship of this well, using a reservoir pressure
of 200 bara and up to a maximum pressure of 390 bara.

Wy are not sure if Zstanding can be use for pure COZ2, so
inthis case wie preferto use tabulated data, from a source
wie trust

(
A5 89

valed CLr (o, (C-M?ﬂ.)\-u ‘h-ho‘)

R

1q kh

th _oas)

IPR can sometimes be expressedasa
function of mass flow

%
155-‘-?--
3

@er e

/

63—-' 35‘.‘3."11'_

‘\ée&ﬁu

if no phase change
h|‘: UAL
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ad
- jgo:‘r = \?0 ?g.,;i“r
e [
i %
f,7T
b&,] L
L
i =Y T =0 .. "
Visc and den of CO2atT =92 C https://automeris.io/WebPlotDigitizer/
p (1.01325 to 390 bara)
https:fwrebbook nist. govicgiinchi/inChl=1S/CO 2/c2-1-3 MIST Chemistry WebBock, SR 68
Carbon dioxide
| | | | | |
800
Wvapor .
700 W supercritical
600 N
= %0 _
E
¥ w00
3 P
% 300
L
e R
200
00 —_
' 50 100 150 200 250 300 350 R E—
Pressure (bar)
x:l Pressure (v v! Y;ll)cn:-ty (g/m3) ha E E—
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \
0.0T0 B
Bvapor 1
B supercritical
0.050 -
&
-~
2 0.040 B
8
2
- 0.030 B
0.020 -
0.010 -
0 100 150 200 250 300 350
Pressure (bar) .
X [Pressretoon V] N
ldeng_sc (kg 18682 Data from NIST
p deng viscg Bg 1iviscg*Bg m(p) 8000
[bara]  [kg/m3] [ep]l [m3/Sm3]  [1/cp] [bar/cp]
1.0132 1.4725 0.018058 1.269 44 0.0 7000
21.013 32.189  0.018381 0.058 937 9810.2
41.013 66.572| 0.018847 0.028 1891 38091.1 6000
61.013 10558  0.01952 0.018 2895 85950.2 =
81.013 150.46 0.020502 0.012 3928 154184.9 < 5000 -
81.013 150.46 0.020502 0.012 3928 154184 9 =
§1.013 150.46 0.020502 0.012 3928 154184.9 & 4000 -
101.01 202,62 0.021943 0.009 4943 242881.2 ¥
121.01 263.08 0.024057 0.007 5854 350844.0 = 3000
141.01 330.97| 0.027054 0.006 6548 4748638 =
161.01 401.55 0.030941 0.005 6947  609815.1 2000
181.01 467.65 0.03537 0.004 7077 750054.9
201.01 524.57 0.039864 0.004 7044 891263.8 1000
221.01 57181 0.04412 0.003 6937 10310739
241.01 610.91 0.048043 0.003 6806 11685122 o - T - T - T -
261.01 643.72| 0.051642  0.003 6672  1303299.5 o 50 100 50 200 0 %00 950 400
281.01 671.73 0.054957 0.003 6543 1435447 4 pressure, p, [bara]
301.01 696.04 0.058031 0.003 6420 15650754
321.01 717.45) 0.060901 0.003 6306  1692336.3
341.01 736.55  0.0636 0.003 6199 18173848
361.01 753.76 0.066153 0.002 6099  1940365.1
381.01 769.42 0.068581 0.002 6005  2061408.5
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; y t L 3
T~ ] ~ \ —
‘Aﬁ / \"{c b)’b //\f\-\ \\\"' / // \{ \-....
\ { — \l
// \\\ - \ \\\\ /\ \
| i / \\ ]
/ \\ I \ \\ \ \ /. \\ t
¢ —p N N N [ AN AY
T 7 2 A'
/5 fe Wl P b fu - f ] f el f
Ll Vi_ - kL 1‘5 v [ ) d !
..P
(n) \ 4P
"m \P} - \ -_“ ]
4"5 0)
‘ ( . fe
b-
lots T
w) D0 \
\Oo ﬂ |. _,_(D __I::h I 0.5 . (ID '“'D ) https:#en wikipedia orgfwikiTrapezoidal _rule
¥ " ~ rd
z0
30
m(p)
——  [bar/cp]
0.0
| 9810.2
38091.1
85950.2 =2*PI()*(0.0000000000009869/1000)*(100000)*3600*24/(0.001)
— 154184.9
154184.9 , D E F_ | G H
154184.9 _
242881 2 IPR constant | 5.3576E-02 deng_sc [kg/  1.8682
350844.0
— 474863.8
609815.1 To inputin md, m, bar,cP, and obtain
| 750054.9 mas
891263.8 o
1031073.9
[ 1168512.2
1 " A :
13333?: | Function iprppgas_qg(k, h, re, rw, s, MpR, Mpwf)
. 1565075.4 / 'iprlpgas_qg, gas rate in Sm3/d, calculated with the dry gas IPR with the m function
1692336.3 ) 'k, permeability, [md]
18173848 'h, layer height, [m]
1940365.1 / 're external radius of reservoir [m]
- 2081408.5 'rw, wellbore radius [m]
's, skin factor [-]
'mpR, m function at reservoir pressure [bara"2/cp]
'mpwf, flowing bottom-hole pressure [bara”2/cp]
iprppgas_qg = 0.053576 * k * h * (Mpwf - MpR) / ((Log(re / rw) - 0.75 + s))
\ End Function
7 ~~
o ———— I
™ e P m(p) \
| nction tabinte %, col, Matrix As e [bara] [bar'fcp]
/ i ( o 'ff'.:.—.c:ign E.,rlel'l{\“r I]i-ne!:rtinle?[.'uﬁ??ci in tables 1.0132 0.0
:ESPS:;W\ for W value is required 21.013 9810.2
L i’ '-.:oll: cc.]u.;:.'.n n . I':i::-!'. ti';.e r_-;l -nr:\.l is located 41.013 38091.1
‘. \ 'Matrix: table organized in the following manner: 61.013 85950.2
vy P ooW eeld 81.013  154184.9
pwf m(p) qg 81.013 1541849
bara barep] [Sm3/d] | o q0101  2e78812
200 884132.71 000.0E+0 J 121.01  350844.0
141.01 474863.8
220 1024013.5 2.1E+6 N 141.01 4745638
240 1161571.6 4 2E+6 181.01  750054.9
260 12964927 6.2E+6 N o ez
280 1428773.9 8.2E+6 N 52101 11685123
300 1558529.2 10.1E+6 \ gg:-g: :iggiﬁg-i
320 1685909.6 12.0E+6 N 301.01  1565075.4
340 1811069.9 13.9E+6 gﬂ-g: }g?gggg-g
380 2055295.8 17.6E+6 ™

381.01  2061408.5
\
| | | | | | \
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\ \ \ \ \ \ \ \ \ \ \ \ \ \
400

380 1 IPR is fairly linear!

360 injection rate for pwf =276 barais 7.7 EOB
340 | Sm3fd. For comparison, a large offshore subsea

gas well may have a production of 4 E06 Sm3/
320 |

300

280
260

240

flowing bottomhole pressure, pwf, [bara]

220

200 r - -
0.00E+00 5.00E+06 1.00E+07 1.50E+07 2.00E+07
CO2 rate, qg, [Sm"3/d]
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Lecture 20221006

Phase envelope for CO2 with impurities

Prof. Milan Stanko (NTNU)

100 ‘ :
1 1 i
90 : .
Minimum Operating Pressure (82 barg) ' ! '
70
= 60
= = tia.
o F E CEL FEl
2 : . O e
@£ 40 A t | S
& — . @ .o
- S 1 & £
30 o |
; . o L= . <L
= s 1%
20 : 3 ; N ;E
{s s _ s _
10 X - 1 EC 12 O
c U - E L =
1S ¢ 13 = 12 @
=N (T = a &
0 - .
40 30 20 -10 0 10 20 30 10
Temperature (°C)
—_— 100% CO2 96% CO2 + 4% N2
96% CO2 + 4% Ar 96% CO2 + 4% CHA4
—96% CO2 + 4% C2H6 — 96% CO2 + 3.25% N2 + 0.75% H2

96% CO2 + 2.4% N2 + 0.75% H2+ 0.85% Ar

https://webevents.spe.org/products/flow-assurance-for-ccs
class activities about choke performance:

Using the same excel sheet given in the
video, try the following tasks:

Test yourself!, use the choke model for different purposes:

eg. pl=125bara,d = 15 mm,
gqg =500 E03 Sm3/d

-Production performance mode: given a rate, p1 and diameter, find

P2 ; " " e.g. p2=50bara, d=15mm,
-Production performance mode : given a rate, p2 and diameter, find qg = 1 E06 Sm3/d
p1

