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Topic Level I Exercise (Engineering 5ki|l5) Computational Tools
Life cycle of a hydrocarbon field Appreciatiorg @ - -
Gant chart, NPV
Field development workflowﬁ Appreciation/ calculations, Spider plot,
-Probabilistic reserve estimation \ Sconflguratlonf YES decision trees, Monte Carlo ( Excel VBA )C“
-Cost estimation and NPV calculations (demgn simulation, basic S
probability
Offshore (and some onshore) field architectures and
layout of pr_oductiorw systems Configuration VES Engineer-ing diagram-s and )
-Production manifold ] drawings. Analysis
-Pigging facilities
) i Analysis.godeling. Fast
Dynamlcs of marine structures Conflguratlon}' . )
i YES Fourier Transform for signal Excel VBA
-Wave statistics 4— design )
analysis.
Reservoir depletion and field performance
-Production potential /
-Production scheduling . . ~
S . . i Maodeling. Programming. Excel VBA, Gap,
-Flow equilibrium in production systems, choking Design YES ) o
Problem solving Prosper (or Pipesim)
and boosting
-Flow performance of surface and downhole
roduction networks
Flow assurance /———-&
_-Mf:udeling of gas and cond_ens‘a;ce transport in Apprec?ation, VES Mode!ing. Programmi[ﬂg. Hysys, Excel VBA
pipeline and hydrate formation Design Analysis. Problem solving.
> -Simplified modeling of ail and water emulsions
Modeling. Probl
ESP fundamentals, design and plan for the field life Design YES © eslglgvingm em Excel VBA
. . . Modeling. Problem
Early subsea boosting design Design YES i Excel VBA
salving.
Appreciation Data analysis, filtering, QC,
{ Data management anc(allocatior'b pp . / YES _y g @ Excel VBA
design averaging, aggregating.
. o . Analysis, modeling, critical
Production optimization. Design YES o A Excel VBA
thinking. Problem solving.
Integrated asset modeling Appreciation MO - -
T An
CGroup work)[]evelop
itt doral
Additional skills gained by home and class exercises wr e_n an ) ors
engineering
communication skills.
0 i aAq%Jw
Material balance TPG4145 \ ~n
p Reservoir simulation fundamentals, flow tables TPGAlBD — \/Uo,we,
o well inflow TPGA245 AJM«,_
Fluid phase behavior TPG4145 .o
Black oil model TPG4145
single and multi phase fluid flow in pipes TPGA135) lovien
(computation of pressure and temperature losses) TPG4245
Processing fundamentals, separation, TPG4135¢(
Compression fundamentals TPG4135
Pumping fundamentals TPG4135
Introduction to subsea boosting TPGA4200 Sawﬁeéhk“AL
Introduction to subsea systems TPGA200
Risk analysis, decision making, uncertainty TPGE4151 B(‘O&\w\“k
Life cycle of an oil and gas field. Fundamentals TPGE4105 > gb*‘k\g
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Figure 4: The production curves of the land-based US giant Prudhoe Bay and the giant UK
Thistle offshore field. The approximarelv exponential average decline rate is clearly seen in these
fwo well-behaved fields.
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* Recovery factor, F, depends on:

— Permeability and Permeability distribution

— Relative permeability characteristics

— Drive mechanism

— Pressure support, displacement and sweep efficiency

— Reservoir architecture-continuity, shape, layering, fault
blocks

— Reservoir anisotropy

— Reservorr fluid properties

— Well placement. Number of wells
— Artificial hft

— Minimum economical field rate
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Function X_uniform(a, b)-

'value of the variable X for a uniform probability distribution

'ais the minimum value of X
'b is the maximum value of X
Application.volatile(true)
U=Rnd() )
X_uniform=a+ (b-a)*U
End Function
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Revenue and Cost Profiles

0il and gasisales income

SALES

Platform construction
and top side facilitie

COSsST

Total capital expenditure

Pipeline and operation cost

The Ultimate driver in E&P
operations

NPV-=

OIlL

() X prop () - CAPEX (i) - OPEX (i) - TAX (i)
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Report of commerciality
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Declaration of commerciality '
Project Definition |
Basic Engineering |
Issue of PDO q

Govt Approval of PDO [ ]
Platform EPC Contract, Subsea EPC Contract 1
Predrilling Starts 1

Engineering, Construction and Installation -
—

0Oil Pipeline to Gulfaks

Booster Compressor Installation

Drilling and Completion A m S
0il Production Starts . q .
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Henry Gantt (1861-1919), a
mechanical engineer,
management consultant, and
industrial advisor developed
Gantt charts in the 1910's. Not as
commonplace as they are today,
Gantt charts were innovative and
new during the 1920's, where
Gant charts were used on large
construction projects like the
Hoover Dam started in 1931 and
the Eisenhower National Defense
Interstate Highway System
started in 1956.

Henry Gantt

Every time we, in our project management careers, go through

the rigmarole of our projects, trying to meet and beat our own-

set goals, a silent word of gratitude goes to the heavens for
Henry Gantt for conceiving this intuitive diagram for charting
project timelines, for the Gannt Diagram allows us to excel in
this chosen career.
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Initial
Price Investment Reserves 47
$/Bbl. MM MM Bbls.  Case  Prob.
1 042
2 7
3 0
4 . 056
5 196
6 028
7 042
8 LY
9 .0
10 018
11 . 063
. 3 P=.10 12 .009
59 P=.20 13 L024
Ao~"30 P=.70d 14 . 084
20 P=.10 15 .012
s0 P=.20 16 .018
17 .063
18 009

Weighted Avg. NPV 9,55
g =7

[

NPV

60
15
-10
53
8
-17
6

NPV x Prob.

2.52
2.1
-0.21
.97
1.57
-0.48
1,93
0.15
-0.50
0.63
0.00
-0.18
0.67
-0.59
-0.32
-0.38
-0.88
-0.32
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CONCESSIONARY SYSTEM FLOW DIAGRAM
One Barrel of oil = 40 USD

Contractor Share Royalties and Taxes

40%
Royalty UsD 16
UsD 24 (Net Revenue)

Deductions for Operating costs (Opex), Depreciation, Depletion and
Amortisation (DD&A), Intangible Drilling and Development Costs (IDCs),
etc.)

usbi1z usD 12 (Taxable Income)

Provincial Taxes for example_10% usb1.2
2

UsD 10.8

Federal Income Tax for example 40% UsSD 4.32
—

USD 648 Net Income after Tax

UsSD 18.48 uUsD 21.52

47% 53%

ol

Ao
bl

Figure 1.4 Example concessionary system flow diagram
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PRODUCTION SHARING CONTRACT FLOW
DIAGRAM
One Barmel of Qil =USD 40
Contractor Shame Government Share
20% Royalty —_— Usb 8
UsD 32
Cost Recovery
[Operating Costs, Depreciation, Depletion and Amartization
(DD&A), Intangible Drilling and Development Costs (IDCs) |
Usb 16  4=— 40% (Limit)
Ush 16
Profit Qi Split
USD 64 g A0%B0% —p USD 96
(Taxable)
-(USD 2.56) —pe Taxes 40% — +USD 2.56
UsD 19.84 Ush 2016
49.6% 50.4%

Figure 1.9 Example production sharing contract flow diagram
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Control Choke
Cage-Style Trim Design
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Return spring
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Flapper closed
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6” Branch Line To/From Well

5 1/8” Branch Valves
2” CI Valves

Remote Actuated Valves

10 ” Main Header

Pigging Loop Isolation Valve /

?756"53 fed c\“‘%" (LPQQOL\ e pipe Yo oxecte didlerent  foy ks

Various pig types i

Wax plug-North Sea fing pigging
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Pig animation: https://www.youtube.com/watch?v=CDHtL-J1Xx0
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Drain  Trap barrel

Some other subsea field architectures:

Satellite

Daisy Chain Template

Individual tie back
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In-onshore systems a portable test separator (see below) is often used-in this-arrangement instead of the multiphase meter.
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Gas molecular weight (Methane) 16 kg/kmole

Gas specific gravity 0 55 Gas specific gravity

Number of wells 4

pwimin 120 [bara]

gfield_target 2.00E407 [SmA3/d]

time qwell pot gfield pot qfield AGp  Gp 7 RF PR
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Predicting production profile of Snohvit field - Reservoir simulator proxy - Milan Stanko, 20170214

