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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 oill
*  Tubing performance

— Dry Gas flow

— Tubing size considerations

— Multiphase flow of oil, gas and water
» Artificial lift

— Gas lift

— Electric submersible pump
 Temperature calculations in wellbore

Choke performance
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Reference material

« Milan’s Compendium

« 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

* Production wells compendium (Asheim)

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

* Flipped classroom

— Participants watch by themselves pre-recorded videos (ca 15-40
min) (on Youtube)
— Live classes every week/2 weeks

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

e |n Zoom
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How to watch the videos

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

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

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

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

« Excel (VBA)

« Python (Jupyter Notebook) — using Google Colab —
maybe”?
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Questions?
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Prof. Milan Stanko (NTNU)

Video 01: Well layout and domain of production engineering

Oil and gas production wells
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QOil and gas production wells

Prof. Milan Stanko (NTNU)
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Video 03: Exercise on flow euilibrium
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z Video 5: Inflow performance relationship (intro)
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Video 6: IPR for undersaturated oil (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.
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Video 08: Exercise on IPR

’ Sl?*ﬂl_n hle
3 - 2”‘( h (F'- p“"‘D o wrbual cedl | “u“:j G,,-]mj.gb\
QIQBOLQ. LvC:e - 0. S] oUﬁ/ﬂﬁC}VF‘g\u arL

. Cadin( J;a%.jg volu-e
« honogproces fcmcc!o:(.-fb

SI !b.s,ﬁ'h

%) [2)(-) (]
i %) [

o |1t )
B ;__'i\; - tooowd 14 Lhare | 2T

P i b

W M wd

H‘ A (P

-g:'.' ”"/X

’\T: _“L"
o ﬁa)ewc"- L‘;)-o s) 11.6§

"l o VR 7 ‘
¢ A jt. -j’ S -

o 4 I




Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com

Oil and gas production wells

vbh visval  baygic %vr qm(-a.hm

o./ln.ln A exa(. flc.lJ

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

Prof. Milan Stanko (NTNU)

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
150 225 0.474 3.2 4.75E+02 = 50 | Y
100 200 0.483 3.2 6.46E+02
50 175 0.493 3.3 8.23E+02 .
5 153 0.502 3.3 9.88E+02 0 T T T T =
0.00E+00 2.00E+02 4.00E+02 6.00E+02 8.00E+02 1.00E+03 1.20E+03
oil rate, qo, [Sm3/d]
EFFECT OF THE BOUNDARY
(re) EFFECT OF THE REGIME (SS)
Fe [m] 500 9 f
Lo [m] 0.1 n(1¢ ‘: 8.52E+00
k [md] 10 ~Y
h [m] 100
Pr [bara] 300
(Jo Jiu
$S , Lo
T u_ L\. ’ b] J{o
et (o), (I Lo _(0-5)
roJ
M
?-S o>
Fe [m] ‘ e [m] @
Tw [m] 0.1 T [m] 01
k [md] 10 k [md] 10
h [m] 100 h [m] 100
Pr [bara] 300 PR [bara] 300
pwf pav 1/(Bo visco) J qo pwf pav 1/(Bo visco) J q0
[bara] [bara] [1/(cp*m3/Sm3)] [Sm3/d/bar] [Sm3/d] [bara] [bara] [1/(cp*m3/Sm3)] [Sm3/d/bar] [Sm3/d]
300 300 0.449 3.0 0.00E+00 300 300 0.449 3.1 0.00E+00
250 275 0.457 3.1 1.53E+02 250 275 0.457 3.1 1.57E+02|=
500 250 0.465 3.1] 3.11E+02 200 250 0.465 3.2 3.20E+02
™ 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
<0 175 0.493 3.3| 8.23E+02 50 175 0.493 3.4 8.46E+02
< 153 0'502 3'3 9.88E+02 5 153 0.502 3.4 1.02E+03



Positive
Choke

1900

Needle & Seat

1925

Cage with = RS

Internal Plug

1975

External Sleeve

2000




Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com

Oil and gas production wells

Itl\, (Pa_pu_}>
(6 (50)%<l~ (e o6 )ttt

¥
PJ(UJO JLRAb-Jl‘\l( (’U O > V\O-I":GJ (')amo{‘f\)

q\;,- B=

@ Pe
de o _uh(Jdp
Y 4506 Bofe

(w ?wjf

(ean Lochor 95 o et

Prof. Milan Stanko (NTNU)

Shel L

L’ Af\{\)me \/o\v\ Euerl'u\nju\ (}Du’{‘yt\ nrn.-.j cﬁJTw_)

THE SKIN EFFECT AND ITS INFLUENCE ON THE
'PRODUCTIVE CAPACITY OF A WELL

A. F. VAN EVERDINGEN, SHELL OIL CO., HOUSTON, TEXAS, MEMBER AIME

(f-0y) < by, -5 [nes (ms,lu.ﬂ;]

bl ackal L\/\/_\_}
‘L H—-‘_’
no Jhvn S N 'Mf
W
2
3



Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com
Oil and gas production wells Prof. Milan Stanko (NTNU)

by - = 1.6t (b Bo)w_v(lm (';;,) - 0-3-‘»]