-Design mode: Given a rate, p1,p2, find diameter

e.g. p1=200bara, P2 =120
bara, qg = 1e06 Sm3/d

the choke model works with input p1,p2,d, and outputs qg. For all these cases we need to use a solver because the

calculation is implicit

use goal seek to change the

cells in jolePto minimize the
error U
Gas Gravity, [-] OASS\
k, Adiabatic Constant [-] 1.300
T1, choke inlet temperature [C] 70
yc Critical Ratio [-] 0.546 Adjusted
p1 p2 d
[bara] [bara] [mm]
Case 1 125.0 50.0 156.00
Case 2 319.4 50.0 156.00

Case 3 200.0 120.0 18.65

Desired Error
y (p2/p1) Qsc Qsc
[1 [Sm3/d] [Sm3/d]
0.400 406.6E+3 500.0E+3 93.4E+3
0.157 1.0E+6 1.0E+6 9.4E-6
0.600 1.0E+6 1.0E+6| -407.0E-9

dp

[bar]
75

269
80
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It is not possible to find a solution for 1, since it is in the critical regime and the rate comes determined
y the inlet pressure (p2 does not affect the rate)

2 bau@—‘i | 236 lcrm
\ cC | , @ t-., 2

Activity 2:

repeat

\\

using CO2
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Video 18 - Saturated oil IPR, part 1

Prof. Milan Stanko (NTNU)
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Inflow Performance Relationships for Solution-Gas Drive Wells
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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

()
,IJ

-

Voﬁ[v 5,.35 -

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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QOil and gas production wells

The Isochronal Testing of Oil Wells

By

M. J. Fetkovich, Member ATIME, Phillips Petroleum Co.

R’tVOmUbl frqj?opol
)
10,
f(f'b) V-6
1(p=J) /
.
qGW'\)- (. <-‘7 ) z
k‘r'o
_ k+h-[F(or)l - Pr o k.h.[(‘u0°80 @pRl'pR z@'PR
2

qo,max -

18.68 - (In (;—‘-’) —0.75+5) -2  18.68 - (in (:—-‘-’) —0.75 +s) -2

o = I \94 ~ _P.“-i}m
LR <‘ m)}
. 7 |t - (m)"]

[ 1

(P" - bl J ~> 35' - C QZ—'&};)
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M o Calculation of Theoretical Productivity Factor
\ 7
4
o =4 (p) ; ; 3
15 Cot = Fp = > - 5 5. 99, % - %
S5 % T56 %o o 4 v K (p)
9}5.. \ﬂ? @PJ’L,TSL. T q‘w
1s /7//// 53 A= *95 150
Z% /ﬁ///ﬁ c—-—:"’lgg “\ ﬂ-g‘ - %j + G(So
: t/é—‘\/ﬁ> % 35-0\ V@j Mn.l(.
l ~
11T CLARA /// — 6o 36'544 Tso
( ﬂ}; :ngo
By - % bty kb, )Ibffl%%:& " Jﬁ
S0 by Hh  to My bq { \, - %4 B -9°  (p) SddoPon g3
i )_ qso 6( 'q{-’o
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/P l +
Lo P ) e — T
\ gl ’ C
\ /
AN
AN .
N
| N |
|
/ ~
~—
? Yp
S
1 O
09 4 e
=08 - °
e
4 a L ]
§0.7 .
= 0.6 - .
3 -
g 0.5 - .
£ . L..) /y/
2 0.4 - o A £»
2 .
5 0.3 1 i -~
£ o2 - ®e, @7
o L]
0.1 - Cee,
o : : : .......’_‘_._._-_'_._._._._.'
1.00E-03 1.00E-02 1.00E-01 1.00E+00  1.00E+01  1.00E+02  1.00E+03
gas-oil relative permeability ratio, krg/kro
" o - ﬂ;: e ﬁﬁ
| sl
D } ) ot b o~ W (¢
Lo ) fo
] |
" /""- \
V) ’\,a‘,«_ L) A by~ o 3 / 1
G i ‘
3) s (p) f 2
| ““wf‘ Vo
\
Rp (Sm3/sm3) 300
3,000
COLUMN 4 6 3 5 2
[} Rs viscg Bg Visco Bo  kig/kro  kro  kro/(visco*Bo) So 2,500 -
[bara) [Sm3/Sm3]  [cp) [m3/Sm3] [cp)  [m3/Sm3] [ ) (1/ep) [-) -
1 0.5 1.126-02 2.66E-02 14 1.2 5.54€-02 4.49€-01 0277 0.60 < 2,000 -
5 2.6 1.14E-02 2.59E-02 14 1.2 5.50E-02 4.50E-01 0.282 0.60 = °
50 25.5 1.32€-02 1.81E-02 11 1.2 4.96E-02 4.67E-01 0.352 0.60 231_500.
100 48.8 1.58E-02 1.22€-02 0.9 1.2 4.46E-02 4.82E-01 0443 0.60 _§ .
150 76.4 1.82E-02 8.20E-03 0.7 1.3 3.81E-02 5.03E-01 0.573 0.61 %1,0@. .
200 107.2  2.14E-02 6.25E-03 0.5 1.4 3.65€-02 5.09E-01 0.722 0.61 - ° ¢
250 1439 2.51E-02 5.29E-03 0.4 1.5 3.59E-02 5.12€-01 0.888 0.61 0.500 ° ¢
300 187.9 2.90€-02 4.69E-03 0.3 1.6 3.23E-02 5.29E-01 1121 0.62 f o
330 2204 3.15-02 4.45E-03 0.3 1.7 2.65€-02 5.57¢-01 1322 0.62 0,000 + y v Y Y Y v Y
360 258.3 3.41E-02 4.26E-03 0.2 1.8 1.61E-02 6.29E-01 1.672 0.64 0 50 100 150 200 %0 300 3%
383 292.6 3.60E-02 4.14E-03 0.2 1.9 3.19€-03 8.34E-01 2414 0,67 pressure, p, [bara)
... NOTLINEARI ||
~ Forhigher GOR HEEEEEEEEEEE e
Rp [Sm3/sm3] 800
fl 0.900
| | COLUMN 4 6 3 5 2 —
| p Rs viseg Bg Visco Bo  kig/lkro  kro  kro/(visco*Bo) So ' " .
—[bara) (Sm3/sm3]  [cp) [m3/Sm3] [cp) (m3/sm3] () [-) [1/cp) [ o 700 4 o
| 1 0.5 1.126-02 2.66E-02 14 1.2 1.48£-01 3.176-01 0.19 0.56 %o.eoo ! .
B 5 26 1.14E-02 2.59-02 14 12 1476-01 3.176-01 0.199 0.56 = °
] 50 25.5 1.326-02 1.81E-02 1.1 1.2 1.406-01 3.24€-01 0.244 0.56 8" .
100 48.8 1.58E-02 1.22€-02 0.9 1.2 1.336-01 3.306-01 0.304 0.56 $ 0400 - °
B 150 76.4 1.826-02 8.206-03 0.7 1.3 1.236-01 3.406-01 0.387 0.56 %o.soo ; N
] 200 107.2 2.146-02 6.25€-03 0.5 14 1.31€-01 3.326-01 0471 0.56 . L .
1 250 143.9 2.51€-02 5.29€-03 0.4 1.5 1.51€-01 3.14€-01 0.545 0.56 '
N 300 187.9 2.906-02 4.69€-03 0.3 1.6 1.776-01 2.95€-01 0.624 0.55 B0ty
| 330 2204 3.156-02 4.45€-03 0.3 1.7 1.936-01 2.85€-01 0675 0.54 0.000 . , . ' . . ;
| 360 258.3 3.41€-02 4.26€-03 0.2 1.8 2.09-01 2.75€-01 0.730 0.54 0 O 0 150 20 2 0 350
1 383 292.6 3.606-02 4.14€-03 0.2 19 2196-01 2.69-01 0.778 0.54 pressure, p, [bara)
. LINEAR?? N
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L
k h r.pR k‘ro N " r
q; = 7 | .de - ko AP _ - (
18.68 - (In (7w —0.75+5) JpuHo " Bo e b
\_/‘“\_T--—'—'“'--'\ - O
\iﬂvnfo \ fP ‘\\ ( n ‘
e VW \ v ) NoT X yon~2 W Malhgn <
Vaqe L (U ~Q L ) ds
o) [
)
2 -
pwf pwf
46 = 496,max 1-V: (1 V) ( )
/ PR PR
// \ \ \ \ . \ \ > q‘\;"‘“’r ta
/
k h ro -0 \
A O = J \
7 Te ~18 "PR o >
(18.68- (1n (=) - 075+s) 18 L s.
| 'J""“’\)»
oM
p 2
__ wf
46 — 946,max ) r
/ PRr
a | N\
/ N\
( k-h- ‘PR N
NS u ] d ;
p— E . pR A ﬂ(s v
18.68 - (In —) - 0.75 +5)-2 ¥
‘r ~
w
. \ v
o iL h ;,\,ﬂu,n A\ vV BA 3
Function m function oil (p, col, Matrix As Range)

'P in bara VA‘O /

'n numb f intervals to 1 in the int ti

p'; : l.gi3§s intervals O use 1n € iAntegration nh% //

p2 =p

If p2 - pl > 40 Th

Qn = gound((pz Enp.u / 10, 0) —

Else >—a—

n =10 I

End If " "

DP = (p2 - pl) / n v v !