Snohvit gas Field

G=IGIP

Tr

Pi, initial Res pressure

C. inflow Back pressure coefficient
n, backpressure, exponent

Gas molecular weight (Methane)
Gas specific gravity

Number of wells

pwfmin

qgfield_target

A

1 Snohvit gas Field
3 G=IGIP
1Ty

5 P4, initial Res pressure
7 n, backpressure, exponent

3 | Gas specific gravity
0 Number of wells

1 pwfmin

2 qfield_target

3

a

s+ D W Bo B | bn

X v f

i C, inflow Back pressure coefficient

3 Gas molecular weight (Methane)

270E+09 Sm3
92 oC

time
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0
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276 bara
1000 Sm3/bar*2n

1

16 kg/kmole
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qwell_pot qgfield_pot qfield pwf
sma3fd]  [SmA3fd]  [SmA3/d]  [bara]
61776000 247E+08  2.00EH07
58113872.7 2.32E+08  2.00EHD7
53941551.6 2.16E+08  2.00E+H07
49857914.9 1.95E+08  2.00E+07
455615324 1.B4E+08  2.00E+07
42258575.5 1.69E+08  2.00E+H07
38740056.4 1.55E+08  2.00E+07
35395346.7 L42E+08  2.00EH07
32214305.9 1.29E+08  2.00E+H07
29187545.5 LI7E+08  2.00EH07
26306418.5 L.0SE+08  2.00E+H07
23562975 9.43E+07  2.00EH07
20949917.2 8.38E+07  2.00E+07
18460558.4 7.38E+07  2.00EH07
16088783.8 6.44E+07  2.00EH07
13829016.2 5.53E+07  2.00E+07
11676183.7 4.67E+07  2.00E+07
9625689.72 3.85E+07  2.00EHD7
7673386.72 3.07e+07  2.00EH07
58155513 2336407 2.00E+07
4048861.89 L.62E+07  1.62E+07
2689377.84 1.0BE+07  1.08E+07
1824335.63 7.30E+06  7.30EH06
1251902.59 5.01E+06  5.01E+06
865700.421 346E+06  3.46E+H00
601733.801 241E+06  2.41E+H06
C D E
£+09 Sm3
92 oC
276 bara
1000 Sm3/bar*2n
1
16 kgfkmole
(.55 Gas specific gravity
4
120.[bara]
E+07][sm3d]
qwell_pot qgfield_pot qfield pwf

time
[years]
0

LR SRR R

AGp
[SmA3]
267 0.00E+00
260 6.57E+09
252 6.57E+09
243 6.57E+09
235 6.57E+H19
227 6.57E+09
219 6.57E+09
212 6.57E+09
204 6.57E+09
196 6.57E+09
189 6.57E+09
182 6.57E+H19
174 6.57E+09
167 6.57E+09
160 6.57E+09
152 6.57E+09
145 6.57E+09
138 6.57E+H09
131 6.57E+H19
123 6.57E+09
120 6.57E+09
120 5.32E+09
120 3.53E+09
120 2.40E+09
120 1.65E+09
120 L14E+HI9
G
AGp
[SmA3]

267 0.00E+00

260 6.57E+09

52 6.57E+09

243 6.57E+09

235 6.57E+09

[SmA3/d] .[Smi\ald] '[Smi\Sld] [bara]
617760001 2.47E+osl=|r(n1s>=$!
581138727  2.32E408  2.00E407
53941556  2.16E+08  2.00E407
498579149  L99EH08  2.00E+07
259615324 LBAEH0S  2.00E+07

AnncacTe ©

1 enrina

A nnrAT

£ crnn

Gp
[smA3]
0.00E+00
6.57E+09
1.31E+10
1.97E+10
2.63E+10
3.29E+10
3.94E+10
4.60E+10
5.26E+10
5.91E+10
6.57E+10
7.23E+10
7.88E+10
8.54E+10
9.20E+10
9.86E+10
1.05E+11
1.12E+11
1.18E+11
1.25E+11
1.31E+11
1.37E+11
1.40E+11
1.43E+11
1AAE+11
1.45E+11

z
[
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RF PR

[ [bara]

0.9672446  000.0E+0
0.9672446  24.3E-3
0.9630236  48.7E-3
0.9583206  73.0E-3
0.9538437  97.3E-3
0.9497312  121.7E-3
0.9459766  146.0E-3
0.9425735 170.3E-3
0.9395311 194.7E-3
0.9368227  219.0E-3
0.9344457  243.3E-3

0.932392  267.7E-3
0.3306539  292.0E-3
0.9292238  316.3E-3
0.9280946  340.7E-3
0.9272597  365.0E-3
0.9267125  389.3E-3

0.926447  413.7E-3
0.9264573  438.0E-3
09267373 462.3E-3
0.9272836  486.7E-3
0.928085%4  506.4E-3

0.928325  519.5E-3
0.9295651 528.3E-3
0.9300388  534.4E-3
0.9303821  538.6E-3

Gp z
[sma3] [

0.00E+00
6.57E+H09
1.31E+10
L97E+10
2.63E+10

A Anran

0.9672446
0.9672446
0.9630236
0.9583206
0.9538497

A nanTIIn

RF PR

[ [bara]
000.0E+0
24363
48.7€-3
73.06-3
97.3E-3

171 T A

276
269
261
233
45

276
269
261
253
246
238
231
223
216
209
202
195
188
181
175
168
161
155
143
142
136
131
127
125
124
122

In this time,
potential rate is
smaller than the
target rate. The
mode changes
to constant
bottomhole
pressure
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Example 1: Production potential of a system with two standalone wells

Assume that there is a field with two (2) standalone wells, and that the production
potential of each well can be expressed as a function of the cumulative production of
each individual well:
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¢, =10;) Eq. 11

In this case the production profile can be computed separately for each well from the

production potential curve and then add them up to obtain the field production profile.

Please note that the field production potential for a given field cumulative production is

not unique. This is because there are different ways to achieve the same field cumulative

production (e.g. in a two well system, produce more from well 1 than 2, produce equal,
or produce more from well 2 than 1).

As an example, consider the production system with 2 standalone wells shown in Fig.
14.a. The production potential of each well is presented in Fig. 14.b. Wells will be
produced at constant rate initially, with plateau rates ge; and gp, and, when the plateau
rate is no longer feasible, they will be produced at the production potential.

A

g — Well 1
c T — Well 2
o — S
- (@ P ™
Q= S g
38 Melpss
o % 952 T
oo \\\1:\\\\

\\\\\
Qp1 Qp2 QP

(b)

Fig. 14. Example case: 2 standalone wells

The plateau duration of each well can be very easily calculated by intersecting the
individual plateau rate with the production potential curve of each well. This yields a
plateau duration of tp1=Qpi1/qp1, for well 1 and ty,=Qp,/qp, for well 2. After the plateau
ends, the production profile of each well follows the potential.

A typical reservoir management problem consists of how to define well rates to
maximize field plateau duration when a fixed field rate is desired. If individual well
plateau rates are to be kept constant, this can be achieved by finding the plateau rates
for which the plateau end occurs at the same time. If the production potential curves are
straight lines the following procedure is suitable:

The production potential curve for well 1:

qpp =—M Op + 9 ppor Eq. 12

The cumulative production at which the production potential (qppl) is equal to the

plateaurate (¢ ), i.e. Op,, , is:

14
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qppor —4
Opyn = 2ppol  dpl Eq. 13
m,
Similarly for well 2:

_ Dppor —94p2
QPpZ

=—— Eg. 14
m,
Then the plateau duration has to be the same for both wells:
_ QPp] _ _ QPpZ
l‘pl———pz—— Eq. 15
qpl qp2
Substituting Eg. 13 and 14 in Eq. 15:
9 ppor — 4 p1 9 ppo2 —4p2
ppo pl _ dppo p Eq. 16
m g, m,-q,,
0 m 0
M—l:_l- M_l Eq. 17

qp m, \ 4,
Eg. 17 has two unknowns, therefore one more equation is needed. Clearing 7 from

the expression of the total plateau rate:

qp2 = qp _qpl Eq 18
Substituting Eq. 18 in Eq. 17 yields:

qp12 '(ml _m2)+qp1 '(qppul mytmy-q,—m-q,+m 'qppoz)_qppul "my-q, =0 Eqg. 19

Eg. 19 can be solved with the quadratic formula to find q,-

Please note that there are infinite alternatives to produce the field at plateau rate as
shown in Fig. 15. Each option will yield a different field plateau duration.