N
M'Pwl - Elsagiﬂo%S

R

fo-bel s % et (o bo), (Lv % -os ﬁs]

wle

00!!(‘ aHm:‘-\‘y\j L\eﬁﬁbﬁlnw‘L\‘ ‘,~o Jm

. ‘h«w e%b-w«j Le - fo "p'-'l‘ -

—

T
(o - (.} ’%‘_ n««@!w) 0¥ +8 ¥ 45

o c.()fu*% wwow "ij‘ﬂ

)
8 RICEN A SR EEUREUGE

1l §50 ~y danage
(e tnes i‘Jc-\L)
(fg’pd ) v 0

il o o~ el



Produced with a Trial Version of PDF Annotator - www.PDFAnnotator.com

Oil and gas production wells

o@a.rw\ﬁ(, onec, Jl"‘P‘-’r —~) 968 (D%a‘d (Dnc)“as

Prof. Milan Stanko (NTNU)

Determination of Average Reservoir Pressure From
Build-Up Surveys

D. N. DIETZ
MEMBER AIME

KONINKLIJKE/SHELL LABORATORIUM
RIJSWIJK, THE NETHERLANDS
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Table 2.4 Shape Factors for Nonradial Outer Boundary Geometries

~ el feformmce (374 b,
60'-% y ‘ULH{‘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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Strategy to deal with s wg,o.(,;(mh W\G()tfom

- Actual reservoir element

Q,—

Ay

- Homogenous equivalent: Q=

A.? Permeability scaling: |k: Jek,
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Figure 3.10_Anisotropic reservoir
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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]

500

0

63.2
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N _ 200
N\
RESEWOITtOp area [m2] 2.50E+05 [Function J_vertical(k, h, Uo, Bo, re, rw, s, sa)
Reservoir pressure’ PR [bara] 300 :irg:u;&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
Pav [bara] 250 'fa is shape factor
] 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)
. 'Productivity index for horizontal well, undersaturated oil, pss, in Sm3/d/bar
We"bore I'adIUS, Mw [m] 0.15 'L Reservoirylength along well direction [m] :
'D reservoir width [m]
'h reservoir thickness [m]
Vertical well located in the center and perforated throughout o ;ﬁﬁziﬁﬂgihp‘iﬁeabinty (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 = 0.69
Else
s b=20
Horizontal well End 1F

beta = (kh / kv) ~ 0.5

Lw_hat = Lw * (1 + ((b / Lw) ~ 2) * (beta ~ 2 - 1)) * 0.5

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)
Al = 0.53 * ((L/D) ~2) +1.15 * (L /D) + 0.164

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))

unit_conversion_constant = (9.869E-13 * 0.001) * 24 * 3600 * 100000 * 6 * Pi / (0.001) |

J_horizontal = unit_conversion_constant * kh * h / (viso * Bo * (Cl + C2))
End Function
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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
o o —
o <qW"2
x | —
i 1

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

*Capillary pressure is neglected
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Point of entry

IC93 fv-l'(ow Co\(}ul. A ee

Up wellbore

As the packer sets, the inner mandrel moves up,
driving the cone underneath the slips, pushing them
into the casing wall. The sealing element is
compressed & extruded to the casing wall.

Lock Ring and Mandrel
Slips

Cone

Seal

Inner Mandrel

Ability to effectively set a packer depends on
having a clean, non corroded set point and
reaching the set point without fouling the slips or
failing other components.

FdvndrivSet. Fdwalfro=--Ralciise
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Back-Pressure Data on Natural-Gas
Wells and Their Application \9 N %3
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to Production Practices
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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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((I~(€).01535 ) Te A
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.
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>
15
p Z deng viscg  plviscg*Z 14000 u
~ [bara] [4] [ka/m3] [cp] [baralcp] . 12000 A o
Well Data 20997 15 0013 152 § oo |
PR [bara] 400 5 0932 396 0014 3825 g i
TR [C] 105 100 0.882 83.6 0.016 1224 _% 8000 - —
TR K] 378 150 0.859 128.8 0.018 9662 3; 6000 - -
Za [] 1.069 200 0867 1702 0.021 11029 2 o0 |
dengx [ka/m3] 276 250 0899 2051 0024 11622 2 L0
Vi . 0 032* 300 0948 2336 0.027 11788 i |
Iscosityr [ep] OS2 350 1006 2568 0030 11745 0 : : : .
400  1.069 2161 0.032 11607 100 200 300 a0
pressure, p, [bara) |
RN N —
350.0 |
—Low pressure
300.0
—m function
»g0.0 pwf  LP-qg m(p) qg
T bara [Sm3/d] [bara2/cp] [Sm3/d]
3_ 25010 N 303.0 000.0E+0 5026555 000.0E+0
I ‘\\ 3000 134E+3 4955852  135E+3
§1so.o N 250.0 217.4E+3 3783006 2371 1E+3
§ \ 200.0 384.3E+3 2645766 453 9E+3
o 100.0 § 150.0 514.1E+3 1603483 652.6E+3
) 100.0 606.8E+3 750299.5 815_2E+377
50.0 50.0 662.5E+3 191885.9 921.7E+3
’ \ \ 2.0 681.0E+3 226.2864 058.2E+3
0.0
000.0E+0 200.0E+3 400.0E+3 600.0E+3 800.0E+3 1.0E+6 1.2E+6
Gas rate, qg, [SmA3/d]
| | | | | | | | | | | | | | | | | | | | |
120.0 , | s
—Low pressure 4
100.0 —m function v
T 80.0 ~—
=
?‘; 60.0 \
£ o \\
20.0 \\\\
0.0