Pl =pl 1 ¢ ¥

Sum = 0 e A fb

fa = tabinterpol(pj, col, Matrix)

For J=1Ton [l {r_( é‘ . "
pj = pj + DP 1H \ Ve "G»Latlof o~ /
fb = tabinterpol (pj, col, Matrix) »

Sun - Sum + (D * (fa ¢ £b)) * 0.3 gmm/’“/(/‘/'/ o N L .

Next \ “' JAM o b) ,_Lk) )

m_function oil = Sum N ‘\\“

End Function \\\ N\ -
AR
O-"‘




QOil and gas production wells Prof. Milan Stanko (NTNU)
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
=
3 50 A
2
b 0 L L L L) L Ly L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
oil rate, qo, [Sm3/d]
N S S A N N N U U (N AN (N AN N AN N AN N N
1.200
1.000
=
£ 0.800
=
o)
2 0600
(=]
2
=
5 0.400
=
0.200
0.000 1
0 50 100 150 200 250 300 350 400
pressure, p, [bara]
T T T T T T T T T T T T T T
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382 309.9 0 0 0 0 0 8 400 A -&-m function
300 1835 4596 6425 6511 4318 3938 = .
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v
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150 60.7 9061 14180 14867 9530 8993 a8
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Lecture 20221011 - Class exercise

TPG 4245 Autumn 2022 — Prof. Milan Stanko - page 1 of 2 Class activity on IPR and choke, v1.0

Problem 1: Selection of Inflow performance relationship equation for the “Borthne”
saturated oil field

A small, saturated volatile oil reservoir will be produced using an unmanned platform with 4
well slots. The X-mas trees are on the platform. The platform has a separator with a constant
pressure of 30 bar. Wells are equipped with wellhead chokes to regulate production. The
separator 1s very close to the wellhead.

In this exercise, we will focus on well AO1.

The reservoir engineering department has performed some preliminary studies and has provided
well production profiles of oil, gas, reservoir pressure and flowing-bottomhole pressure (given in
the Excel sheet attached). Unfortunately, after this, the reservoir engineer went on holidays (to
the Bahamas) and 1s not available to help you.

Assume that all production comes from the oil layer (there 1s no coning from the gas cap)

Task 1:

For your production engineering calculations, you would like to find a suitable expression for
IPR to represent the mflow. You are considering using an IPR of the form:

Pwr (pw,{)Z]
o = Qomax 1-Vi—=1-=V):[—

From your lectures of TPG4245, you remember that V can usually be considered constant with
depletion, but g ,,q, Will vary.

Your main task 1s to find the behavior of g 4, Versus reservoir pressure with the data provided
by the reservoir engineering department. Consider several values of V, ranging from 0

(Fetkovich) to 1 (Linear PI).

Provide observations about your results.

In this exercise, instead of using reservoir, fluid and well properties and parameters to determine
IPR, we will use production data
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"finding an IPR" means:

-Select a proper equation
-Find parameters in that

2
equation for every time (typically pw[ pw[
pR, pwf and qo are q(-, —_ q(),max 1 - V * - (1 - V) ' (

input/calculated). In this case V pH ph’
and qomax are "equation
parameters”

If we assume V and gomax change with depletion (varying with pR) then we have N
equations, with N*2 unknowns (V and qomax for each time)

We cannot solve this!!

We assume V is known! we try with three values (0, 0.2 and 1)

Problem 1, Prof. Milan Stanko (NTNU) Fet Vogel Linear
Vv 0 0.2 1
time pR pwf qg qo Rp | gomax
[years] [bara] [bara] [sSm3/d] [Sm3/d] [Sm3/Sm3] |
0.50 380.1 285.3 6.54E+04 225.0 290.4 515.4019 563.7462 902.2787
1.00 377.4 281.9 6.45E+04 225.0 286.7
pR [bara] 380.12 S 400
gqomax  [Sm3/d] 515.4 563.7 902.3 g 1
\' 0 0.2 1 g 301
pwf/pR  pwf qo % 250 1
-] [bara]  [Sm3/d] g g0y
1 380 0 0 0 £=10]
0.8 304 186 185 180 g %7
0.6 228 330 334 361 £ N
0.4 152 433 446 541 2 0 2(']0 4(']0 G(IJO 8(']0 10'00
0.2 76 495 523 722 oil rate, o, [sm3/d]
0 0 515 564 902

——Fetkovich ——Vogel ——Linear

The prediction of the three models is very similar for oil rates below 250 Sm3/d, but starts to deviate above it.

Task 2:

Well AO1 will be produced in plateau mode, this means at a constant rate and then it eventually
enters in decline. In the forecast calculated earlier by the reservoir engineering department, the
plateau rate of the well is 225 Sm3/d. The plateau period ends between year 3 and year 3.5.

Y our manager wishes to extend the plateau period by gas-lifting the well. Therefore, he would
like you to conduct a study at year 3.5 to determine what flowing bottom-hole pressure value you
need to maintain the rate of 225 Sm3/d. He will later use this information to determine if it is
possible to achieve this pressure with gas-lift.

However, you are yet now sure about what IPR to use in this well. Using all possible IPRs
calculated in task 1 for year 3.5, provide your manager a range of flowing bottom-hole pressures
needed to provide the required rate.
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Problem 1, Prof. Milan Stanko (NTNU) Fet Vogel Linear
| v 0 0.2 1
time pR pwf qg qo Rp gomax
[years] [bara] [bara] [Sm3/d] [Sm3/d] | [Sm3/Sm3]
0.50 380.1 285.3 6.54E+04 225.0 290.4 515.4 563.7 902.3
1.00 377.4 2819 6.45E+04 225.0 286.7 509.0 556.5 889.1
1.50 374.8 276.9 6.41E+04 225.0 285.0 495.4 541.4 861.4
2.00 369.7 271.6 6.40E+04 225.0 284.4 488.7 533.9 847.6
2.50 364.8 261.2 6.41E+04 225.0 2848 461.8 503.8 792.4
3.00 359.6 249.0 6.50E+04 225.0 289.0 432.2 470.7 731.4
3.50 354.8 2454 6.29E+04 211.9 296.7 406.4 442.6 687.5
400 -
pR [bara] | 354.79! H o I
gomax  [Sm3/d] 406.4 4426 687.5 g -
v 0 0.2 1 7 30071 \
v
pwf/pR  pwf qo s 250 1
[-] [bara]  [Sm3/d] 2§ 2007
1 355 0 0 0 £ = 150 4 i
0.8 284 146 145 138 g 100 B
0.6 213 260 262 275 2 501
0.4 142 341 351 413 § o . . . . . . - S
0.2 n 390 411 550 ] 100 200 390 400 500 600 700 800
oil rate, go, [Sm3/d]
0 0 406 443 688

Using goalseek:

pwf to produce 225 Sm3/d

Fet | 237.033|
Vogel 237.292
Linear 238.68

However, if the rate would have

Fetkovich

Vogel Linear

There is very little difference

between the IPR models,
therefore, it is not important to
determine which one is the most
adequate

been higher:
»m3/d pwf to prdduce 380 Sm3/d
Fet 90.4148
iVogeI 111.27
!_Linear 158.693
Task 3:

Here determining the correct IPR model is very important. A design made
based on Fetkovich is very conservative (it requires reducing the pwf a
lot) while a design based on linear IPR is optimistic

In task 1 you realized that you need more information to select a proper IPR model. Luckily, the
reservoir engineer is back from his holidays and is in a good mood to help you. You asked him to
perform a numerical multirate test at 0.5 years and at 10 years. The results are given in the excel
sheet attached.
Use this information to decide which values of V and gz 4y to use. Assume that V remains
constant during depletion, but that g5 4, changes.