® q_well_1 ° q_well_1

° q_well_2 ° q_well_2
—qpp_well_1 —qpp_well_1
—qpp_well_2 —qpp_well_2
—q_field —q_field

flow rate, [SmA3/d]
.
.
.

flow rate, [SmA3/d]

[} 2 4 6 8 10 12 14 16 (] 2 a4 6 8 10 12 14 16
time, t, [t] time, t, [t]

(a) (b)

15
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Note Title 12.01.2017
Comments about exercise set 2, problem 3
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TPG4230, Milan Stanko, 20170228
Separator pressre, psep 0 bara
Nwells pR[bara] pwf[bara] C[smA3/bars2n] n  qg[SmA3/d] Ct[SmA3/bar] §  pwh[bara]  qtemp[SmA3/d] Cfl [SmA3/bar] ptowhead[bara] eror [barah2]
Template L 4 W %96 1000 08  L72EHG 152 043 665 6.89E+06 1403054 66.5 0.0
Template M 3 10 804 0 08 S.27E5 41163 0.4 665 1.58E406 1397663 66.5 0.0
Pipeline qfield [Sm3/d]= B4TEH06 296439 6.5 00
average p, [bara]= 66.5
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LY ‘klﬁ{f \oo)hub (Z

TPG4230, Milan Stanko, 20170228
Separator pressure, psép 60 bara
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Template L 4 45 1081 10000 08 15006 38152 043 780 6.00E:06 1403054 653 128
Template M 3 102 819 700 0B S50085) 41163 0.34 679 1.50E:06 1397663 651 28
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Separator pressure. psep 60 bara
Nwells  pR[baral] pwf[baral C[Sma3/bara2n] n qg [Sm~3/d] Ct[Smr3/bar]l S pwh [bara] qtemp [SmA3/d]  Cfl [SmA3/bar] ptowhead[baral error [baran2]
Template L 1000 os 1.80E+06 38152| 0.43 62.2 7.19€+06 1403054 62.0
Template M 700 os 6.04E+05 41163 0.34. 62.0 1.81€+06 1397663 62.0
afield, calc [Sm~3/d] 9.00E+06  AVERAGE ptow= 62.00 error, tow press.
Problemlgserparametere cfl [sm~3/bar]  pdowncompl[bara]
Pipeline afield - wanted [Sm~3/d] 5.00E+06 296439 67.2
error —rate (calc-wanted)~2 7.65€+06

DP comp [baral
© Maks

O Verdiav: o

Ved & endre variabelceller:
sDss:sDs6

[ |
Underiagt begrensningene:

#

sksio =0 Leag til

Endre

Stett

Tilbakestill alle

Lastinn / lagre

Gior ubegrensede variabler ikke-negative

Velg en losningsmetode: Ikke-lines=r GRG ~ Alternativer

Losningsmetode

velg GRG T som er jevne og . velg LP
(simpleks) for linezere problemer, 0g velg Evolusjonzer for problemer som er ujevne.

Hielp Los Lukk

This initial setup of the solver, although sounds logical, gives VALUE! errors problems and doesn't converge. some of the bottomhole
pressures tried give a negative number inside the square root. Maybe it is related with the shape of the function:
! Investigate this issue more in detail in the assignment!

NG Nalan Tephgo

i H " PO i . P\u,‘uh N 3&\1'{\_
An alternative approach is suggested, "Manual solution", analyzing and converging {
this problem separatedly:

- C"\m\_

provide pav-at the towhead, and take out the field rate constraint out of the solver r"—\ oy
setting. Run for several values of pav at the towhead to find the one that gives exac
09E06 Sm*3/d F

TPGA4230, Milan Stanko, 20170228

Separator pressure. psep 60 bara
Nwells  pR[baral pwf [b C [SmA3/barn2n] n qg[Sm~3/d] Ct[sm~3/bar]l S pwh [bara] qtemp [Sm~3/d]  Cfl [SmA3/bar] ptowhead[baral  error [baran2]
Template L al 145 96.5 1000 0.8 1.80E+06 38152 0.43 62.2 7.19E+06 1403054 62.0 0.0
Template M S 102 75.7 700 0.8 6.04E+05 41163 0.34 62.0 1.81E+06 1397663 62.0
gfield, calc [sm~3/d] S.UUE+UB  AVERAGE ptows= ozl 05} =sum error, tow press
Cfl [Smn3/bar]  pdowncorfplbaral
Pipeline gfield - wanted [Smn3/d] 5.00E+06 296439 67.2.
error -rate (calc-wanted)~2 7.65E+06
DP comp [baral
/ Problemigserparametere < [
/ Angi mak: sus7l =3
T O Maks @ Min ) Verdi av: o b
\ WVed & endre variabelceller:
N\ sDs5:5DS6 =)

jw@&

Underlagt begrensningene:

Leag til

Enare

Stett.

Tilbakestill alle

Last inn / lagre

Gior ubegrensede variabler ikke-negative

Velg en lgsningsmetade: Ikke-linezer GRG ~ Arters

Lesningsmetode

velg GRS for som er jevne og ikke-linesere. Velg LP
(simpleks) for linesere . 0 velg Evolus) 3 om er ujewne

Hiep Los Lukkc
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One way of solving the problem is to fix the rates in the system, 6.4 E06 Sm”3/d for template L, 2.6E06 Sm”3/d for

_( \L template M and 9E06 Sm”3/d for the pipeline. Calculations are performed in the following way:

A \3 -Counter current calculation in pipeline from separator to compressor discharge.

-Co current calculations in template M from reservoir to suction of the compressor. Template M is NOT choked, thus v
can perform calculations without problems.
-The DP of the choke in wells of template L is unknown. So, co-current calculations have to be carried from reservoir t
wellhead, to find pressure upstream the choke and counter current calculations from the compressor suction (towheac
the template (downstream the choke) the difference in pressure is the choke pressure drop.

Counter-current

L]

Co-current

TPG4230, Milan Stanko, 20170228
Separator pressure, psep 60 bara

Nwells  pR[bara] C[SmA3/barh2n]  n qg[SmA3/d] Ct[SmA3fbar] S

h[bara] Ptemp[bara] Deltapchoke [bara] qtemp [Sm23/d cfi[Sm~3/bar]  ptowhead[bara]

Template L 4 145 104.4 1000 0.8 1.60E+06 38152 043 73.3 41.8 315 h.A0EH06 1403054 415 )l
Template M 3 102 55.3 700 0.8 8.67E+05 41163 0.34 416 41.6 0.0 ASOEHE 1397663 415 |
Cfl [SmA: owncomp|bara]
Pipeline gfield - wanted [SmA3/d] 9,00E406 296439 67.2
error -rate
W/ 5.7
Co-current

counter-current
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doANe e

1 Radial Darcy flow through reservoir
2 Annular flow

{' 2 Through screen
3 Under wrapping

4 Through nozzles

5 Inside production tubing
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Figure-8 Functioning and interplay of an ICD completion architecture. Fluids enter the screen and flow between the axial wires and
the un-perforated base pipe into the ICD housing, before passing throug™ ™ : PP ° t -
issues are properly analyzed and put in the right perspective to achieve |I

Point of entry Flow through Flow through Flow through holes
unperforated base pipe | | open orifices in the base pipe

Helical channel

Holes in base pipe to
allow oil flow from the
channel into the tubing

.

