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Project Motivation [1]

Blowouts Happen!

For effective contingency plans, we
need accurate oil spill predictions!

For accurate predictions, we need
reliable models!

Industry and regulatory agencies need
guidance from unbiased experts
(universities and research institutions)

Improvement is needed to avoid future
large environmental and economical
Impacts




Project Motivation [2]

S5BQY SPE Technical Report ﬂMost flow correlations were A
developed for small diameter pipe,
so their applicability to larger-

diameter pipe and open hole is
uncertain.” )
Calculation of

Worst-Case Discharge (WCD)

ﬂThe committee proposes that
further research and
development be conducted on

appropriate correlations for high-
rate flow In large diameter pipe.”/

This report repressnts the consensus wewponits of subjsct .m\a.r‘s xpsr‘ and is mﬂdad _am wide cosesiil
information to S"E membears, the ub{ 'v." D‘J industry. & intended to faks the place adwics on
ﬁeam{ab technalogy to specific circum: s.:z'\fss.ﬁszd’s\rs I‘r.ﬁ Tachini pw"zraraspa.ﬂ'm' s for
Sing its rsfevzﬂ:& and venfying its accuwacy and ther own c)Jofr zc:-a.ﬂs. and resuits. SFE and
r\z‘m‘ars. the Technical Report are not responsible for actions taken as a result of reading ohis
o'rxum nt nov the results of those actions.

[ Copyright 2015 Society of Petroleum Engineers



Statement of the Problem [1]

Identify flow
capable zones

M

select analog Determine

Determine
rock properties

M

Define drainage
area and drive
mechanism

Define wellbore
conditions

% WCD has

* no restriction in
wellbore

+ the highest
potential liquid
discharge rate

Calculate
pressure loss and
BHP

++ ConsiderP loss
between zones and
within a zone

**+ Do not consider
sonic velocity

sand bridging,
hydrates, and
washouts

Determine initial

data fluid properties
depth * fluid type
* permeability * separator conditions

* turbulence *  reservoir P&T
coefficient for *  viscosity
gac flaw 2o and CGR

+ wellbore radius

+ wellbore inclination
+ partial penetration
< Do not consider:

* near well drilling

ation Pressure damage
+ wellbore collapse
:.lressibility and fill
SE'ECt DuthDW L‘;y)(API&spec. . ;;;:Sig!?lgc:}flowfor
correlation (TPR) i
ermine Select outflow Calculate Inflow
. Seta discharge pDint 4)  bre temp. correlation (TPR) (IPR)
“* General correlations > ! seta dischargepoint 4 | & Consider

* Dunsand Ross (1963) [

» Beggs and Brills (1973) "™

* Fancher-Brown (1963)

+%+ Need correlations for
high-rate flow in large

General correlations 5
Duns and Ross (1963)
Beggs and Brills (1973)
Fancher-Brown (1963)
MNeed correlations for
high-rate flow in large

diameter pipe )

effect of high
drawdown on fluid
properties

free gas saturation
naturally fractured
reservoir

* Do not consider

coning and cusping 2
impairment caused by
condensate buildup

diameter pipe

. i Perform quali Report
maximum flow ct WeD dI?Et:rmlne t|0ta| aSSUraqnce tv re::.llts
rate TITETVETTIoN Te] J L profile J L Ischarge volume
* Basedoninitial BHP, + total time tomobilize  « Provide expected «  Select the highest the sum of perform parametric

calculate initial
discharge rate

arig, drill a relief well,
perform a kill
operation

production decline
and any potential
changes

* include table or graph
of rate vs time

liquid hydrocarbon
rate as WCD

after SPE Technical Report (2015)

production over the
intervention time
the potential fluids
breakthrough
should be
considered.

sensitivity analysis
(tornado diagram)
WCD based on the
best technical
estimate for each
parameter

report a volume nota
range



Statement of the Problem [2]

1 WCD predictions are directly dependent to flowing
bottomhole pressure of the well:

A
ow

(psi)

me
N Different Wellbore models (TPR)
for the same WCD scenario

WCD,  WCD,

| | ,

g (STB/D)




Statement of the Problem [3]