TIP: use the excel solver to find values of V and g5 ;4 that best fit the data provided.

With more test points at the same pR and time, it is possible to find the value of V
and gomax (tune the values to obtain best fit)
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t [years] 0.5
PR [bara] 380.1 200 ; ||
\% 0.5956 350 A
qomax 692.81 300 4 1
pwf qo qocalc error
[bara] [Sm3/d] [Sm3/d] (Sm3/d)~2 = 250 |
380.1 0.0 o 0.0 s oo
350.0 75.2 75.3376 0.0 < model |
300.0 192.4 192.633 0.0 & 150 - o dat
285.3 225.0 225.207 0.0 100 | N
250.0 300.0 300.233 0.0 O
200.0 398.0 398.138 0.0 50 A
150.0 486.4 486.349 0.0 o ]
100.0 565.2 564.866 0.1 o 2[‘)0 4(')0 560 - sc')o
50.0 634.4 633.687 0.4 ) -
1.0 92.8 691.712 1.2 oil rate, qo, [Sm3/d]
k error 1.9
R
| use the so verjﬂo change V until error -->0 )
gomax is the last point on the table
~Using Vogel
t [years] 0.5
pR [bara] 380.1 ] 400
. 350
Vv 0.2000 a
gomax | 692.81 _I 300
. pwf qo gocalc error - = 250
[bara] [Sm3/d] [Sm3/d] (Sm3/d)*2 S 200
380.1 0.0 0 0.0 ‘§“ model
350.0 75.2 95.3351 403.9 & 150 ® data
300.0 192.4 238.227 2096.8 100
285.3 225.0 276.513 2653.6 5
250.0 300.0 361.94 3832.8
200.0 398.0 466.474 4686.0 0 T T T !
150.0  486.4 551.828 4280.3 0 20 40 60 800
100.0  565.2 618.003 2789.9 oil rate, qo, [Sm3/d]
50.0 634.4 664.998 938.9
1.0 692.8 692.441 0.1
error 21682.5
Using Fetkovich
400
350
300
= 250
&
£“ 200 del
"'?: mode
=150 ® data
100
50
0 T T T L}
0 200 400 600 800
oil rate, qo, [Sm3/d]
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For the second time:

[years] 10
[bara] 265.8 300 1
Vv 0.6000 al
gomax 142.37 —
pwf qo qocalc T
[bara] [Sm3/d] [Sm3/d] S 150 J
265.8 0.0 0 "g w— model
250.0 13.2 11.6329 2 100 - ® data
200.0 51.2  45.841
150.0 83.1 76.0183 50 -
137.8 90.0 82.7535
100.0 109.0 102.165 0 - -
500  128.8 124.281 0 >0 100 150
1.0  142.4 142.039 oil rate, qo, [Sm3/d]
Best fit
t [years] 10
pR [bara] 265.8 300 1
4
\Y 0.4000 250 4
gomax | 142.37 .| 200 -
pwf qo qocalc T
[bara] [Sm3/d] [Sm3/d] 2 150 |
265.8 0.0 0 “g e model
250.0 13.2  13.223 % 100 4 e data
200.0 51.2 51.1439
150.0 83.1 83.0186 50 4
137.8 90.0 89.862
100.0  109.0 108.847 0 ' - »—
50.0  128.8 128.629 9 0 190 150
1.0  142.4 142.147 oil rate, qo, [Sm3/d]

When having the value of gomax from the multi-rate test, the prediction of the IPR model improved significantly! The
effect of V is modest.

It seems that V is changing with time

Task 4:

In case the well exhibits high velocity flow, how could this affect your results? Discuss.

Drawing an analog to the dry
gas case, the IPR of saturated
oil with High velocity flow might

look like this
1 2 1
N - - L
ﬁ".Dr}*%: Powan [ - V(@_J _..(t..u) _t::_})
'l) ’4

Now there are three parameters to determine from the data, V, gomax and the high velocity coefficient D Therefore, it is impossible
to determine them with only one test point. One should have a multi-rate test or use an analytical expression based on reservoir
and PVT properties to estimate D. For our case we have a good prediction without including D.
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Lecture 20221013

Review of some exam questions:

PROBLEM 1 (7 POINTS)

s
Task 1.1 (4 points). Consider a dry gas well that is choked. The pressure upstream the b =Boolese GI'"Q 1 Y, clowe ¢

choke is 300 bara and the pressure downstream the choke is 10 bara. The temperature 0 O'C'/ @ [/ 02 o

upstream the choke is 100 C. Consider the gas consists mainly of methane. Estimate
the outlet temperature. The pressure enthalpy diagram of Methane is provided next. N t i @ T00°c "“"‘l%
/S 5905 )
‘?fl o f:om.

N
Task 1.2 (3 points). Consider two choke models operating with the same conditions 5:05 | "/ L
indicated in Task 1. However, the two chokes are of slightly different size, and one has . 10

aflow of 306 Sm3/d, and the other of 3E05 Sm3/d. Indicate how will this affect the 0 1
outlet temperature. '\' . T.

Cg'vf&hk e

AY
-
Ly

. "UL\.:-) ’ :-’l’-o-‘::_t.?l foh
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hitps://production-technology.org/tubing-specifications/

OILProduction.net API Tubing Table

Nominal Weight Threaded Coupli 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. b/t b/t Grade in. in. in. in. in. in. tance sure Upset Upset Linear per
psi psi Ib b 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 12250 | 14120 | 11.920 24,940 0.0007 | 1516.13
N-80 12710 | 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 c-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 12270 | 14 160 21,910 39,510
H-40 0.125 1410 5,220 5,270 0.0019 | 517.79
H-40 0.140 1.380 5,790 5,900 15,530 26,740 0.0018 | 54055
J-55 0.125 1.410 6,790 7.250 0.0019 | 517.79
114 ) 1660 §152.300 NRelUORl 155 | o140 | 1l3e0 | 1% | 295 et 753 | 8120 | 21,360 | 36,770 | 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 10,420 ) 11,810 } 31,060 53,480 | 00018 | 54055
H-40 0.125 1.650 4,450 0.0026 | 378.11
H-40 0.145 1610 5,290 19,090 31,980 0.0025 39714
J-55 0.125 1.650 5,790 0.0026 | 378.11
112 | 1900 | 275 IREREEl yss | 0145 | 1810 | 131 | 2200 e 6,870 26,250 | 43,970 | 0.0025 | 397.14
C-75 0.145 1610 8,990 10,020 35,800 59,960 0.0025 39714
N-RN n 145 1A/10 Q590N inaan 1 3R 180 r3ean | nnmos | 197 14

An example, total weight of tubing string
L
4s' Wby | S00u., it 003 n
(
il x .35 = 104 Sz Ik

= Yy &

tubing

tubing
coupling

tubing | tubing

Coupling make up https://www.youtube.com/watch?v=PWit9k7mYBol

Joint make-up on rig floor
hitps://www.youtube.com/watch?v=3fdbX7rpxao
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type of tubing end/connections

https://www lksteelpipe.com/news/how-to-distinguish-the-thread-of-oil-pipeline-12768040.html

hitps://www.worldironsteel.com/news/what-s-the-difference-between-upset-tubing-and-13703095.html

EU(External upset) What's The Difference Between Upset Tubing And Non-Upset Tubing?

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

EU(Extemnal upset)

NU(Non-upset)

NU(MNon-upset)

New VAM

important for important for running in hole
hoisting capacity more material, more weight tolerances

iction.net I}#I Tubing Table
/

/"“\’\—f—'—'_\
Nominal Wegm_ 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/t Ib/ft Grade in. in. in. in. in. in. tance sure Upset Upset Linear per
1 psi psi b b 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 T30 1313 1.660 12250 | 14120 | 11,920 | 24,940 0.0007 | 1516.13
N-80 12710 | 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 C-75 0.113 1,449 0.955 1.660 1.900 11500 | 13270 | 20540 | 37.040 0.0011 | 93549
N-80 12,270 | 14160 | 21910 | 39510
H-40 0.1 1410 5220 5270 0.0019 | 517.79
H-40 A40 1.380 5,790 5,900 15530 | 26,740 | 0.0018 | 540.55
J-55 0.125 1.410 6,790 7.250 0.0019 | 517.79
194 | 5% [52300 BEui .- 0440 | 1380 | 12% | 295 I 75% | 8120 | 21360 | 36770 | 0.0018 | 54055
-75 0.140 1.380 9,840 | 11,070 | 29,120 | 50,140 | 0.0018 | 540.55
A N-80 0.140 1.380 10,420 ) 11,810 | 31,060 ) S53.480 |} 0.0018 } 540.55
H-40 0.125 1.650 4450 0.0026 | 378.11
H-40 0.145 1610 5,290 19,090 31,980 0.0025 | 397.14
J-55 0125 1.650 5,79 0.0026 | 378.11
ol e %{ Rl 55 | 0145 | 1800 | V5 | 2200 S 6.870 26,250 | 43970 | 0.0025 | 397.14
C-75 0.145 1.610 8,990 | 10,020 | 35800 | 59,960 | 0.0025 | 397.14
N-&N n 145 1A10 ason 1 1narn | 3ar1an | R2asn | nnmos | 307 14