Flow up through the
tubing

L ) b
Figure 14 Helical channel type, EqualizerTM, Baker Oil Tools [22]
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SUM v i X v fe | =64*1000G11/(24°3600)
4 A | B | ¢ D )| F G

1 TPGA230, Prof, Milan Stanko, 20170307
2 Mole % Mole frac
3 Nitrogen 04  0.004 qo [SmA3/d] 1000
4 co2 01 0.001 qg [E03 SmA3/d] [ 200
5| Methane 432 0432 pwf [bara] 147
6 Ethane 47 0047 TR[C] 70
1] Propane 30 0.03 1D [m] 0.12
8 i-butane 15 0015 Well TVD Depth [m] 2500
9| n-butane 09  0.009 Twh [C] 60
0 nec-pentane 00 0 S oil density [Kg/m"3] 850
1 i-pentane 08 0008 Sc gas density [Kg/mn3] po1
12 n-pentane 05  0.005
3 Hexanes 18 0018
14 Heptanes 41 0.041 mosc [kg/s] 9.8
15| Octanes 50 005 mgsc [kg/s]
16 Nonanes 38 0038 mt [kg/s] 119
17 Decanes 301 0301
18
19
20
u,
2
i)
% VD P
25 [m] [bara]
2% 1 2500 147
27 2 1000
28 3 500
2 4 0

Obec 2

Status Calculated {01.01.0001 00:00:00)

Linked to

Connections =

Input Data | Compounds | Phase Propeties | Annotations |

Flash Spec Temperature and Pressurz (TF) |
Temperature ‘ TD.ODDDDD| ‘C v|
Pressure [ 147.000000] |bar v|
Mass Flow ‘ T.ODDDDD| ‘kg;‘h v|
Molar Flow [ 0014025 |kmolh v|
Volmetic Flow | 0.0019%8| | m3h v|

Spechic Enthaipy 222 867762
Spechic Entropy 1524852

Phase Mole Fraction 0.000000 @ Vapor

Solid

Liquid

Compostion
Solvent
Compound Amount ~ m a
0.004004
Carbon dioxide 0001001
Methane 0432432
Bhane 0047047 07.03.2017 14:58:53 :
Propane 0.030030 07032017 1458:55  Tip gj;g
Isobtane 0.015015 07032017 1458:59  Tip Prass
N-butane 0.009009 | » v 07032017 1458:53  Tip Hold
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T Liquid Mass fraction mo mg deno deng qo ag vio vig dp/dx
1] 5} lkgls]  [kgfs] [ke/m"3] [kg/mn3]  [mo3fs]  [mn3/s] [mfs]  [m/s] [bara/m]
70
L
[ 1O AtachUtity » | ) Phase Envelope
04 &t Binary Envelope (VLE/VLLE/SLE)
& Temary Envelope (LLE)
o Petroleum Properties
r ¢ Natural Gas Hydrates
& True Critical Point
Connections
I —
Froperty Value Urits ~
e
Mass Fow Rate 1.000000 |kg/h
Molar Flow Rate 0.014025 | kmol/h
Fhase Molar Fraction 1.000000 L . \?
Phase Mass Fraction Gﬁtm--j/’ ‘ o (7 ;/ v et,y l‘&'
Compressibility Factor 0,000 6

Specfic Enthalpy 222862762 klrka
Molar Enthalpy -15 890.055242 | kdkmol
Spectic Entropy 0524852 kJ/kg K|
Molar Entropy -37.421787 | kd/lemol KI
Intemal Energy -26 356.625231 | ki/ka
Molar Intemal Energy -1879220321... | kdskmol

Gibbs Free Enengy

Molar Gibbs Free Energy
Helmholtz Free Enengy
Molar Helmholtz Free Ene...

-42.759892 kiskg
-3048.768867 | kJkmol

-26 176.522361 | kg
-1866 379.035.... | kdAamol

Molecular Weight 71.299732  kg/kmeal
Density 500.530625 | kg/m3
Heat Capactty (Cp) 2.367538 | kd/kg.K]

Heat Canacity Ratio (Cn/ 1170571
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p T Liquid Mass fraction mo mg deno deng qo qg vso vsg dp/dx
[bara] Ic] [l [kg/s] _[kg/s] [kg/m*3] [kg/mA3] [mA3fs]  [mA3/s] [mfs]  [m/s] [bara/m]
147 70 1 11.9
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ng Configuration Wizard

IPM programs require a licensing system ta rn.

The licenzing system can either be a bitlock that is
plugged into your computer that only you can uze OR &
server on your network that shares licenses with other
LIZErs o your network,

The licenze setup wizard is used to help you configure
your PC ta use your chosen licensing system.

“You wil be asked questions about your licensing
system and PC. The ‘wizard will try to configure pour
PC to use the licensing system.

It you wish to stap the \wizard at any time, click
Cancel.

It you want ta re-un the Wizard in the future, select
Start-Programe-Petroleum Experts IPM x-Utiities-Setup
Licensing 'wizard

Wihich twpe of licensing system do vou have? Select fram
the: following options and then click on the Next buton
belaw.

" I have a singls user bitlock:

There is a netwark hardock lizense server

& the netwark. to which my PC iz
connected | want to use a license from the
hardiock,

¢ Back | Wext » | Cancel
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Current list of hardlocks you PC is configured to

Althaugh your PC is configured to use the above hardlocks, you may stil wish to use the options below
to configure you PC other hardlocks on your network,

‘You can click Find hardlocks... to search for hardlocks on your netwark.

[t may take up to 30 seconds for any hardiocks found to appear in the top panel

|f no new hardiocks have appeared in the top panel 30 seconds after clicking the " 'Find hardiocks™
button then the \wizard has been unable to find any hardlocks. Check with your system administiator for

the_ details of the hardlock server and enter the details by clicking on the ™ 'Enter hardlock details'

Altematively if you knaw the host name or IP address of the hardlock you wish to use then

click on  Enter hardlock detalls... | to enter these

|f the hardlock has not appeared in the top panel 30 seconds after entering the hardlack detalls then
the Wizard has been unable ta find the hardlock. Check with your system administrator that the
hardlock. details are comect and that the hardlock is running.

< Back | Nest > I Cancel

Enter the HardLock. zerver computer name or TCPAP address

Comments:

Friarity [<0 = dizabled]
o

Cancel

------- & Searching for licenses. ..

Te:

To view the licenses on all the hardiocks, click the Test button.

The panel sbove displays &l the licenses avallable on all the hardlocks that pou PC iz configured touge,

|f no hardiocks appear in the ahove panel, then it is possible that the hardiocks that vour PC is configured to use, are na longer
unning. Pleage check, with your systems administrator,

Even if you can view licenses in the abave panel, remember that these licenses are shared by all the users on your network. Sa it is
posgsible that when pou try o un an IPM program, all licenses will be in use by other ugers.

¢ Back | Finigh | Canicel
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Exercise in Prosper and GAP, TPG4230, Milan Stanko, 20170309.

1. Subsea oil well modeling in Prosper

Fluid information:

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

Solution GOR = 142 Sm”3/Sm3
Producing GOR =142 Sm”3/Sm”~3
Oil gravity = 30 API (876 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

R

s/ 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%

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

888V, ID 3.7

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

Flow in Casing (ID = 6.4 in)
length =80 m
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Productivity index = 12 Sm”3/d/bara
Tasks:

e Set up a prosper model of a subsea oil well.

e Report the bubble point pressure at reservoir temperature as predicted by the BO
correlation.

e Estimate the producing rate using flow equilibrium assuming that the well is producing
against a constant wellhead pressure of 100 bar. Is it correct to assume a linear productivity
index?.

e Generate and export lift curves to be used in GAP (in the following exercise). pwh range: 30-
150 bara, GOR range: 141 — 500 Sm”3/Sm”3. WC range: 0 — 50 %

2. Modeling of a subsea network with three oil wells in GAP

The layout of the production network layout is shown below. The S riser is not included in the figure.
Assume that the water depth is 300 m, and the separator is 30 m above the sea level. The
production riser is a lazy “S” riser with a total length of 700 m.