000.0E+0 20.0E+3 40.0E+3 60.0E+3 80.0E+3 100.0E+3 120.0E+3 140.0E+3 160.0E+3

Gas rate, qg, [Sm*3/d]
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[19] P. Forchheimer. Wasserbewegung durch Boden. Zeitschrift des Vereines Deutscher
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\ Ingenieuer, 45 edition, 1901.
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Generalized Horizontal Well Inflow Relationships for Liquid, Gas, or Two-Phase Flow
R. Kamkom and D. Zhu, Texas A&M U.

base pressure. The IPR equation for horizontal gas wells in

term of the real gas pseudo-pressure is lf L
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F(p) = F(p = 0) + [F(p) ~ 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
s Pwr’ o Pr

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

pwf
=0
+F(p )" S=ip

Grouping terms by pressure:

[F(e) = F(p = 0)] Pus?

Pr Pr
| F@dp = (F( = 0) + Foi) - B2~ Fp = 0) - puuy -
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 —t pwf
FGo = 0 + Fol pr )y, PP =17V W=

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

_k-h-[F(p =0) + F(pg)] - pn[ pw,r e MZ]
 18.68- (tn() 0.75 +5) - 2 — e O 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

-

Vaﬁ L gg,ou.s -

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

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

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

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

Ea. 2-28
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The Isochronal Testing of Oil Wells

By

M. J. Fetkovich, Member ATIME, Phillips Petroleum Co.
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Comments to gas IPR derivations
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Vogel

Fetkovich IPR for
saturated oil = gas IPR
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Quiz 2 - 0G621, 2021

1. What are the units of C and n in the backpressure equation?

e,
‘15 . C Q’m“d’tl )

o)

nois  unlley

] (5.2 ]
c = 45 — (Sm/d) _ /
LN n w
(0-4) (we) (W]
e sg&mgy
tbolet Oura 84/0(
in

2. Using the backpressure equation, obtain a C and n that match the measured values.

C
n

Test nr.

Shut-in

AW N =

[Sm3/d/bar~r2n] 281.3
[-] 0.63
q pwf q_calc q_diffr2
[sm3/d] [bara] [sm3/d]
0 230 0 '
63400 220 58422.97 2.48E+07
150413 180 152868.4 6.03E+06
191787 150 196274.8 2.01E+07
260765 80 257009.6 1.41E+07
SUM= 6.50E+07
_ 250
S ) e Data
g 200 A —Equation
E g 150 - pR=150 bara
£ T
£ 3 100 - .
£ 50
3
h 0

0 50000 100000 150000 200000 250000 300000

gas rate at standard conditions, qg, [Sm3/d]




[ ]
C [Sm3/d/barA2n] 2813 54
n [ 0.63 |1 53 ‘
— 52 é
Testnr. q pwf q_calc q_diff*2  log(qg) log(pR 2-pwfr2) £ ;
[sm3/d] [bara] [sm3/d] @t ’

Shut-in 0 230 0 " 50

1 63400 220 58422.97 2.48E+07 4.8020893 3656400 o .

2 150413 180 152868.4 6.03E+06 5.1772854 4.31E400

3 191787 150 1962748 2.01E+07 5.2828192 4.48E+00 a8 ¢

4 260765 80 257009.6 1.41E+07 5.4162493 4.67E+00 | a7

SUM= 6.50E+07 0.00E+00 1.00E+00 2.00E+00 3.00E+00 4,00E+00 5.00E+00
log (pRA2-pwff2) y =0.5967x+2.6166
r
- b r
10
2.6016
C (o 4 vg SJ/::{
— [
- - 1 [i —— A
: N A
n -~ 041
Similar to the values obtained with
tuning, but poorer fit
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[bara] 230
[Sm3/d/bara’2n] 280 | | 250
[ 0.6
pwf (pwfl =pwf2) qgl qgwell 200
[Sm3/d] —
- © 150
[bara] 250 49022.1 2
[Sm3/d/bara®2n] 200 81943 81722.1 163665. 5 109
[ 0.6 108195.8 97312.78 205508.
25246 50
157919 128919 286838.
168512.6 135870.6 304383, o ) ) i ) i
176860.1] 141586.4] 318246, 50000 100000 150000 200000 250000 300000 350000 4
185616.4 147204.4 332820.
189129.8 149547.2 338677. ——IPRlayer1 ——IPRlayer2 —— IPR compound
h +ian
[J A" ]

e




Oil and gas production wells

'y

Prof. Milan Stanko (NTNU)