4 q is calculated using reservoir and fluid properties, and p,, :

q OC (fOI’ pwf > pbp)

reservoir and fluid properties

d p,: IS obtained from &ellbore flow correlationj and wellhead conditions:
Y

Ldp
Pwf = Pwn +j0 Edz

(. Flow regimes
generic pressure gradient equation « Superficial velocities

dp g _ Zf;_;'nﬁ? _&[uﬁrf’lgi.) < « Pressure & temperature
= —p + + p

dz g gD Az \_ * Fluid properties



Statement of the Problem [4]

O The use of flow correlations for large diameter
pipes is NOT well understood:
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Well configuration for typical
WCD calculation scenario




Objective

The goal of this project is to examine the validity of
current industry standard flow correlations used In
WCD calculations

Scope of Work:

O Task 1 - A complete literature review

O Task 2 - A comparison between the different flow models applied to
WCD

O Task 3&4 — Build apparatus & Generate data for large-diameters
pipes and high-velocity flows

O Task 5&6 — Analyze experimental data & Compare with flow models
results



Literature Review (Task 1)



Worst-Case-Discharge Vastly Under
Studied

SPE 69530

Wellbore and Near-Surface Hydraulics A Study on Blowouts in Ulira Deep Waters
of a Blown-Out Oil Well S

AR, Clark, ARCO (6l and Gas Co,
T.K. Perkins, SPE, ARCO Qi and Gas Ca. This papar was prepared for presentation at tha SPE Latin American and Cadbbgan Fatrokeum
Enginaarng Conleranca held In Buancs Alrs, Argenting, 2528 March 2001

Copyrighl 2001 , Soclaty of Patriioum Engineses ing.

Thiss papeer was. solecied fior preseniaion by an EFE Progeam Commitioa Toliowing roview of
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Summary
A method is p
flow velocity,
a blown-out oil
wellbore geom:

wellbore and journal homepage: www.elsevier.com/locate/jngse istract
knowledge or e 1z paper presents the preliminary results of a rescarch
(Pl) and gas/o sject on ultra deepwater blowouts. This research is a part of

given Tor estima
the two-phase | . . . . . . .. - .
abovethe welle Flow rate and total discharge estimations in gas-well blowouts  zilian oil company. aiming at drilling and producing safely.
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BOEM'S ENGINEERING WORKFLOW

Py
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T
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Reservoir model {IPR)

N
\_

Wellbore flow
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Tubing

Curve:
Directional
Survey, Drilling

WCD;  WCD, Program,
Casing Design,

l l > and Open Hole
g (STB/ D) Configuration

Generate WCD
Rate

BOEM, 2015, Worst Case Discharge Program Overview, Office of Resource
Evaluation Reserves Section, presentation slides



PRESSURE DROP (AP) PREDICTION MODELS

JdEmpirical Correlations (strongly based on data)

dDrift-Flux models (additional physics but still
based on data)

dMechanistic Models (1D solution of conservation
equations but also uses empirical correlations)

JCFD Models (3D-transient solution of
conservation equations but needs calibration and
computationally expensive)



SOURCES OF ERRORS ON FLOwW MODELS [1]

(J ERRORS IN FLUID PROPERTIES & CALCULATION DIRECTION

Temperature Pressure
O
slug
flow O{
%o
& \
churn g \
flow / \
» Approximate \
oo e linsar \
N o temperature  \
bubble o profile
flow o
N[
4
single-phase
oil
P> Pgp
K \
oil S




SOURCES OF ERRORS ON FLOW MODELS [2]

Review of Conditions Used to Develop Flow Models

. . .. Degree
Correlation Fluid Pipe R e R e [ Fluid properties Frgm
ID (in ft bbl/d Mscf/d .
(in) (Fo) (bbl/d) | (Mscf/d) i
Oil/gas, . 30°-54° APL 0.6-1.15 Gas 5G
Poetmann and Carpenter (1952) gas/oil water 2, 2%, 3 1,100-11,000 5 - 1,400 (oil) 18 -1,630 0.2<GOR<41 Mscf/bbl 90
E . . E Oil: 34° APL, 2.58 cp at 160° F
Baxendell and Thomas (1961) Gas/oil 27/8,3% 6,250 200-5,100 (oil) MN/A 120<GOR< 160 vol/vol a0
18/ 2 14 il 2N°_AN° ADT 1 — 200 7

Duns and Ros (1963)

1, 5/8, 3 Y2, 6 in ID Vertical Pipe

Asheim (1986) (Mona)

Tested with Forties field, Ekofisk field,
and Prudhoe Bay flow line data

Ansari (1994)

Developed with data from TUFFP Databank

Gomez et al. (2000)

Validated against TUFFP Databank

OLGA-S 2000 S.S.