Well 1

Well 2

2km, 5"ID
12 km, 7" 1D

| |

Psep = 50 bara

Well 3 5km, 5"ID

The wells have the same layout as the well created in the previous section, but with different GOR,
WC and Pl as specified in the table below:

Well GOR [Sm”3/SmA3] WC [%] Pl [Sm"3/d/bara]
Well 1 142 0 12

Well 2 200 40 8

Well 3 250 20 15

Tasks:

e Build the GAP model of three subsea wells producing to a FPSO.
e (Calculate the natural equilibrium flow of the network. Report the flow potential of each well
and calculate their split factor.
e Now, assume that the system has to be operated at a constant rate of 2000 Sm”3/d. Try the
following methods:
0 Adding a constraint to the separator, add a choke pressure drop (controlled), and run
an optimization.
0 Adding a constraint to the wells, and run an optimization
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IPM V9.0 - Buid # 120 - Jul 4 2014

Petroleum Experts Limited
Petex House

10 Logie Mil

Edinburgh, EH7 4HG
United Kingdom

Tel +44 131 474 7030

Fax: +44 131 474 7031
Emai: edinburgh@petex.com
Web site: www.petex.com

C:\HD\NTNU\SEMESTER\Semester_V_2015\TPG4230\Notes\20150324\Prosper,
License Number : 04471

File Format Version : 816

Current File Version :
Memory -
Windows (6.2) Build 9200 - 32-bit

C:\Program Files (x86)\Petroleum Experts\IPM 9\prosper.exe

Original=816 Current=816
Load 44% Physical (4095/2047Mb) Virtual (4095/1781Mb)
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User information

[ Done | [ cancel |[ Report |[ Bxport |[ Hep | [Datestams |
~Fluid Description \(/ ongh. QR —
Fluid - Predict [Pressure and Temperature (offshore) ~]
Method [Black Of | Model [Rough Approximation ~|
Range [Full system =l
Separator [Single-Stage Separator =l
PVT Warnings |Disable Warning ~]
Water viscosity [Usz Default Correlation 3|
Water Vapour [No Calcuiations =]
well Well Completion
Flow Type [Tubing Flow -] Type [Cased Hole ]
wiell Type [Producer =] Sand Contral [none =]
Artificial Lift Reservoir
method [Nene =] Inflow Type [Single Branch ~l

Comments (Cnt-Enter for new line)
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Location
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2.8.1.3.1 VLP Correlation Applications

Fancher Brown is a no-slip hold-up correlation that is provided for use as a quality
control. It gives the lowest possible value of VLP since it neglects gas/liquid slip it
should always predict a pressure, which is less than the measured value. Even if it
gives a good match to the measured down hole pressures, Fancher Brown should not
be used for quantitative work. Measured data falling to the left of Fancher Brown on
the correlation comparison plot indicates a problem with fluid density (i.e. PVT) or field
pressure data. This is thus essentially, a correlation for quality control
purposes.

For oil wells, Hagedorn Brown performs well for slug flow at moderate to high
production rates but well loading is poorly predicted. Hagedorn Brown should not be
used for condensates and whenever mist flow is the main flow regime. Hagedorn
Brown under predicts VLP at low rates and should not be used for predicting minimum
stable rates.

Duns and Ros Modified The Duns and Ros Modified correlation is derived from the
Duns and Ros Original correlation. The original correlation was modified by Petroleum
Experts to overestimate the pressure drop in oil wells for the slug flow regime. This
correlation should not be used for calculating the pressure drop in the wellbore or
pipelines and hence should not be used for lift curve generation either. This
correlation should only be used for quality checking of the input well test data.

Duns and Ros Original The Duns and Ros Original Correlation is derived from the
original published method. In PROSPER the original Duns and Ros correlation has
been enhanced and optimised for use with condensates. This correlation performs
well in mist flow cases and may be used in high GOR oil wells and condensate wells.

Petroleum Experts correlation combines the best features of existing correlations.
It uses the Gould et al flow map and the Hagedorn Brown correlation in slug flow, and
Duns and Ros for mist flow. In the transition regime, a combination of slug and mist
results is used.

Petroleum Experts 2 includes the features of the PE correlation plus original work
on predicting low-rate VLPs and well stability.

Petroleum Experts 3 includes the features of the PE2 correlation plus original work
for viscous, volatile and foamy oils.

Petroleum Experts 4 is an advanced mechanistic model for any angled wells
(including downhill flow) suitable for any fluid (including Retrograde Condensate).

Petroleum Experts 5. The PE5 mechanistic model is an advancement on the PE4
mechanistic model. PE4 showed some instabilities (just like other mechanistic models)
that limited its use accross the board. PE5 reduces the instabilities through a
calculation that does not use flow regime maps as a starting point.

PE5 is capable of modelling any fluid type over any well or pipe trajectory. This
correlation accounts for fluid density changes for incline and decline trajectories. The
stability of the well can also be verified with the use of PE5 when calculating the
gradient traverse, allowing for liquid loading, slug frequency, etc. to be modelled.

Petroleum Experts 6 includes the features of the PE3 correlation plus original work
on the affects that water cut can have on a viscous oil.

Orkiszewski correlation often gives a good match to measured data. However, its
formulation includes a discontinuity in its calculation method. The discontinuity can
cause instability during the pressure matching process; therefore its use is not
encouraged.

Beggs and Brill is primarily a pipeline correlation. It generally over-predicts pressure
drops in vertical and deviated wells.

Gray correlation gives good results in gas wells for condensate ratios up to around 50
bbl/MMscf and high produced water ratios. Gray contains its own internal PVT model
which over-rides PROSPERs normal PVT calculations.

Hydro 3P (internal) is a mechanistic model and considers three phase flow.

:> There is no universal rule for selecting the best flow
correlation for a given application. It is recommended that
the Correlation Comparison always be carried out. By
inspecting the predicted flow regimes and pressure results,
the User can select the correlation that best models the
physical situation.

Further details can be found in the PROSPER Appendix B | Multiphase Flow
Correlations.
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Creating MBAL file, TPG4230, Milan Stanko, 20170314.

Fluid information:

Use the black oil correlation of Glasg (py, Rs, Bo) and Beal (viscosity) to model your PVT behavior.

Solution GOR = 142 Sm”3/Sm3 Formation Water salinity = 23000 ppm
Producing GOR = 142 Sm”3/Sm*3 No H2S, CO2, N2.

Oil gravity = 30 API (876 Kg/m~3)
Gas gravity =0.76

At initial conditions no water.

Temperature: 100 C

Initial pressure: 360 bara

Porosity: 0.3

Connate water saturation: 0.15

Original oil in place: 60 MSm*3

Start of production: 01.04.2017

Water influx: Small Pot aquifer, 180 MSm*3
Rel Perm: Corey Functions

Rezidual End Point | Exponent
Saturation
fraction fraction
Kra {015 1 1
Kro 015 ne 1

Kra |0.01 04

—
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Chapter 8: Flow assurance management in production
systems

Flow assurance consists in ensuring uninterrupted flow of hydrocarbon streams from
the reservoir to the point of sale according to production plan. Flow assurance is
particularly relevant for deep subsea systems with relatively long transportation
distances (5-150 km) and low surrounding temperatures. In this type of systems if there
is a problem intervention and remediation has to be done remotely and it is usually time
consuming and very expensive.

Flow assurance focuses on three main aspects:

1. Avoid flow restrictions (excessive pressure drop, blockage or intermittent
production).

2. Safeguard the structural integrity of parts of the production system from
damages caused by internal flow.

3.  Maintain the functionality and operability of components in the production
system.

There are multiple issues that are typically addressed in flow assurance:

e Formation and deposition of wax.

e Formation of hydrates.

e Formation and accumulation of scale

e Flow induced vibrations (FIV)

e Asphaltene formation and deposition

e Slugging

e Erosion

e Emulsion

e (Corrosion

e Pressure surges during shutdown and startup.

Fig. 1 shows where these issues usually occur in the production system.
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Fig. 1. Flow assurance problems and their typical location in the production system

HYDRATES

Hydrates are solid substances where water molecules (in liquid phase) form a cage-
like structure that hosts small (< 9 A diameter) molecules (Fig. 2). The small molecules
are usually methane, ethane, propane, butane, carbon dioxide, nitrogen. The cage-type
structure is formed due to hydrogen bonding of water molecules (the water molecule
tends to spacially create two positives and a negative pole).

v
(b)

Fig. 2. A) appearance of a hydrate plug, b) molecular structure of a methane
hydrate

Hydrates contains a much higher proportion of water than the hydrocarbon
component. For example a methane hydrate (called methane clathrate) with molecular
formula 4CH4-23H,0 (MW = 478) has a molar proportion of 85% (23/27) water and 15%
(4/27) methane.