Important when doing wireline/tractor operations in the tubing, to avoid getting stuck
https://www.youtube.com/watch?v=i77v2snWZ1c



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

Mechanical resistance, composition (carbon, iron and other elements)
and heat treatrtnt

API Tubing Table

Nominal Weight Threaded Coupli 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/t Ib/t Grade in. in. in. in. in. in. tance sure Upset Upset Linear per
psi psi Ib b ft Barrel
H-40 7,200 7530 6,360 13,300
J-55 9370 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 5 8,860 9730 15,060 27,160 -
1 1.315 1.700 1.800 c-75 0.113 1.049 0.955 1.660 1.900 11500 | 13270 | 20540 37.040 0.0011 | 93549
N-80 12270 | 14160 | 21,910 39,510
H-40 0.125 1410 5,220 5,270 0.0019 | 517.79
H-40 0.140 1.380 5,790 5,900 15,530 26,740 0.0018 | 54055
J-55 0.125 1410 6,790 7,250 0.0019 | 517.79
114 ] 1500 172300 yueitill 055 | o140 | 1300 | 12% | 2054 [EE 7530 | 8.120 | 21360 | 36.770 | 0.0018 | 54055
C-75 0.140 1.380 9,840 11,070 | 29,120 50,140 0.0018 | 54055
N-80 0.140 1,380 10420 | 11.810 | 31.060 53,480 0.0018 | 54055
H-40 0.125 1650 4,450 0.0026 | 378.11
H-40 0.145 1610 5,290 19,090 31,980 0.0025 | 397.14
. J-55 0125 1.650 5,790 0.0026 | 378.11
112 | 1900 | 275 YRSl yss | 0145 | 1810 | 131 | 2200 IR 6,870 26,250 | 43,970 | 0.0025 | 397.14
C-75 0.145 1610 8,990 10,020 35,800 59,960 0.0025 39714
N-AN n 145 1R10 a5 inaan 1 2 180 raoan | nnnos | 207 14

Effect of heat treatment on material: https://www.youtube.com/watch?v=0SIr2sBHxA4
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Normalization
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Axial loads in tubing:

axial distribution of
force and stress due to

weight
-weight F-4 %000 -3 pounds per foot .
} o
q
-F
(= /k
I
|

o L. ff’{‘j

+ 0

-Bouyancy

\
)

g—displaced volume (be careful if open end pipe or closed end pipe!)

T V(Ywa)-j = Roypg

———

Where does bouyancy come
from?
A

axial distribution of
force and stress due to
weight and bouyancy

i)

PO

\E F/h

the black curve is shifted because the bouyancy creates a
constant compressive force that counteracts the tensioning
force due to weight
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-Pre-tensioning (e.g. due to packer setting) - The tubing is "pulled up’ with the hoisting mechanism. This also shifts
the black curve to the right (tensioning) or left (compressing), as the force is applied uniformly to all the string

-Axial stress due to thermal expansion-contraction

ool oy b

Al
> Tubing is typically fixed at both ends (wellhead above
. ! and packer below) so the themrmal expansion creates an
Black line is formation . : . :
IR . axial compressive stress. This shifts the black curve to
temperature distribution (just
: the left.
after the well is completed, no
flow)
The red line is the temperature ™ @
distribution when the well is put
to production (the fluid flow I T

warms up the tubing). This
temperature difference causes
tubing expansion

Other |oads that must be considered:

-Inner-outer pressure: cause an axial and radial stress
-Etc (to be discussed later)

X LS
P ))&

The "combination" of all these stresses must be taken into account
and compared against the yield stress, to make sure the tubing will
withstand the loads.



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
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\_ JUrpRgasy dole 7 -




Oil and gas production wells Video 22 - Tubing performance relationship, dry gas Prof. Milan Stanko (NTNU)
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Oil and gas wells Prof. Milan Stanko (NTNU)

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
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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

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 7250 0.0019 517.79
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Oil and gas production wells

Prof. Milan Stanko (NTNU)
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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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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
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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



Prof.

ilan Stanko (N

'NU)

Asheim's

ift fl

odel

Harald

—-———
t:'
— Y4
T:
-
S _ a-_ -"_ L','i_
CaTaw T

A, dp+4,p, g dc+ 4, p,v,dv,+7,, S, dc+7,5dx=0

+

Adp+4 p g dc+d pvdv+r, S, dei—1 Sdy=0

.

W

dp +(pgyg TP )gxdx+ pgvgygdvg +pfv!y.~’dvf +

TgSgw e TIWSJW

A

dx=0

1
tg = §fgpgvglvg|

1
1, = gﬁptvﬂvd

Sgw = mdy,

Sgw = Tdy,

d—p+ dv

dx

g

pTng + pgvsg dx

dv,
+ PV E

1
+: ﬂ (fgpgvglvglyg + flplvllvllyl) =0




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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= 2000 2
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temperature, T, [C]
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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Oil and gas production wells Prof. Milan Stanko (NTNU)
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| and gas production wells Prof. Milan Stanko (NTNU)
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Classes in computer room, P2, 20221025, 20221028, 20221101, 20221103

TPG4245 2022 — 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




TPG4245 2022 — Assoc. Prof. Milan Stanko - Class exercise

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.

o Assume the well is producing with a water cut of 20%. How does this affect your results?
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The Low Shear Compa wy

Low Shear

- What?
- Why?
- Where?
- How?
- What's next?

November 1, 2022

Rune Husveg, PhD
R&D Manager




Produced water definition, origin, and characteristics

Produced water definition

— ...water which is produced in oil and/or gas production operations and includes formation water,
condensation water and re-produced injection water; it also includes water used for desalting oil.

e Origin/Characteristics To Producti latf
o Production platform

A A A A v

e Water to oil ratio
3:1—>4:1
90% NCS

e 40% discharged globally
e Discharge limit
30 mg/l

OSPAR
PSA




Produced water management

First stage separator

Second stage separator

Third stage separator/coalescer

TETTT

A

Y

Hydrocyclones
Y
Hydrocyclones

—
-

CFU
Choke valves Control valves

Z@ o2 Degasser )

SPE-205016-PA *
SPE-159713-PA




Gravity separation

First stage separator

Second stage separator

Third stage separator/coalescer

Ty

Y

Stokes’ law: L Hyaronydorss———

A
Hydrocyclones

(pw—po)-g°d2
18 - pyy

A

vt=

d droplet diameter Choke valves Control valves
o dowi -

K settling force

g  gravitational acceleration Fd = P"Q

vy  terminal velocity 3
i,  water dynamic viscosity F = - (pw - po) g d
po  oil density 9 6

pw  Water density Fd = 3.17" Uy * Vg * d




Enhanced separation

Gravity separation Enhanced gravity separation Flotation
Corrugated plate interceptor (CPI) Hydrocyclone Compact Flotation Unit (CFU)
o)
g
T in_’ PR
: | ,0&e
|n_’
in -~
W77
s
lW lO w W
o Pw—po)-g-d o Pw—po)g-d = Pw—po)-g-d
‘ 18- ' 18- ‘ 18-




Enhanced gravity separation - Hydrocyclone

§ Tnlet
2
= Pw=Po)-g-d ﬂ
t -_— T
18- u )
2y, \/\N\MA/ —
Overflow Underflow
V2
g = ar =
r
2 2 -
v = (pw - po) vr-d 100
t = - |
18- py -7 S
Z2 7T
-
'5 50 41— _Cﬂt_ﬂzi —
T |
S I |
[ !
2 |
= 1 \
; ; I e B e
a, radial acceleration 0 . 0 5 0
r  distance from cyclone center Droplet Diameter (um)

Source: Schlumberger
vr tangential velocity
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cleaner production




Droplet size distribution — d, s,
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Droplet size distribution — %V,_:..
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Droplet size distribution — %V,_y;., -> E,\c

di,, =7.5um

SPE-195591-PA

Separation
Efficiency, Eyc (%)

Cumulative Volume
Fraction, Fy (%)
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=
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. ¢
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Droplet size development

e High intensity turbulence - droplet break-up and emulsions

‘

e Low intensity turbulence can cause droplet coalescence

. .