Used over 10000 data from SINTEF

multiphase flow loop

WIURIIE 1SS v LI L ous) Angun ‘ 2 | £ A au | NSy | - ‘ 100<GLR<1320 scf/bbl any angic
Asheim (1986) (Mona) Tested with Forties field, E-kof'lskf'leld, and Prudhoe Bay flow line data po'lntsl 0to 90
Yao and Sylvester (1987) Gas/water, oil/gas compared with field data from Camacho (1970) and Reinicke and et al. (1984), Govier and Fogarasi (1975) a0
Ansari (1994) Developed with data from [UFFP Databank 90
Petalas and Aziz (1996) Verified against Stanford Multiphase Flow Database (SMFD) any angle
Chokshi and et al.(1996 Aijwater | 3% | 1333 [ 79-4250 | 42-2800 | 16<GLR<12685 90
okshi and et al.( ) Evaluated with TUFFP
Gomez et al. (2000) Validated against TUFFP any angle
OLGA-52000S.5. Used over 10000 data from SINTEF multiphase flow loop MN/A
LedaFlow Used over 10000 data from SINTEF multiphase flow loop N/A




SOURCES OF ERRORS ON FLOW MODELS [3]

Review of Databases Used to Develop Flow Models

SINTEF multiphase

Nitrogen, Naphtha/

flow loop diesel, lube oll 8in 1D
(OLGA-S 2000 S.S.) ’
TUFFP databank Oil/gas/water 1-8 in ID

Forties field

Oil/gas

3.958, 6.185 in ID




SOURCES OF ERRORS ON FLOW MODELS [4]

Review of Flow Rates Used to Develop Flow Models

POETTMANN - CARPENTER

GILBERT

BAXENDELL

BAXENDELL - THOMAS
( DUNS - ROS

FANCHER - BROWN
GAITHER ET AL.

HAGEDORN - BROWN |
HAGEDORN - BROWN II
ORKISZEWSKI

BEGGS - BRILL

MUKHERJEE - BRILL
0 1000 2000 3000 4000 5000 6000 7000 8000 J O 2000 4000 6000
\ Liquid Production Rate, BPD / Gas-Liquid Ratio, cu ft/bbl

QI < 2,500 STB/D Takacs (2001)

8000 10000




SOURCES OF ERRORS ON FLOW MODELS [5]

Why Flow Regime Predictions are Important for WCD calculations?

Correlations Flow patterns

Duns and Ros (1963) bubble, slug, and froth

Hagedorn and Brown (1964) no flow pattern consideration

Hagedorn and Brown Modified (1965) bubble, slug

Orkiszewski (1967) bubble, slug, annular slug transition, annular mist

Beggs and Brill Revised (1973) (horizontal pipe) segregated, intermitted, distributed, froth

Gray (1974) no flow pattern consideration

Govier and Foragasi (1975) slug, annular mist, froth

Mukherjee and Brill (1985) no flow pattern consideration

Ansari (1994) bubble, slug, and annular
= BB NN
03000 200 ) ¢ ' _
51920 o‘“’\ af\‘a %)\-‘ el \ \SH
32030 e O Y ) c>%. |
Oogag {’}L@_\u 00%0000 / y ) "I )uJa
$50%0 30N0 0 [y k| b V')

o0~o et { \
o b LE ) I
8050 e \ e ( J ’ !)
03258 Ca0% ke | [
0970 02650 | e . -
05900 ’3:<;o‘é | (ol im l/ i |
a“o &_"/ ﬁ:):}, &/ :‘)‘;J