However, this doesn’t necessarily indicate that they contain small amounts of gas.
For example one cubic meter of methane clathrate (of an approximate density of 900
kg/m?3) contains 1.88 (900/478) kmoles of hydrate, of which there are 7.53 (1.88*4)
kmoles of methane. 7.53 kmoles of methane at standard conditions correspond to 178.4
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SMA3! (Vsc=Nmoles R Tsc/psc). For a cubic meter to contain the same amount of gaseous
methane at standard temperature, it would have to be compressed at 180.4 bara (p=
7.53 kmol-R-Tsc/1 m3).

Hydrates form only if ALL following ingredients are present:

e Free water (in liquid phase)
e Small hydrocarbon molecules
e  Particular range of pressure and temperature.

An example of the hydrate formation region is shown in Fig. 3. The actual line
depends mainly on the fluid composition, but, as a rule of thumb, it happens at high
pressure and low temperatures. For example at a pressure of 12 bar, the hydrate
formation temperature is 4 C.

Hydrate
?| Risk
=
w
s No Hydrate
a Risk
Temperature g

Fig. 3. Hydrate formation region

The hydrate formation line can be predicted by empirical expressions (that are a
function of the specific gravity of the gas), or using equilibrium calculations with an
Equation of State. Hydrate equilibrium calculations resemble to Vapor Liquid equilibria
by finding p and temperature conditions that make equal the chemical energy of the
component in the hydrate phase and liquid and gas phases.

Consequences of hydrates for flow assurance

If the pressure and temperature of the fluid flowing along the production system falls
inside the hydrate formation region, hydrates will start to form. Hydrates usually form at
the liquid-gas interphase where free water and small hydrocarbon molecules are in
contact. The mixing and turbulence of the flow further increases the contact between
the two thus causing the formation of more hydrates. Hydrates then start to
agglomerate until they eventually plug the pipe (Fig. 4).
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Fig. 4. Evolution of p and T of the fluid when flowing along the production system

Hydrates can also form when the production is stopped and the stagnant fluid begins
to cool by transferring heat with the environment.

Management

The traditional strategy to manage hydrates is to avoid their formation. There are
two main techniques commonly used to prevent the formation of hydrates:

e Keep the fluid conditions out of the hydrate formation region. This is done
mainly by reducing the rate of temperature drop of the fluid (reducing the
lateral spread of the blue line in Fig. 4). This is achieved in practice by two
methods: better insulation or electrical heating of the pipe.

Please note that insulation works effectively for a flowing system, but when
production is stopped, usually some other control method must be used as the fluid will
eventually cool down during a long period.

Electrical heating is usually not cost effective for long transportation distances.

e  Reduce the hydrate formation region. The equilibrium pressure and
temperature of hydrate formation can be affected by adding liquid
inhibitors (typically Mono-ethylene-glycol MEG, Tri-ethylene-glycol TEG or
methanol MEOH) to the water phase. Inhibitors interfere with the formation
of hydrogen bonds by keeping water molecules apart. As a consequence,
the hydrate formation line will be shifted to the left (as shown in Fig. 5).
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Fig. 5. Effect of inhibitor injection on the hydrate line

Typical concentrations of inhibitors used are 30-60 in weight %. For example the
Snghvit field has a Water Gas ratio of 6 E-6 Sm3/Sm?3. The plateau production of the field
is 20 MSm?3/d, thus it produces around 120 Sm3/d of water, or, equivalently, 120 000
kg/d of water. If we assume that the inhibitor concentration used is 50 in weight %, then
this gives 120 000 kg/d of MEG that must be continuously injected on the field. MEG is
usually reclaimed in the processing facilities. Otherwise, it will represent a daily cost of
60 000 — 180 000 USD (assuming a MEG cost between 0.5 — 1.5 USD/kg).

Please note that the inhibitor must be present in the water phase for it to be
effective, thus evaporation to the gas phase has to be taken into account when
estimating the required amounts of inhibitor.

Inhibitors are also injected when preparing to shut down production, to make sure
hydrates will not form due to the cooling of the fluid.

During the last years, many experts have proposed to use a less conservative hydrate
control strategy where we allow hydrates to form, but impede their agglomeration and
carry the slurry together with the production fluids. This can be performed by injecting
special types of chemicals, or by using cold flow. However, up to date there are limited
field cases where this type of management is performed.
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SLUGGING

Slugging consists on intermittent flow of gas and liquid in the production system (Fig.
6).

Fig. 6. Slugin a pipe section

There are two main types of slugging:

Hydrodynamic slugging: It occurs spontaneously at a particular combination
of flow velocities of liquid and gas and it depends strongly on the fluid
properties and pipe inclination. As an example, Fig. 7 shows the flow pattern
map for a horizontal pipe and certain fluid properties. There is a particular

combination of operational velocities where the flow will arrange itself in a
slug flow configuration.
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Fig. 7. Flow pattern map for an horizontal pipe (After Mandhane et al. 1974)

Terrain slugging: Terrain slugging is mainly due to cyclic accumulation of
liquid in the production system (especially in lower points). This happens in
undulating well trajectories, transportation flowlines with varying topology
of the seabed and in risers.

An example of slugging in a s-shaped production riser is shown in Fig. 8. Liquid
accumulates in the lowest pipe section and blocks the flow of gas (a). The liquid level
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starts increasing and the gas pressure in the horizontal line also increases (b). Eventually,
the liquid floods the second floor of the riser (c). Gas pressure increases until it is
sufficient to flush out almost all the liquid in the riser (d).

|
S il
(a) (b) (c) (d)

Fig. 8. Stages of severe slugging in an S-shaped riser.

Consequences of slugging

The main consequence of slugging is that production rates and pressures will
fluctuate in time which is often detrimental to the proper operation of the downstream
processing facilities. In gravity separators for example, a sudden inlet of liquid might
increase significantly the liquid level, causing liquid carryover, activating the warnings for
high liquid level and even triggering a shutdown alarm.

Slugging also causes vibration in flowlines, manifolds, risers which can develop in
structural damages due to elevated stress levels and fatigue.

Management

Slugging can be, to some extent, predicted during the design phase of the field using
commercial multiphase flow simulators such as Leda, Olga and FlowManager. If it is
detected and it has high severity (long slug lengths, frequencies that coincide with the
natural frequency of the structure, relevant pressure fluctuations), potential solutions
are to change the routing of the flowline, refill or dig some sections of the seabed that
can cause liquid accumulation or changing the pipe diameter. Smaller pipe diameters
increase the gas velocity, increasing the drag of the gas on the liquid thus reducing the
liguid deposition. However, too small pipe diameters also cause higher pressure drops
that reduce overall production rates.

If slugging is occurring in an existing production system, some approaches that have
been used successfully in the past are to apply gas lift in the riser base or to use the
topside choke to change dynamically the backpressure on the line and “control” the
slug.

SCALING

Scaling is the precipitation of minerals compounds (constituted by Na, K, Mg, Ca, Ba,
Sr, Fe, Cl) from the produced water and their deposition on pipe walls. Scale occurs when
the solubility of the minerals in the water decreases due to changes in pressure and
temperature, due to mixing of waters of different sources, injection of CO,. Minerals
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usually deposit on surface areas that are rough or have irregularities (e.g. valve
components).

(a) " (b)

Fig. 9. Scale accumulation in a a) pipe, b) choke

There are two main types of scales that usually occur in production systems:

e Carbonate scales. These scales are formed when CO, dissolved in the water
disassociates in carbonate ions CO3? and join with some of the
aforementioned minerals (typically calcite CaCQs, Iron carbonate FeCOs).
Their precipitation is mainly due to reduction in pressure (due to flow in
restrictions, valves, chokes) or increases in temperature. This type of scale
can be removed with acid.

e Sulphate scales: These scales are formed by the sulphate ion SO, that is
present in seawater (Barite BaSO4, Gypsum CaS04:2H,0, Anhydrite CaSQ,,
Celestite SrSQy). It precipitates out of solution when waters from different
sources are mixed (e.g. seawater used for injection and production water
from the aquifer or formation). The pressure has little influence in the
precipitation, but the increase in temperature can reduce further the
solubility. This type of scale must be removed mechanically.

Consequences

Scaling causes gradual blockage of the flow path and loss of functionality in
production equipment (Subsurface safety valves, chokes).

Management

Studies are usually performed on the produced water to determine if it will be prone
to form scale at the pressure and temperature conditions encountered in the production
system. Moreover, special attention must be payed to situations where there is mixing
of water from different sources, CO; injection.