Uro 0 (\"l‘-{l) Eunger ond Puyuats
obo
f Calculation of Theoretical Productivity Factor
| 7
4
Lo =} (p) , . :
B ot by 5y 5o 39 , 450 - %,
s % T Te | dse 4 7
iEY \\1? @ fic 1 -+ q{""‘
) Vs /7//// et A5= 5y ¥ 450
ﬁ /?//ﬁ & 45'% ﬁ.g: q-gj + qoo
C Wy— 7 % 950 var saml(
l L
1117 C) PJT:TF- /// -—”?SO ( 355 i %bo
K ﬁG -‘-‘%o
fi-“‘—ﬁ-.‘: g3 @9;-_._!’.’.? fo b DILML@‘\A:%D q-
. @j qo oo /lb 53 1 "y A 2 . 9° ?—s() So(oj"on D
i 3:?—” Bt P f s( 1sbo
4 by Ko (
oo e =T . Ly df p
Mq W Vgo HoEA T
45 g Eo s | s l
N Ueg -dP
Loboote ) — B fo I [
L | 9 ° B 7 P
IVE: o
Lobhchop ) ow
6} Y
o i(p) p
V,P: ELB 060 z_s (P_)
——
;\" “o A3 by LA y
el Ues _ ﬂjﬁ C[Z{:--?é) (1)
~ 2
ot we MEol r"*(:>) NOT uﬁJ Y
o ©