Source: Wikipedia




LOW SHEAR SHORTS

DEMONSTRATING SHEAR

IN 30 SEC

ooooooooooooooooo


https://youtu.be/xZ8LWVUDuoQ

Droplet breakup

1. Dispersed droplets formed by the surrounding water
2. Shear stress due to turbulence elongates and increases surface area
3. Droplet breaks into smaller droplets reduce the surface area

3
d.. o2 & ~%/s 8——AP.Q
— ° g —
max . .
Pc Pc les
Multistage Single-stage Cyclone-based
labyrinth-cage valve cage valve valve
d droplet diameter
£ energy dissipation per unit mass 0.16
| —— Cyclonic valve
Ap pressure drop = ——— Single-stage valve
S 012 { __abyrinth vaive : Low shear valve
Q flow rate 8 [
< 0.08 1
V4is  dissipation volume 2 - ” ﬂ}
3
o  interfacial tension S 00471 l i
Pc continuous phase density 0 4 ;
Droplet Diameter (um) Q dissipation zone
Hinze 1955

SPE-205016-PA




Droplet-droplet coalescence

Film drainage model
1. Collision of droplets
2. Drainage of fluid film ‘

Coalescence rate governed by ‘

e Turbulence intensity

* Number and size of droplets

* Fluid properties (e.g., viscosity, density and interfacial tension)

Collision frequency
Coalescence probability

Total time




LOW SHEAR SHORTS

“LOW SHEAR”

IN 30 SEC

& tuphonix
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https://youtu.be/pQAGm0q-yp4

Benefits of low shear oil production

e Increase production

e Longer production

e (Cleaner production

e More compact separation systems

e Cost-efficient debottlenecking




Challenges with shear in oil production

Brownfield challenges

* Limited capacity to increase production or tie-back new

satellites to current facilities

* Expensive solutions to debottleneck processing capacity

on mature fields

Low shear benefits
e Higher production rates

* Faster separation through lower retention times
* Longer profitable production
» Extended life of existing equipment/fields

* Better opportunities for tie-backs

o e~ (e .
- | =) typhonix
= \\\ Q g Beaner production




Challenges with shear in oil production

Greenfield challenges

* Costly to develop marginal fields

* Process plants with big footprint

Low shear benefits \ 7%

Pictures: www.norskpetroleum.no

* More compact separation systems

* Smaller separators

* Fewer separation- and PW handling stages
e Cleaner production

* Less use of chemicals and heating

* Less emissions to the sea




Typhonix AS

Typhonix develops LOW SHEAR process
equipment for cost efficient oil production

- Established in 2006

« Office and test facilities near Stavanger, Norway

« Core competence in combined fields of petroleum flow
control and oil/water separation

« Technology development together with leading oil

companies

VO
ConocoPhillips g:ﬁvéwﬂergi @ o NEPTUNE 4 PETROBRAS v %@

equinor TotalEnergies oMV

wintershall dea



http://www.conocophillips.com/index.htm
http://www.shell.no/

Typhonix low shear technologies
for oil and gas production

&S tuphonix



Typhoon® valve system

INSTALLATION
TROLL C

PILOT TEST
OSEBERG C

PROTOTYPE
TEST EQUINOR

45% reduction

50-90% reduction 60% reduction
of oil in the

produced water

of oil in the
produced water

of oil in the
produced water

OiW as function of water cut
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Typhonix low shear pumps

e |Installed offshore Malaysia as feed pumps (2 x 100%) to a filter system
e Design chosen for high reliability and low shear performance

e |n continuous operation since August 2017
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Example 1:

Increasing separator capacities and

enabling higher well production rates




Separator debottlenecking

e Conventional approaCh: Water Quality as function of Retention Time

.pe . . 10% WC, 5 bar dP, GLR 12
e Modification of separator internals

e Use of compact inline separation equipment

—@— Standard

M —@— Typhoon
* Low shear approach:

e Install low shear choke/LCV 0 5 10 15 2

Retention Time [min]

OiW [ppm]

) Water Quality as function of Retention Time
* Brownfield case study: 50% WC, 5 bar dP, GLR 12

e Maintain constant OiW and WiO d/s separator
e Expect 10 to 15% increase in droplet size (conservative)
e Result: 20 to 30% increase in liquid flow rate

—@— Standard

OiW [ppm]

—— Typhoon

M

e Greenfield case study: ° " retentontme min] *
e 15to 20% reduction in liquid separation volume

Offshore Magazine 2018




Example 2:

Extending the profitable period of

late-life field production




Low shear water LCV installed in Australia

Challenge:
* Upgrading of production capacity and extending the operational lifetime of FPSO

* Limits on oil content in the overboard discharge (less than 30 ppm)

Solution:

* Low shear valve installed between hydrocyclone and compact flotation unit

Result:
INSTALLATION

FAR EAST

23% improvement of
i Y4 CFU efficiency
SPE-205016-PA el
- . Q tge@t}eroprgj!:é

* 23% improvement of CFU efficiency

Operation conditions:

* Inlet pressure: 4.5 -5 barg

*  OQOutlet pressure 2.3 barg




Example 3:

Designing greenfield process plants

with a smaller footprint




Separator optimization with focus on footprint

Conventional Separator:
110 ton
HT/T16m

Internal Optimisation:
67 ton
T/IT12m

Low Shear & Internal Optimisation:
52 ton
T/T 10m
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Example 4:

Reduced chemical consumption




Effects on chemical consumption

Flocculant

e Flocculant dosing is dependent on OiW concentration

e (Case study for Oseberg C

— 45% reduction in OiW with Low shear valves
— 37 to 110 ton reduction in flocculant injection per year

— € 30.000 to 100.000 potential annual savings in flocculant

e Additional potential to reduce demulsifier injection FSE S

University of Stavanger 2013
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Typhonix coalescing pumps
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Typhonix coalescing pumps

1st Stage separator
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Typhonix coalescing pumps — optimizing algorithm

From reservoir Three-phase
separator |
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water '
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Doctoral Dissertation 2019




Typhonix coalescing valve

Energy dissipation used for droplet growth rather than
droplet breakup

Level of turbulence independent of capacity
Two design criteria:

e (Capacity

e Turbulence intensity

. 8 = W The Research Council
Lundin’ % S CA) of Norway

. Energy Norway wintershall dea
NFR Project 327844




Typhonix coalescing valve — potential applications

con lx CoA ZX

NFR Project 327844

Injection / discharge I N




Typhonix coalescing valve — potential applications
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Summary

e Low Shear

- What? — Increased treatment efficiency through reduced droplet breakup

- Why? — Increased production rates, extended profitable production, reduced plant size,
reduced chemical consumption and reduced environmental emissions.

- Where? — Throughout the whole process plant, but the earlier the better
(low shear choke > low shear control valve >> standard valves)

- How? — Replace standard equipment with low shear alternatives, where reduced
turbulence intensity reduces shear forces and droplet breakup

- What’s next? — Coalescing technologies, online monitoring and intelligent control

& tuphonix
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https://doi.org/10.2118/188772-PA.

. Husveg, R., Husveg, T., van Teeffelen, N. et al. 2019. Automatic Operation and Control of a Novel Coalescing Centrifugal Pump for Improved Qil/ Water Separation. SPE Prod & Oper 34 (3): 508-519.
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o Husveg, R. 2019. Tracking Maximum Produced Water Treatment Efficiency Using a Variable Speed Coalescing Centrifugal Pump. Doctoral Dissertation, University of Agder.

o Husveg, R., Husveg, T., Teeffelen, N.V. et al. 2020. Variable Step Size PandO Algorithms for Coalescing Pump/Deoiling Hydrocyclone Produced Water Treatment System. Modeling, Identification and
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. Husveg, T., Husveg, R., Teeffelen, N.V. et al. 2022. Reviewing Cyclonic Low-Shear Choke and Control Valve Field Experiences. SPE Production & Operations 37 (1): 17—32. SPE-205016-PA.
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o Vastvag, H. 2013. Potential effect of the typhoon valve, case study of Oseberg C platform. University of Stavanger.

o Dalen, B.S. 2012. Development of multiphase sampler (Videreutvikling av prgvetaker). Norwegian University of Science and Technology.
o Foslie, S.S. 2013. Design of Centrifugal Pump for Produced Water. Norwegian University of Science and Technology.

o Nocente, A. Separation Friendly Produced Water Pumps. PhD thesis, Norwegian University of Science and Technology, 2016.