Scaling is usually avoided by using chemicals (scale inhibitors) that attach themselves
to the scale ions and impede growth. Coating can help to prevent deposition on the
surfaces but when damaged (e.g. due to erosion) their effectivity is reduced
dramatically.
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If scale forms in a component of the production system, the removal technique
depends on the type of scale. Carbonates can be removed by acid injection and
sulphates can only be removed mechanically.

EROSION

Erosion is the gradual damage and loss of material from the wall of components of
the production system (valves, pipes, bends, etc. Fig. 10) due to the repeated
impingement of solid particles (sand) or droplets at high velocity.

Fig. 10. Erosion damage in a cage-type choke.

Consequences

Structural damage, vibration, leaks and corrosion (due to the removal of the
protective coating).

Management

Erosion is usually accounted for in the field design phase. The design process sizes
the equipment such that the velocities are below certain limit value that gives an
acceptable erosional rate. These calculations usually consider the velocity of
impingement, the angle of impingement, the amount of solid particles and the wear
resistance of the material.

There are some standards that give guidelines how to estimate erosive wear for
common pipe components (e.g. DNV Recommended Practice RP 0501). However,
complex geometries usually require in-depth studies (e.g. using computational fluid
dynamics, CFD) to estimate erosion prone areas, fluid velocities, angle of impingement,
etc. An example is shown in Fig. 11.
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Fig. 11. CFD simulation of erosion in a production header

If erosion is detected in an existing production system then, when possible,
components might be reevaluated and replaced with geometries that are less
susceptible to erosion. Alternatively, if corrosion is due to excessive sand production
from the reservoir, the only alternative is then reduce the well rate to limit sand
production.

CORROSION

Corrosion is an electrochemical reaction where steel is converted to rust and occurs
when metal is in contact with water. Two locations are established in the metal, a
cathode and an anode. In the anode, iron loses electrons and becomes a positively
charged ion. This ion further reacts with water and oxygen in the surrounding media to
form rust. The cathode receives the electrons of the anode and generates by-products
(such as hydrogen H;) with other ions.

(b)

Fig. 12. a) llustration or a corrosion reaction b) corrosion on the tubing surface

Corrosion can occur virtually anywhere in the production system where water is in
contact with metal (casing, tubing, flowlines, pipelines, tanks, pumps, etc.). In
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transportation pipes, corrosion usually occurs at the pipe bottom where water is
transported, in low pipe sections where water accumulates or at the top of the pipe due
to splashing and condensation of water droplets (also known as TLC, Top of line
corrosion).

Fig. 13. Wet gas flow in a horizontal flowline depicting top of line condensation

Consequences

Corrosion on an unprotected pipe can cause losses of 1-20 mm of pipe thickness per
year, leading ultimately to structural damage and leakages. Rust particles can also travel
downstream and cause problems such as plugging other components.

Management
The measures to mitigate corrosion can be divided into two main principles:

e Eliminate the contact between water from steel. This can be done by applying a
protective layer on the steel surface, for example with coating (which might be
eventually damaged due to sand erosion), creating a layer of protective oxide
on the steel (Fig. 14 a) or by using inhibitors (Fig. 14 b).

B Metal S
(a) (b)

Fig. 14. Protective layer of FeCOs; formed on the metal surface b) inhibitors attached

to the metal surface

e Use steel materials with higher resistance to corrosion. For example alloy steels.
This is usually feasible for wells, but it becomes too expensive for flowlines and
pipelines.
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WAX DEPOSITION

Wax deposition occurs when long alkane chains (C18+) precipitate out of solution
from the oil, agglomerate and deposit on the pipe walls.

In a waxy crude, when temperature is reduced down to a certain value (for North sea
crudes this happens around 30-40 C), some wax crystals will start to precipitate and
become visible. The temperature when this occurs is called cloud point or WAT (wax
appereance temperature).
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Fig. 15. a) Wax crystals visible in a crude at WAT, b) WATs at different pressures in
the phase diagram

The WAT depends on oil composition, type and molar amounts of alkanes, pressure,
cooling rate. Wax crystals typically attach to nucleating agents present in the oil
(asphaltenes®, fine sand, clay, water, salt), form wax “clusters” and grow.

If the temperature is reduced further down to the pour point, the oil becomes solid-
like and stops flowing.

® Asphaltenes are coal-like solids that also have the tendency to precipitate out of the
crude. They are high molecular weight compounds containing poly-aromatic carbon
rings with nitrogen, sulphur, oxygen and heavy metals such as vanadium and nickel.
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Fig. 16. Crude oil not flowing once the pour point is reached

Wax deposition occurs when ALL the following ingredients are present:

e Wax-prone components in the oil composition (long alkane chains).

e Temperature below WAT.

e Pipe wall colder than the fluid such that there is a temperature profile in the fluid
reducing towards the pipe wall (temperature gradient).

e |rregularities on the wall where wax clusters attach.

Wax deposits age with time and become more rigid (thus more difficult to remove).

Consequences

In flowlines and pipelines:
* Increases pressure drop due to the increase in pipe roughness.
*  Reduction of cross section area.
*  Pipe blockage.
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Fig. 17. a) wax plug retrieved topside (Statfjord B), b) evolution of the wax thickness

in a pipeline with time.
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*  The presence of wax crystals in the fluids changes its rheology (e.g. making it
non Newtonian or with a higher effective viscosity).

*  During shut-downs, the temperature of the fluid can reach the pour point of
the crude, causing it not to flow (gelling).

Management

The first step in developing a wax management strategy is to test the crude oil in the
laboratory and measure and quantify all of its properties relevant for deposition.

A common management method for wax is to perform frequent pigging. Pigging
consists in sending a device (pig) inside the pipe that scraps the wax deposits and pushes
them forward. Pigs are usually sent and received from the processing facilities thus two
pipelines must be installed. There are also subsea pig launchers, but this is economic
only for systems with very low pigging frequency.

Pigging frequency is usually estimated by performing numerical simulations to
compute the profile of deposited wax along the flowline with time. With this, the total
amount of wax deposited in the system at any given time is estimated. There is a
maximum length and weight of wax that can be pushed through the pipe, given by the
maximum allowable pressure that the pipe can tolerate. The required pigging frequency
is given by the time at which that wax amount is reached.

Other techniques used are keeping the fluid outside of the wax formation region.
This is done by thermal insulation or electrical heating. However, for long flowlines,
electrical heating is usually very expensive and insulation alone is not enough to keep
temperature high. Thus in most cases insulation or electrical heating are often used to
reduce wax deposition rates together with pigging.

Chemical inhibitors that are also often injected. Chemical inhibitors work by reducing
the cloud point of the crude or by preventing further agglomeration of wax crystals. As
with insulation, in many systems this doesn’t eliminate completely the problem but it
helps slowing down the deposition rate. Please note that chemical inhibitors are
expensive.

If the seabed temperature is below or equal the pour point of the oil, then it is
necessary to inject chemical inhibitors before shutting down the system to avoid gelling.

In recent years pipe coating has been proposed as a technique to avoid wax
attaching to pipe walls. However it is not yet field tested.
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In systems with wax-prone oils the pressure drop between end points of flowlines
should be closely monitored. Any unexplained increase might indicate wax deposition and
must be immediately addressed.

OIL-WATER EMULSIONS

Oil-water emulsions are fine and stable dispersions of oil droplets in water or water
droplets in oil (Fig. 18). The formation of emulsions depends on a variety of factors such
as the dynamics of multiphase flow, the properties of oil and water such as viscosity and
interfacial tension, the shear stress (mixing) experienced by the mixture, chemical
compounds present in the oil-water interface. In production systems, the mixing is
typically generated when commingling production from different sources, due to the
violent expansion across the choke, flow through multiphase pumps, etc.

(a) (b)
Fig. 18. a) oil (red) and water (White) originally separated, b) oil and water emulsion
after vigorous stirring in a blender

Consequences

In pipe flow, emulsions often exhibit the behavior presented in Fig. 19. For a fixed
volumetric rate of the mixture (qo + qw), if one measures the pressure drop along a pipe
segment for several water volume fractions, it will increase with water volume fraction
until a maximum is reached and then it will decline abruptly. The water volume fraction
that has the highest pressure gradient is called the inversion point. Please note that the
increase in pressure drop is significant (more 2.5 times the one for pure oil in the figure).