QOil and gas production wells Prof. Milan Stanko (NTNU)
/‘P | D of
\LF\) E" } e /...._.._____> -—@"
\ i ’ i
\ /
f\
BN .
AN
I ]
/ \L
—
A)
1 O
09 4 e
~ 0.8 - o
o
4 a L ]
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204 - ° WD
2 .
& 0.3 * e ~
Zo02 - LIS v
= o
0.1 - Cee,
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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 - fz;: e ﬁﬁ
ARG | 'S W g
{/ o~ 1) g P ~ U ( / < n
Lo ) fo
[ — \
» /,.— \ l
V) *.‘Q.'\-—- (1 ) A K"..B oS WA‘(_) 3 //(
- P Sl 1T
Wi .
> | N
) v/ | ]
\
Rp (Sm3/Sm3) 300
3,000
COLUMN 4 6 3 5 2
P Rs viscg Bg Visco Bo  krg/kro  kro  kro/(visco*Bo) So 2,500 4 5
[bara] (Sm3/sm3) [cp)  (m3/Sm3) [cp]  [m3/sm3] [} ) (1/ep) [ -
1 05 1.126-02 2.66E-02 14 1.2 5.54E-02 4.49E-01 0.277 0.60 :"’.2,000.
5 26 1.14E-02 2.59E-02 14 1.2 5.50E-02 4.50€-01 0282 0.60 = °
50 255 132602 1.81E-02 1.1 1.2 4.96E-02 4.67€-01 0352 0.60 ;31_500.
100 48.8 1.58-02 1.22€-02 0.9 1.2 4.46E-02 4.82E-01 0.443 0.60 '§ L
150 764 1.82€-02 8.20E-03 0.7 1.3 3.81E-02 5.03E-01 0573 061 %1.000- =
200 107.2 2.14E-02 6.25¢€-03 0.5 1.4 3.656-02 5.09E-01 0.722 061 ¥ ° e
250 1439 2.51E-02 5.29E-03 0.4 1.5 3.59E-02 5.12E-01 0.888 0.61 0.500 4 ° .
300 187.9 2.90E-02 4.69¢-03 0.3 1.6 3.23€-02 5.29¢-01 1.121 062 r o
330 2204 3.156-02 4.45E-03 03 1.7 2.65E-02 5.57¢-01 1322 062 0,000 4 . v Y v Y v Y
360 258.3 3.41E-02 4.26E-03 0.2 1.8 1.61E-02 6.29E-01 1672 0.64 0 50 100 150 200 250 300 350 400
383 292.6 3.60E-02 4.14€-03 0.2 1.9 3.19E-03 8.34E-01 2414 0.67 pressure, p, [bara)
\H\_H\H\H\H\H\\\\H  NOTLINEAR!I! ]
~ Forhigher GOR N e
Rp [Sm3/sm3] 800
fl 0.900
| | COLUMN a 6 3 5 2 a%odis
| p Rs viseg Bg Visco Bo  kig/lkro  kro  kro/(visco*Bo) So ' " .
—[bara) [Sm3/Sm3] [cp) [m3/5m3] [cp) [m3/sm3]  [-] (-] [1/cp) (- ., 0700 4 o
| 1 0.5 1.12E-02 2.66E-02 14 1.2 1.48E-01 3.176-01 0.196 0.56 %o.eoo ] .
B 5 2.6 1.14E-02 2.59E-02 14 1.2 1.476-01 3.17€-01 0.199 0.56 e - o
| 50 25.5 1.326-02 1.81E-02 11 1.2 1.40E-01 3.24E-01 0.244 0.56 3" .
100 48.8 1.586-02 1.22€-02 0.9 1.2 1.336-01 3.306-01 0.304 0.56 $ 0.400 - o
B 150 764 182E-02 8.20E-03 0.7 1.3 1.236-01 3.406-01 0.387 0.56 %o.soo | .
] 200 107.2 2.146-02 6.25E-03 0.5 14 131601 3.326-01 0471 0.56 = 8 .
250 1439 2.51E-02 5.29€-03 0.4 1.5 1.51€-01 3.14€-01 0.545 0.56 '
- 300 187.9 2.90€-02 4.69€-03 0.3 1.6 1.776-01 2.95€-01 0.624 0.55 0.100 -
| 330 2204 3.156-02 4.45€-03 0.3 1.7 1.936-01 2.856-01 0.675 0.54 0.000 Y v . v v . ;
360 258.3 3.41E-02 4.26E-03 0.2 1.8 2.096-01 2.75€-01 0.730 0.54 0 50 100 150 200 250 300 30 &0
— 383 292.6 3.60E-02 4.14€-03 0.2 1.9 2.196-01 2.69€-01 0.778 0.54 pressure, p, [bara)
. LINEAR?? o
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|
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F t b t il (p, 1, Mat As R )
unc;oznmga;lzc 101’1_01 P co atrix 3 ange wm /
'n number of intervals to use in the integration 6 /
pl = 1.01325 floVo //
P2 = p A
If p2 - pl > 40 Th —
l:"n = gound((pZ Enpl} / 10, 0) — :
Else ‘;.‘--—-Q""'"" ‘
n =10 ‘ I
End If { 1 4 .
DP = (p2 - pl) / n t - - - )
i = pl ¥
P) = pl 1.003L 3 v
fa = tabinterpol(pj, col, Matrix)
For J=1Ton [l {’_{ | ar "
pj = pj + DP “) \ lrow MPW 6 /
fb = tabinterpol (pj, col, Matrix) /G Y ™ i
i:m==f:um + (DP * (fa + £b)) * 0.5 &_0\ ) (/‘/'/'/ /lp CN LA .
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Function ipr_sat_oil_go_m function(k, h, re, rw, s, mpR, mPwf)
'ipr_sat_oil, oil rate in Sm3/d, calculated with the m function
'k, permeability, [md]
'h, layer height, [m]
're external radius of reservoir [m]
'rw, wellbore radius [m]
's, skin factor [-]
'mpR, m function at reservoir pressure [bara/cp]
'mpwf, m functino at flowing bottom-hole pressure [bara/cp]
ipr_sat_oil_qo_m function = k * h * (mpR - mPwf) / ((Log(re / xw) - 0.75 + s) * 18.68)
End Function
. 450
E .
8400 - —8-m function
@350 —e—Fetkovich
=]
v
—  § 300 7 —e—Vogel
a
o 250 -~
]
< 200 A
£
S 150 -
— 3
w0 100 -~
— | =
T 50 A
o
| = 0 T 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 1T 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\!\/
're external radius of reservoir [m) 2.500 A wo
- 'rw, wellbore radius [m) .
| 's, skin factor [-] & \‘
'pR, reservoir pressure [bara) E', 2.000 \‘0)"
- '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 ]
£ 0.600 -
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) [bara/cp)  [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 §3oo d —-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
mlOO 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 S A S N A N A O
1.200
1.000
=
£ 0.800
=
o)
2 0600
(=]
2
=
5 0.400
=
0.200
0.000 -
50 100 150 200 250 300 350 400
pressure, p, [bara]
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
WE CHANGE THE RP BACK TO 300...
C {_ i‘l o tle { e wa ji rL, L ? {n 1 3/ 4 \
[ ) Dvwal. ¢ wré anla Wu@n o \'llblel" J”‘/U\/
n yd I \"‘\
15 = Fowa. (|- (3 )
b Y \ n /
L Q / O / A 0 17(\’- \
AR SR SR i R e
K \%o / \b / /
\
\
pwi m(p) qo qo - Fet qo -Vogel qo - Fet-v2 qo -Vogel-v2 450
[bara) [barafep]  [Sm3/d] ([Sm3/d] [Sm3/d] ([Sm3/d]  [Sm3/d] ® .
382 309.9 0 0 0 0 0 8 400 A -&-m function
300 1835 4506 6425 6511 4318 3938 = .
250 1333 6421 9584 9807 6442 5932 g 350 =e—Fetkovich
v
200 93.1 7884 12169 12592 8179 7617 §3OO - ——Vogel
150 60.7 9061 14180 14867 9530 8993 a8
100 353 9985 15616 16631 10495 10060 %250 |
50 154 10708 16477 17884 11075 10818 £ 200 -
5 11 11227 16762 18576 11266 11236 g
1 00 11268 16765 18617 11267 11261 g 150 +
=] .
wlOO
£
3 50 A
L1 =
b 0 L] L L L)
0 2000 4000 6000 8000 10000 12000
oil rate, qo, [Sm3/d]
1 [ | v i)
ke ledctor ) wgaveo\ CoiA i) P
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Function Pout(qt1, 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 1n data in §1