. youtube.com/TyphoonMPS
. linkedin.com/company/typhonix-as
. typhonix.com/learn-more-about-low-shear

& tuphonix

cleaner production



http://dx.doi.org/10.2118/159713-PA
http://dx.doi.org/10.4043/20029-MS
https://doi.org/10.2118/188772-PA
https://doi.org/10.2118/195591-PA
http://dx.doi.org/10.4173/mic.2020.1.2
http://dx.doi.org/10.2118/205016-PA
http://www.youtube.com/TyphoonMPS
https://www.linkedin.com/company/typhonix-as
https://www.typhonix.com/learn-more-about-low-shear

& tuphonix

The Low Shear Company

For more information contact:

Rune Husveg, PhD
R&D Manager

rune.husveg@typhonix.com
www.typhonix.com
+47 918 63 788
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TPG4245 2022 — Assoc. Prof. Milan Stanko - Exercise using production engineering simulation

software

General information about the delivery:

e You can use Prosper or Pipesim to make your calculations. It is recommended you use a
different software for each problem such that you can practice both.

e The computer laboratory P2 will be available for you to work on the exercise in the following

time-slots:
o 8.11,10:15-12:00
o 10.11, 08:15-11:00
o 15.11,10:15-12:00
o 17.11,08:15-12:00

The student assistant will be in the room during the sessions.

e Make your own plots in Excel using the data from the software. Do not present charts taken

directly from the software.

e Make a document (short report) with the answer to the questions. Add some discussion and

analysis to the plots.

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 Sm3/Sm3
Producing GOR =142 Sm3/Sm3
Oil gravity = 37 API (840 Kg/m3)
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

MD [m] | TVD [m]
0 0
123 122
1059 1036
2164 2103
2640 2560
MD [m] | T[C]
0 4
2640 100




TPG4245 2022 — Assoc. Prof. Milan Stanko - Exercise using production engineering simulation
software

Flow in Tubing (ID = 4 in),

| [ | length = 120 m
> SSsv, ID 3.7
Flow in Tubing (ID = 4 in)
roughness = length = 2440 m
0.015 mm

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

3/ g
Packer depth (MD): 2500 m

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 Sm3/d/bara
Tasks

PVT

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

Flow equilibrium

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

0 Compute slip between liquid and gas velocities (Vg/Vl).

0 Gas and liquid velocities.

O Temperature.
e The team is considering using a bigger tubing. Evaluate the effect this could have in the
equilibrium rate (consider tubing sizes of 2,3,4,5,6").
Calculate equilibrium rates for water cuts of 0, 20, 50 and 90%
Calculate equilibrium rates for reservoir pressures equal to 360, 300, 250 and 200 bara.
Evaluate the effect of at least two pressure drop correlations on the equilibrium point.
Consider gas lift. Add a gas-lift injection valve at a depth of 2450 m. Consider wellhead pressure
of 35 bara. Make a plot of oil production versus gas injection rate. Report the GLR (gas liquid
ratio) for all the points. Determine the optimal gas lift injection rate that gives highest reservoir
oil production.




TPG4245 2022 — Assoc. Prof. Milan Stanko - Exercise using production engineering simulation
software

2. 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]

0 0
2100 2100
Geothermal gradient
MD [m] | T[C]
0 4
2100 92
roughness =
0.015 mm

AA
\\
/

VvV



TPG4245 2022 — 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:

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




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

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)
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Oil and Gas production wells

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

Prof. Milan Stanko (NTNU)

Lecture 35: Gas lift exercise

Exercise goals:

-Learn how to use a VBA funct
by performing tubing press

ion to estimate flowing bottom-hole pressure
ure drop calculations from wellhead

-Calculate IP

gas is n?ed
-Calculate th

R and TPR and vi

R ndfeetheeﬁeet on the in
d

eg

> gas lift performance curve of the well

sualize results. Calculate TPR for several
‘terseeti -and estimate how much gas li

Well details

%—
W

AL

a0 lber e

Tubing diameter, D

Sl
W
| ) |

S

Fd Ba, -"__!Ar 3 Tubing length, L
I Tubing roughness

wellhead pressure, pwh
Wellhead temperature, Twh
|Flowing bottom-hole temperature, Twf

Tubing angle from hor, angle

[m]
[deg]
[m]
[m]
[bara]
[c
[C]

0.1
90
2500
2.00E-05
30—
70
100

U
h 3 foucl <guaban Tor
~~| ‘\{_\M‘___ Wit Wr }P‘N !1/4,

Part 1. For

[P |
ROLLDITIFNIOIC

use a VBA

estimation of flowing

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

pressure, we
function

i
il

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

M

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

Q
\

value value value wvalue value
value wvalue wvalue value v; @
'‘profile, provides the
'Preparing to perform interpolation in the property table

ColRs
ColRv 5
ColBo = &

ColBg = 7
ColViscg = 8

g composition,

ofile along the conduit, 1 yes, 0, no

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

gg_=c, gw_sc, L, angle, roughness, D,
re at inlet or outlet of pipe,

in ba

TBound,
ra, depending on

TBound2, PVTMatrix, Profile)

arranged in the following manner

the input

e So ColDeng = 9
\ ColViaco = 10 —
-~ \) FAalhans = 11
‘rh&dq
b,
Toound ¢
o
reticnn doae thae falleswaime -
ICTION Qoes the Tollowl .
A B (] E F G H [ J (3 L o 4
t ti fP i b GOR  Pressure Temperature R " Bo Bg viscg  deng  wisco  deno IFlog visow  denw
-Estimatuon o properues by [Sm3fsm3]  [bara] 1€l [$m3fsm3]  [sm3fsm3) [m3/smd] [m¥/Sm3] [cp]  [k@/m3]  [cp]l  [kg/m3]  [N/m] el Dkgim3)
.| | 54 10 20 104 0.006+00 1030 LOOE-01 1.12E-02 78 065 7118 2.04E-02 10 9970
|nterp0|at|ng ona BO table 54 10 60 74 263E-05 1072 LISE-01 1.256-02 7.6 0.43 6806 1.74E-02 10 9970
sa 10 100 5.2 245604 1123 L3301 1IDE-02 81 030 6478 144602 10 90
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: 54 ) 100 7.2 6E9E-05 1191 313602 146602 375 026 628.1 124602 10 970
then properties for several W s ® s owteo lin imro: Lace: 0 0%  emo lewor 10 oo
54 S0 &0 9.4 5.08E-06 1,154 2.156-02 1.35E-02 5.6 0.35 657.1 1.43E-02 1.0 wWwro |
(JU r(s, pressu res an d 54 50 100 33 6.32E-05 1.213  2.48E-02 1.48E-02 341 0.25 621.7 1.18€-02 1.0 9970
. 54 &0 20 537 0.00€+00 1.123 0.00E+00 0.00E+D0 0.0 0.49 684.8 QUDOE+DD 1.0 %97.0
tem pera1u re mus.t be pro\ |ded 54 60 60 473 599606 1174 LI7E02 138602 431 034 6510 136602 10 9970
54 &0 100 415 G.15E-05 1.235 2.056-02 1.51E-02 40.8 0.24 615.1 1.13€-02 1.0 bR e p—
54 70 20 537 0.00£+00 1121 0.00E+00 C.00E+0D 00 050 686.0  CLOOE+0D 10 %970
54 ] 60 537 0.00£+00 1190 0.00+00 0.00E+0D 00 o3 6464 CLOOE+0D 10 %970
54 7 100 490 6205 1258 LME02 154602 477 023 6083 1.09-02 10 9970
54 80 L) 537 0.006+00 1119 0.00E+00 0.00E+00 00 os0 687.2  OLO0E+00 1w Wi |
54 a0 60 537 0.006+00 1187 0.00E+00 0.006+00 00 03 6481  0.00E+00 10 Wi




Gas production wells

of. Milan Stanko

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
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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

. r{X]

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

the point

—

T
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U)

The pressure integration was

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

wp

\)
-::'.'5"
k—
s
e
C>

—diw wd mra packmamlac...

Nsec = 10
— deltal

L / Nsec

—
"/
-—
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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Lecture 36: Hardware

forg

as lift we

SURPLUS GAS
TO SALES

- INJECTION GAS MANIFOLD
(METERING AND CONTROL)

COMPRESSOR

STATION

OlL STORAGE

Taken from

ook
(Go

We
lan&

Wh

tson)

performance

gas lift valve




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

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

©
15 FTuse

@M pp (’\”-:J ofxalrML C*’\a'ﬁrw.‘/\{j
o Ltoraled — mmiloble motor Cﬂpw-l:) (i smsrin po»vew)

) oew.JnML Vo0 (%wLo‘)ﬂ)

o fir 2 ?L CTV')
L L)vu@ ‘)m,-.‘\' prenvre (V\o 520 13 o([auof

O@J\\sm
pad
B ¥
VARRK/
JGJ(’?Q\, 99 ‘L:lwww N QP % GVF=loXk
6VF - s » OO %

https:/fipt-spe-orgflegends-artificial-lift-part=3-history
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s

ey wihl boe a0 ga) spachr
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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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-Downthrust
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Switchboard
Junction
Wellhead Box

Flowline e %

_Sub me HSI b l.e (

motﬁ
-

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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O?Ocﬁ\wk_ ‘*"fP O{S’ £

1\ (e SoHz wz\.lff
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L -Definition of head
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B
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Depletion

Variation of frequency - why?