When increasing the water fraction, at the inversion point the dispersion changes
from an oil in water dispersion to a water in oil dispersion.
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Fig. 19. Measured pressure drop in a horizontal pipe keeping the total flow rate
constant and changing water volume fraction, qu/(qw+do)

Using an homogeneous model (single fluid with average properties) one can back-
calculate the effective mixture or “emulsion” viscosity that the mixture should have to
provide the pressure drop measured (Fig. 20). For the particular case, the emulsion
viscosity at the inversion point (570 cp) is 7.1 times the viscosity of the oil (80 cp).
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Fig. 20. Mixture viscosity behavior versus water volume fraction exhibited by the oil
water mixture
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There are many expressions used to represent the behavior shown in Fig. 20 that are
later used in emulsion pressure drop models. Most of them require data measured in
the lab to tune their coefficients. As an example, the Richarson model is shown below.

For oil continuous

Ny Gy
Hy = 1y €
. Eq. 1.
For water continuous
nw'(l_aw)

My = My €
Consequences

Emulsions can cause excessive pressure drops in pipe segments and components,
which can reduce dramatically production rates, pumping capacity of electric
submersible pumps, etc. Moreover, stable emulsions are difficult to separate in
processing facilities thus creating bottlenecks and fluid disposal problems.

Management

During the field design phase, the capacity oil and water system to form emulsions
can be somewhat studied with laboratory tests (shaking bottle tests). However, these
results have sometimes limited applicability partly because the shear magnitudes
(mixing) applied in the laboratory conditions are very different from the mixing
experienced in the field.

When there is mixing of streams with different water cut, the inversion point must
be avoided.

Often, chemical substances such as demulsifiers and light oils (diluent) are injected
into the stream to reduce the stability of the emulsion. Light oils reduce the viscosity of
the formation oil, thus helping separation. Demulsifiers are chemicals that attach
themselves to the interface between oil and water promoting separation.
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Skumdemper 5 Total vieske Periodisk - > C 0’\4‘.\ nvov)

Flokkulant 10 Produsert vann Kontinuerlig ° Qﬁ@ol‘ cC

Vokshemmer 150 Total veeske 1) Periodisk 2& P ear I & — 't’O e S (’Z xeﬁ') rb
Biocid 80 Total vaeske 1) Kontinuerlig L4 (e R 02/ t EO) dJ L\Jkdowy\ fb\. ools
Oksygenfizmer 5 Sjovann Kontinuerlig he diode.

H2S figrner 150 Produsert vann Kontinuerlig ved behov 9

MEG Batch Brannstrom , Vedbehoy amx

] ~———
1) Olie og produsert vann,
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Increasing the capacity of the processing facilities costs money, bigger capacity, bigger size, more weight and more space on the platfo
The optimal capacity should be studied using an economic analysis to choose capacity values that do not increase significantly capex b

still give high NPV.
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In mechanical engineering, a key is a machine element used to connect a rotating machine element to a shaft.
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2017.03.30, TPG4230, Class Exercise, M. Stanko
J, for total
Wells Pr liquid flow h h2 d1 d2 Pumpname Stages
- bara__[Sm*3idibar m m m m - -
1 231 14 380 1960 0.24 0.14]|Centrilift 675 78
Water Qil
Fluid Density 1025 697 [kaim*3]
Richardson Emul. exp. 13 3215
Viscosity 1.00E-03 0.1 [Pas]
o, cut off 0.60
Roughness
tubing and
lines 0.00010 m
Bubble point pressure [bara] 30 [bara] Required pressure at pump intake 36 Wechanic efficiency 0.95
Wax pump power [hp] TG0
Average | Effective
Wells Pr wcC density viscosity Thot P T Oy Peuc Paice Apesp Ahgsp Pun Pump power| Hydraulic Effic | frequency
- bara ] kg/m'3 Pas Sm3id bara Sm*3id | Sm'3id bara bara bara m bara Thpl %] HL
231 0.10 910 0.138 1700 110 1530 170 75.6 188 113 1265 7 4024 74.08 52.5
215 0.10 910 0.138 1700 94| 1530 170 59.8 188 129 1445 7 4651 7315 55.0
200 010 g10 0.138 1700 79 1530 170 44.6 188 144 16813 7 5260 72.20 575
175 0.10 910 0.138 1470 70 1323 147 36.0 187 151 1693 7 4963 69.47 56.0
150 0.10 910 0.138 1120 70 1008 112 36.0 185 149 1673 7 408.5 63.86 535
125 010 910 0.138 771 ] 694] 7 36.0 184] 148 1656 7 3259 54.25 525
* 60 « 30
® Current point o 60 - visc
s o 45 o 30 -visc
o ot . . * ™
o .
°© o , —BEL —Min rate
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—
£ 2000 —max rate
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0 © © * Q .
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Note Title 12.01.2017
http://folk.ntnu.no/stanko/Courses/TPG4230/2017/Class files/20170404/
® ﬂ” L\, =Y be\/‘c\,
7,
A~
© o
3 P
°
L4
j o
30 [bara] Required pressure at pump intake 36 Max power [hp] 950
Average | Effective
Pr WC’ density iscosil ot Pur [\ Gy P f Pase Apsse ANz Puncaic Pungven | Hydraulic Effic | Pump power qmin gmax
bara H kgim*3 Pas Sm*3/d bara Sm*3/d Sm*3/d bara [hz] bara bara m bara bara [-] [hp] [m*3/d] [m*3/d]

231 0.10 910 0.138 1700 110 1530 170 757 53.0 188 113 1264 7.0 7 0.452 658.6 1121 1994
215 0.10 910 0.138 1700 94 1530 170 59.6 55.3 188 129 1445 7.0 7 0.455 7485 1169 2079
200 0.10 910 0.138 1700 79 1530 170 446 574 188 144 1613 7.0 7 0.456 8334 1213 2156
175 0.10 910 0.138 1470 70 1323 147 36.0 56.5 187 151 1693 7.0 7 0.438 786.6 1194 2124
150 0.10 910 0.138] 1120 70 1008 112 36.0 54.1 185 149 1673 7.0 7 0.401 6474 1144 2033
[ 125 0.10 910 0.138] 771 70 694 7 36.0 525 184 148 1656 7.0 7 0.344 5133 1110 1973
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Subsea multiphase boosting around the world

52 subsea pumps in 23 locations in the World
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Life cycle of a hydrocarbon field Appreciation NO - -
’ Gant chart, NPV
Field development workflow Appreciation/ calculations, Spider plot,
-Probabilistic reserve estimation configuration/ YES decision trees, Monte Carlo Excel VBA
-Cost estimation and NPV calculations design simulation, basic

probability, tornado chart

Offshore (and some onshore) field architectures and

layout of production systems Engineering diagrams and
v P v Configuration YES & g ciag -

-Production manifold drawings.
-Pigging facilities
Offshore structures for oil and gas production ) ) Fast Fourier Transform for
o Configuration/ . i -
-Wave statistics desian YES signal analysis. Probability Excel VBA
-Loads & distributions.

Reservoir depletion and field performance
-Production potential
-Production scheduling
-Flow equilibrium in production systems, choking Design YES
and boosting
-Flow performance of surface and downhole

Flow in porous media.
Material balance. Single Excel VBA, Gap,
and multiphase flow in Prosper, Mbal

conduits. Flow equilibrium

production networks @

Production Processin Appreciation Flash calculations and PVT
! g ppreciation, | yeg ' Hysys, Excel VBA
-Overview Design behavior
Flow assurance
R . o Pressure and temperature
-Modeling of gas and condensate transport in Appreciation, _ .
: ) ) ) YES drop in flowlines and Hysys, Excel VBA
pipeline and hydrate formation Design o
pipelines

-Simplified modeling of oil and water emulsions

Pump performance.
ESP fundamentals, design and plan for the field life Design YES Operational constraints.. Excel VBA
Production system analysis

Compressor performance.

Early subsea boosting planning Design YES Excel VBA

Operational constraints.
Deta prdnagemen d gllgedtio ; 2
i desi WW
9 3 o . Basics on practical and
~/- Production optimization. Design YES Excel VBA r

mathematical optimization.
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