qt flow [m*3/d]

'ID inner diameter of pipe (]

y . oir (bn
'don density of fluld, (kg/m3) 9,
'visc viscosity of fluid, [Pa 3] N 5
! \
‘Length, pipe length, (m]
= - TR [ty [N [ [opgea | e s banl canka T
'tota inclination angle of pipe with respect to horizontal (') N

'nin, discharge pressure required, (bara)

"roughness of pipe (m)

'Gravitational acceleration g, (m/s{2]
g =96l

I8 mmhan
Yl NUmDer

e bt An(l) f
b e el /(000 ¢ 240) )

'Calculating area and velocity
Meawhit(ID%2) /1
veqt/ Area

Presscalel » pin -(iééééiﬁ‘:_fff(teta YPi/160) * den * g/ 1000004)~ (ffactor(den, visc, 10, roughness, v) * Length * (v * 2) * den / (1D * 2000000)
Pout = Presscalcl

‘ 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 0.926 495 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 25.47 ° PN--*! q
2837 85 105 0.920 59.6 1.44E-02 | 1.52E-02 |4.09E+04 24.46 f+f? ( v/
( . w ,}
J 5 -155%
\‘\ ol — l'\ / '/ b | \
— J
T —
\"‘--..._____- N :___ /
—
— ,_.‘£.~\\‘______ -
/ L4
/ uﬁﬂj <. l{\ong mt u,! ﬂ

:End Function \ o‘.‘\,{ C)“nﬁ L 3 \¢S ‘tO {N’Q» &‘0"" Pe. o
. —_———_——
TVD p T Z deng Bg viscg qg vg p-calc
[m] [bara] (C] -] [kg/m3] [m3/Sm3]  [ecp]  [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 44.28 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  0.930 436 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 31.25 62.15
1702 70 98  0.926 49.5 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
|
N 1. ‘ﬂL; /:’ﬂ
N JUrpigasy dole 7 -
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By defining the tubing constant Cy:
- R 05 T.. D5 0.5 S.eS 0.5 EQ. A-24
CT - (Z) ' (m) . (psc) . (‘ﬁff‘f L- Yg° Zay* Tav) ' (eS - 1)
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DETERMINING FRICTION FACTORS FOR MEASURING

PRODUCTIVITY OF GAS WELLS

R. V. SMITH, U. S. BUREAU OF MINES, BARTLESYILLE, OKLAHOMA

0.01748 0.0077

fM = 39.37 in 0.224 = D0.224

D0.224 . (|1 m| - | = |)
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Mg, - g 2897 v49

H =2 L-cos(a) =2- L+ cos(a)
Zay ' R Tyy Zov' R Tyy
S, > Se
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I A / os e YWOwW Unwuowt)
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q. ? ?- ] nl-
el 352 (fe~0y) L :
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Q. 1 ‘7,_ N,
10e, qg,_ = Ce, (fﬂ, -LJL) i o
e Qi %5, ©
owrab, ~r T8 L
S S
T 1 3000p
'wL =180 Lﬂa.s m ’
I ‘ ll
~
pwh pwfl qwell ql
[bara] [bara] [Sm3/d] [Sm3/d] [Sm3/d]

10 150.0 2.34E+05 3.23E+05 -8.94E+04
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pR [bara]

Layer 1 ' 200
Layer 2 250
Cf [Sm3/d/bar]
Tubing 2.09E+03
Casing between 1-2 4.00E+03

pwh

[bara]
10

//

?rkor."\h clove

Inflow performance relationship (IPR)

C [Sm3/bar2n] n -
2010 052 q, =c(pr — pz )”
1150 0.54 g R wf
s Tubing performance relationship (TPR)
0.58 5 ” N\ 0.5
0.02 o . P L qg
p‘w/: - p2 - 5 2
e Cr
pwfl qwell ql q2 pwf2 (from TPR) pwf2 (from IPR) error
[bara] [Sm3/d] [Sm3/d] [Sm3/d] [bara] [bara] ~ [bar]
197.5 3.08E+05 7.21E+04 2.36E+05| 208.1 208.1‘ 0.0
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Appendix B: Choke Equations M. Stanko

B. CHOKE EQUATIONS

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:
P y.av=o w8
p
Where:
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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.I.Mech.E.,*

An
voidage agrees well with results reported here and elsewhere.