Prof. Milan Stanko (NTNU)

ﬁ}ﬁb = %' 6"@ (FM)TJ'W)

RAPE

Analytical estimation:

QB :QA. E
Ny
2
HB=HA‘[n—B]
Ny

+f]( /\
P
B f
D )
AR
vbT e

Ay lows

Sw‘ﬁlc\xb (C'M,u_!'

i

A | 4

B] D

" %l
D\, I\ b»\‘.a_[_—: o ﬂ(z_g' _‘,ﬁ)ik; yc a: jf:

QM ] a_<4%L7“@Z+ b, %11 . C
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Lecture 39 - Flow performance of ESP - part 2

Hydraulic efficiency

® deic VL - -ﬁw
B |~ ~ L £SME
Jut;(_’; (
ol :
. @5 L (\“’tlf\“{'{)
i —:ﬁi M Vlm: g&_‘ﬂi(; ~ 0.8-09¢%
5 [ ]~ L bohor

T

grv‘w er\ ’”'F‘-%) o . .
\’:’f‘b‘t\r /{:C)-t—él«&,:o
g ¢

Woshet = é‘;-é. = (ez «e,)

A

W

1del. M\‘-\S foce)y Ds =0 Wf\{fﬁflc
D= o W= z{CT)
Vel = W (\DLVL’ ﬂm)
l\f;— f"\)(a\f\f z 1

Vol = F(B-0)

V?_ - % C\Qz—p\)
TP

= O."KHO“X

(—é %n‘le\w\ . V’NAI LP\LVL lwfe((ﬂ.r

"'A’U"“e‘\f«(,'. (o%((u\; in p\wfs
e«—w—(}u(.,/xu. lke}ojl‘!j
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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
120 1 Pump#2: 1 stg P62 $S0
o Lt Tam 1P | Pump#3: 1 stg P75 550
Pump8d: 1$1g P100 SSD
100 - PumplS: 1 stg P110 §SD
Pumplis. 1 stg HCTB00
al -
i 1 /\
§u
3
T 4l
3 :
Iy .
40 e
3
20 4
10
] T T T T T T T )
0 200 4000 8000 A0 10000 12000 14000 18000

Pump Rate(BBLIDAY)
SPE-173948-MS

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! JAC @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
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Lecture 41: Temperature calculations in wellbore
1@
—— 4 '-'_-",
Tl .
Mo
LTt ! o]
l T!f; r%on"
| | ]|%, )
L
T =
fo
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 + Zout " 9 +OIT‘£_ 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 A 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.

® T R AR 4
d @ = v (l-\,,, b v days) G- (T-Q T{un-)
5 \ _ LT,
b.], e~ y iot& bes in U P 1) i -
i }ﬂlz z .:(-'i thy, =02 )
A~ oAy / U . | ale
V) -h-[vj; U'n- ’h'\ l‘ ' l)‘e. ,Nw‘, h_-,‘ L‘O,L«,‘) K it Ty e 1y — by J
l \. /
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specific enthalpy (h):
-Another BO property, just like
viscosity, density, etc
-calculated at p-T with e.g. EO!
Mixture specific enthalpy:
| —
! P T ho hg
I'\..:k = Xq L.‘ +Xe lao X, he [bara] [cl u/kgl  [k/kgl
~ 300.0 148.0 -2108.26 -3529.99
* 1 l 300.0 137.1 -2136.36 -3602.31
Ne = __"‘_9_ m 1 300.0 126.2 -2164.67 -3672.1
3= W 300.0 115.3 -2193.21 -3739.34
T 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
285.7 126.2 -2150.93 -3689.79
285.7 115.3 -2179.62 -3757.24
- T>T>T
ho * 3 2 1
ho ) K
. 1-1\
: 0
0 - Pec Pes PaoPat p P Pas PPsr
Pee Pt Poz Poa p Pec Pot Poz Poa p N OIL PHASE GAS PHASE
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 i i i i i i i i i i i i i i
Bubblepoint or | Dewpoint or gas| Single-phase gas Bubblepoint or | Dewpoint or gas| Single-phase gas o
dissolved gas | condensale | reservoirs dissolved gas | condensate reservoirs
) reservelrs feservolrs “ reservoirs reservoirs o
o (gas) (gas)
(oil) | e ) e \g
| (gas) {Olll point | —
(gas)
o o
=] (O]
[7)] — o
0 -]
o 0 o
o O
h E—
o
temperature .
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-1 sign
LHeat term (Q) J
Q=—2'R'L°r°U°(Tf—Tm) EQ.8-20
Where:
' i reference radius [m] |
U Overall heat transfer coefficient, expressed in terms of the reference radius r [W/m?.K] |
. 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 f= d—f
| t transfer mechanisms: In pipes Convective heat transfer & AL
— . Ny = Conductive heat transfer kL T
srorced convecuori T
) . ~ . I
_E’:ﬁdﬁggzﬁcmn N dQ > forced:  Nu = f(Re, Pr)
— -"'__>_=—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)
N
-3 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

BE C

ARE

FULIM
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Example:
Q
=
)
g — E
= | e O]
O | @ (&)
£ | £ 2
S8 a
' T T, .T
T Tieo i Pe0 pe Tt,cf;t.i f
L rt‘i--
rt‘o—-
rpc,i_-
-—rpcc—-
- Mic,i —=
- rit: o
— Mwb -
Overall heat transfer 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)
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1
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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,

+ - — aT, _
or:2 r Or k, dat 5, r=> o) =0
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.
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And «, is the thermal diffusivity of the soil, [m2/s], equal to——
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Lecture 42 : mperature calc
BO table column
TVD [m] T[C] p[bara]
0 50.0 28
500 57.1| 39.2|
1000 64.3 58.6
1500 71.4 82.5
2000 78.6 109.4
2500 85.7 138.4
3000 92.9 168.9
3500 100.0 200.2
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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
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TPG4245. Summary of content covered — Autumn 2022

LEGEND

Less relevant for exam

Course content (covered in Youtube video lectures)

Introduction (well layout, production engineering domain)

Flow equilibrium

Inflow performance relationship
— Undersaturated Oil
+ Radial and horizontal wells
e Water coning
— Dry Gas
* High velocity flow
— Saturated oll
» Choke performance
*  Tubing performance
— Dry Gas flow
— Tubing size considerations

— Multiphase flow of oil, gas and water

Artificial lift
— Gasllift
— Electric submersible pump

e Temperature calculations in wellbore

Class activities

-Class exercises about Flow Equilibrium
-Discussion on Rp (GOR) and class exercise with SN

Assoc. Prof. Milan Stanko (NTNU)

-Theory: Wellhead architecture, well construction and wellhead onshore versus subsea
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-IPR for water injection, Skin factor

-Class Exercises on undersaturated oil IPR and downhole networks

-IPR for CO2 injection well
-Choke class exercises
-Expansion in choke of CO2

-Exercise on saturated oil IPR (Borthne field)
-Composite IPR for undersaturated-saturated oil wells

Company presentations

Industry visits

Mandatory Exercises

Flow equilibrium (natural flow, wellhead compressor and choke)

e BO properties and IPR for undersaturated oil vertical well
e Estimation of productivity index J for vertical and horizontal undersaturated oil well

Flow equilibrium questions and dry gas natural flow equilibrium
Vertical Dry gas well IPR

Vertical Saturated oil well IPR (Evinger & Muskat, Fetkovich, Vogel)
Choke flow performance

Temperature change in choke

Estimation of IPR and production of well with 2-layers undersaturated oil reservoirs with and
without ICV, horizontal or vertical
Pressure drop in tubing for dry gas

Flow equilibrium at bottom-hole and wellhead for dry gas with the tubing equation
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e Pressure drop, TPR calc in tubing for multi-phase flow (drift flux and mechanistic)

e |PR for CO2 injector

e Choke flow performance — Using the model to predict rate, outlet pressure or inlet pressure.
e Gas lift

e ESP

e Temperature calculations
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