Dispersed Bubble Non Dispersed Slug or Plug Churn Flow Annular Mist Wispy Annular
Flow Bubble Flow Flow Flow Flow

Bubbly Flow Intermittent Flow Annular Flow Ali (2009)



Flow Regime Maps for Large-Diameter Pipes

Ali (2009) - Experimental conditions tested

stud Qo, Ql, ID, Usl, GLR, Qg, Qg, Usg,
Y| BBLD GPM in m/s SCF/STB MMSCF/D SCFM m/s
Ali 30,300 883 10 1.1 41 0.350 243 2.3
10.0
Dispersed Bubbly
@ Bubbly
o ¢ Agitated bubbly
E A Churn/froth
= L A- Taitel et al. (1980)
8 B - Brauner &
I Barnea (1986) C
> C-McQuillan & A
= 1.0 Whalley (1985) o
.6 ) h 3
v D - Tengesdal 0 o)
= [ (1999)
8 E-Mishimaa & o
2 [ ishii(osg) 2@ @
- -=- Experimental ¢
% boundary ¢
= L 8 ]
0.1+ 4
0.01 0.10 1.00 10.00 100.00

Air superficial velocity, jq (m/s)



Evaluation of Using CFD models for
Multiphase flow in Large Pipe Diameters

Zabaras (2013) - Experimental conditions tested

Stud Qo, Ql, ID, Usl, GLR, Qg, Qg, Usg,
y BBL/D | GPM | in m/s SCF/STB | MMSCF/D | SCFM m/s
Zabaras | 5140 150 | 11 | 0.15 2640 2.97 2063 15.9
] ] Steady State Riser Flow
Pressure Gradient Comparison for
U,=0.5064 ft/s 20.00 | | |
= * CFD
?‘:-15 & 15.00 - ' | —m— Expmt
E'.. 0.4 = = | ]
Eos @ < 10.00 ———
K . & Meaasurad '5 -
w02 = ) ]
o BOLGAG23 £ 500
% 0.1 - * LT A & & In-house o
& 0 o mmn - s = 0.00 4 T T T T 1
0 10 20 30 40 i &0 0 50 100 150 200 250
Superficial Gas Velocity, fi/s Air Flow Rate [EEFM]




Gaps in Studies for Large-Diameter Pipes [1]

Review of Studies on Two-Phase Flows for ID > 6 In

Zabaras et al. (2013)
Schlegel et al. (2012)
Ali (2009

Prasser et al. (2002)

ohnuki Zn‘ Only study with high-gas/liquid flow rates, but only
ohnuki an discloses 2 runs of pressure measurements

0 20,000 40,000 60,000 O 10 20 30 40 50

Liquid production rate, STB/D Gas production rate,
MMSCF/D



Gap in Studies for Large-Diameter Pipes [2]
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b
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L
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Zabaras ( 2:[)1 )

0 11
0.1 1 10 100
Air superficial velocity. u, (ft/s)
0 + bbb} e} . ey |
Gas flow rate at 5,000 psi, 3.83-in (MMSCF/Day) 0.00315 0.0315 0.315 3.15
0 4 S e e . L e ey ‘ Lo =
Gas flow rate at 5,000 psi, 7.83-in (MMSCEF/Day) 8 0125 0.125 1.25 125

Gas flow rate at 5,000 psi, 11.7-in (MMSCF/Day) 0.0289 0.289 2.89 289



Conclusions from Literature Review

O Flow correlations were originally developed and are still NOT
verified for LARGE-diameters (ID < 8 in)

O Lack of studies on Two-Phase Flows in large-diameters (ID > 6) and
high liquid/gas flow rates (Q, > 30,000 bbl/d)

O “Non-standard” flow correlations should be evaluated to be used
in WCD models

O WCD models vastly under studied

O Models specifically developed for WCD scenarios ARE NEEDED!