Average Volumetric Concentration
in Two-Phase Flow Systems

A general expression which can be used either for predicting the average volumelric
concentration or for analysing and interpreting experimental data is derived. The
analysis lakes inlo account both the effect of nonuniform flow and concenlration profiles
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 varions lquid-gas mixtures in adiabatic, vertical flow
over a wide pressure range. Good agreement willh experimental data is shown.

N. ZUBER

Advanced Technology Laboratories.
Mem. ASME

J. A. FINDLAY

Knolls Atomic Power Laboratory.
Mem. ASME

General Electric Co.,
Schenectady, M. Y.

Z. angew. Math. Mech.
Bd. 23 Nr.3 Juni 1943

Dumitrescu, Stromung an einer Luftblase im senkrechten Rohr

* University of Cambridge, Department of Chemical Engineering,

‘Pembroke Street, Cambridge,

t Present address: University of Michigan, Department of

ﬁﬂlgxglcal and Metallurgical Engineering, Ann Arbor, Michigan,

TRANS. INSTN CHEM. ENGRS, Vol. 40, 1962
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THE FLON OF LIQUID-GAS MIXTURES IN VERTICAL TUBES.

Stromung an einer Luftblase im senkrechten Rohr.

Von D. T. Dumitrescu in Bukarest.

Hans Behringer

ZEITSCHRIFT FUR DIE GESAMTE KALTE-INDUSTRIE, 43, 55-58, 19%6.

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.

(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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Some examples of pressure drop models for multiphase flow

LedaFlow PM é_’
Mechanistic QLoR> » ——»
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A Study of Two-Phase Flow in
Inclined Pipes

H. Dale Beggs,* SPE-AIME, U. of Tulsa
James P. Brill, SPE-AIME, U. of Tulsa

1973
i GV
dp dp + @ + d_p dp ';L sin @ [p.H+p, (1 —HL)]+ ‘ftgg a
: - _ & -
o oo, B8l 89l dz 1—{lpeHr+ps (1 —HL)] ViVsg}/8cP
https://wiki.whitson.com/pipeflow/correlations/beggs_brill/
WIRELINE
. ¢ ? 1\‘
i e l! ,%I.-Aotmlcx
o BALL VALVES WITH 'FL

i : \
¢ FEUATIC ACTUATORS '\ [ \
1 - £l 1
e I \
@ ’ Aw\ .1: \ WNCH
oemmnroéa{:a : / \@ ] r VI .,
e ENTRANCES” ;

S
ﬁ MC‘IUATiNG-, ; /\ AN =
STRIP CHART ™ CTuA
,Nfrﬁ 5 o SWITCH & 2 ‘E\ ._ % VES Tﬁkm
THEFMONETER /NﬁEEL;&;]\ - | X PTG

/AMCC FLOW @
COMPUTER [/3 gg

J

™

T RSN
HERMOME TE e

N ACRYLIC TEST FIPE

-

Al
<

‘r e ALUMINUM  PIPE FRAME

2 TAMETER
7 ROZMETE PrESBE \
h - o \
7 AR N \
Y
fXIl HOSE
.
VALVES 4
- WATER
/) -,
g
THERMOMETER IrtRMOME ,\TER
S AR QUT

e ey GAUGE B
\\\\— - ( P - u, s .
e ATER W s
BALL VALVE o O WATER  STorece  WATE ! WATER
PNEUMATIC ACTUATOR ™ ! TANK \ /l

LIQUID CAUIBRATION  TANK

AR )
AND WATER BYPASS LINE- 2



Oil and gas production wells

Prof. Milan Stanko (NTNU)

A UNIFIED MODEL FOR PREDICTING FLOW-PATTERN

TRANSITIONS FOR THE WHOLE RANGE OF
PIPE INCLINATIONS

D. BARNEA

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

Ramat-Aviv 69978, Israel

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

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

i

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

e = depOf deg
(S)-t7
or

ax> 052 (8)

YES

1

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

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

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

Condinon
(4] sotisfied
figures 3,4)

NO YES

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

STRATIFIED SMOOTH~STRATIFIED WAVY
TRANSITION

YES 3 Mechamsm: Jeffreys, wind wave interacrion=

transition €

or

Fr=1.5=tronsition M

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

Condition [20]

or condition (23]
satisfied

(figures 3,4)

Check whether bubbly
flow 1s possible

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

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

|

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

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

Condition (4
satisfied

Figure 6. Logical pass for flow-patiern determination.

Bubble Flow-Pattern

» Turbulent forces prevent bubble
agglomeration and slip effect.

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

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

Pressure gradient equation:

Stratified Flow-Pattern Model Pipe Cross-Section

Combined momentum equation:

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

Pressure gradient equation:

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

A
— L p+—£ sin
= y S PT P ]g B

Intermittent Flow-Pattern Models

Pressure gradient equation:

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

Annular Flow-Pattern Model

Pipe Cross-Section

Pressure gradient equation:

dP T, S A A .
-(%)- f*[jpf““?‘gpstgSl“ A
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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]
10 - 0 50 100 150 200 250
Dispersed N 0 . : L . . )
E / L
500 -
; 1
-] 1000 -
=]
g
"—6 1
Jm —_ |
g 0.1 o 5 = . R 1500
u e
% Bubble slug a
> g % 2000 -
a £
2 E ] Annular S —
£ oo01 -
g - 2500 -
3000 -
0.001 : : \
0.01 0.1 1 10 100 3500 -
superficial velocity of gas, vsg, [m/s]
250 —
gas volume fraction, [-] ——bubblepoint !
-0.20 0.00 0.20 0.40 0.60 0.80 1.00 ;
f 4 ' 1 1 ot 1 ——dew point
200
500 ® critical point
——wellbore
1000 © 150
m
2
—_ 1500 - a
E o
- 5 1
(=) 3
= 2000 2
g
a
——void fraction
2500 - 50
——lambdag
3000 -
I I c T T I 1
3500 -+ -200 -100 0 100 200 300 4C
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]
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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 ‘ ‘ ‘
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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
|

File Home  Insert Draw Page Layout Formulas Data Review  View  Developer

I [jj I.:;?t Arial i VAR E=E 2 BwepTet
opy > . [ S g —
[ Pafte < Format Painter I U~ e v Ay EEE & = [E Merge&Center ~
Clipboard ] Font [F] Alignment Nl Se
s [ > K0
4 A [ B | c | D | E F
1 |FLUID PROPERTIES Input: red
2 | Output: blue
—3 | Mo [Pas] 3.662E-04
4 My [Pas] 0.000E+00
s Oog m] | o.ooawo_l
6 Po [kg/mA3] 610.1
7] P: [kg/m*3] 0.0 dpldx Flow pattern
8. [Pa/m] [
9 |OPERATING CONDITIONS 6924.20 Liquid
10
1| Usl [mls] 6.632
12| Usg [mis] 0.000
—3]
14 |PIPING CHARACTERISTICS
[ 15
16 Angle (from hor.) [rad] 1.571
17| Diameter [m] 0.15
18 | Roughness [m] 1.50E-05
pwh=28 bara
Models Wolgha Nagoo Mechanistic
10 — o o 350.0
[Sm3/d] [bara] [bara] [bara] =
£ 3000
100 218.3 197.5 205.5 f;
250 200.0 197.6 187.5 s 550
500 1885  198.2 173.2 e
1000 182.4 200.0 165.6 2
2 2000 -
2000 186.9 2115 166.8 s
3000 199.2 223.7 178.4 %
£ 150.0
4000 2245 2385 206.2 £
5000 245.2 266.9 224.2 P: 1000 —o—Wolgha
6000 2805 2875 242.1 ‘-3 ' —s=Tes
é 500 - —&— Mechanistic
0.0 T T v v - : 3
0 1000 2000 3000 4000 5000 6000 7000
oil rate, qo, [Sm3/d)
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TPG4230 - Field development and operations
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PIV measurement in a radial flow stage

* Flow features in diffuser and impeller may T Efcienc

1

I

be identified from measurements ;
Head }
[}

|

* Flow misalignment and recirculations
reduce efficiency
o i | >
---------------------------- T BEP " Flowrate
55% of BEP flowrate 79% of BEP BEP flowrate
st LAFT Example of stall region in diffuser passage (measured)

SPE-14MEAL-14017-PP-MS » Measurement and Unsteady Simulation of Intemal Flows within Stages + J Dusting
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gas lift valve

MMM Series
side pocket mandrel.
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Jarring down.
The lock ring
contacts the
wall cam.

locking
fingers
of the
pulling
tool

Jarring down. The
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.

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
locking fingers
contact the

fishing neck.

Jarring up. The

Jarring up. The

lock ring shear pin is

contacts the sheared, the

cam. spring pushes
the sleeve
upwards

Jarring up. The
cam pushes the
lock ring to the

side and the

gas lift valve
moves upwards

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




1
OTcC 1ildIl OI1C

D

-
-3
L=
<
. 3

[

-

le

i3

o b.

L




	00_course_introduction
	01-08
	TPG4245_Binder
	TPG4245_Binder
	TPG4245_Binder
	TPG4245_binder
	TPG4245_Binder
	TPG4245_Binder
	TPG4245_Binder
	TPG4245_Binder
	TPG4245_Binder
	01
	01
	02
	03
	04

	03
	05
	06
	07
	08











	02
	03
	09
	10
	11
	12
	13

	04
	05
	14
	15
	16
	17
	18

	06
	07
	19
	20
	21
	22
	23

	08
	09
	24
	25
	26
	27

	10
	11
	28
	29
	30
	31
	32
	33

	12
	13