Experimental Investigation
(Task 3-5)



Experimental Apparatus
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Flow Regime Observations [2]
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Liquid Holdup Measurements [1]

1.0
@®12in-usl=0.61t/s ®12in-usl=1.51t/s
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Liguid Holdup Measurements [2]
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Liguid Holdup Measurements [3]
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Ap/Az Measurements [1]

_ 2 2
dz & y%l 144294
gravitational friction acceleration
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Wellbore flow
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p=Hp + (1 —H)py

Ap/Az Measurements [2]
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Ap/Az Measurements [3]
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Conclusions from Experimental
Investigation

O As previously observed by other investigators, slug flow
was not observed for pipe diameter larger than 4 inches

d Good match between the flow regimes, H, and dp/dz
measured in this study and reported by other authors

O Surprisingly, the pipe diameter has negligible effect on
the dp/dz for pipe diameters over 4 inches

A Liquid flow rate has small effects on dp/dz for ID > 4 in,
particularly for high-liquid velocities

A Axial flow development does not seem to impact
significantly the dp/dz in large-diameter pipes (ID > 4 in)



Evaluation of Flow Models with
Experimental Data (Task 6)



Methodology for Comparison of Flow

Models

Wellbore flow model

Nomenclature

Ansari (1994) ANS
Beggs and Brill (1973) BB
Beggs and Brill Revised (1979) BBR
Duns and Ross (1963) DR
Govier, Aziz, and Fogarasi (1972) GA
Gray Original (1974) GO
Gray modified (PipeSim 2011) GM
Hagedorn and Brown (1964) HB
Hagedorn and quwn vyith Duns HBDR
and Ross map (PipeSim 2011)
Mukherjee and Brill (1985) MB
No Slip (PipeSim 2011) NS
Orkiszewski (1967) OR
OLGA-S 2000 V.6.7.2 OLGA
Computational Fluid Dynamics CFD

(Fluent)

Common models available in
commercial packages

Models available in PIPESIM at
LSU

Include different model
approaches (empirical,
mechanistic, CFD)
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Comparison of Flow Models
Applied to WCD (Task 2)



Results for WCD Calculations for Different

Wellbore Flow Models

‘f N

Reservoir | Reservoir | Reservoir
Fluid depth | pressure Temp GOR Pop Po Ho Pl

Sample ) on (scf/stb)|| (psi) | (API) | (cp) 0(STB/D/psi)

(ft) (psi) (°F)

Base Case | 16,726 11,305 210 1,700 6,306 28 0.8 19.05
BO1 19,426 10,391 166 1,190 7,693 | 25.3 | 1.49 19.05
BO2 19,553 12,523 251 1,562 \3,192 345 [0.173 19.05
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Effect of Fluid Type

AL Reservoir Reservoir Oil
AL JUEBUEE ressure | Temperature Sloli ravit Pl
Sample depth - , po (scf/stb) : b (STB/D/psi)
(psi) (°F) (API)
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Effect of Roughness [1]
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Effect of Roughness [2]
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Results for Flow Regime Prediction
for Base Case
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Final Remarks

v' We have done a significant amount of work in 12
months. (2@, (@6

v Pipe diameter has a significantly smaller effect on the
pressure gradient for ID over 4 inches than in pipe
diameter smaller than 4 inches.

v' Most flow models show better results for the 4-inch
diameter pipe than for larger diameters.

v Flow models and laboratory experiments discrepancy is
likely caused by the use of the slug flow regime, instead
of churn flow (which is observed experimentally)



Final Remarks

v Different methods may be suggested for different fluid
and flow conditions, making the recommended practice
field specific depending on reservoir and fluid properties

v' Variation of reservoir fluid properties (py, GOR, py, H)
has a relatively small effect (up to 10%) on WCD rate
estimates for black oil and volatile olil reservoirs, for the
well conditions examined

v Further investigations of benchmarking and calibration of
exiting WCD models against representative field and fluid
WCD conditions is needed!

v Based on preliminary comparisons, significant
Improvement can be achieved on wellbore flow models
for WCD calculations



Suggestion for Future Projects

4 Five-year Research Plan (LSU WCD Group)

* To foster safety on the development of new oil and gas
reserves in the Gulf-of-Mexico”

v

v
v
v

Establish a WCD Research Center at LSU
Organize a Industry Advisory Committee (IAC) for the WCD group
Create a Priority List for topics to address challenges on WCD

Organize a Joint-Industry-Project (JIP) on the validation and
development of a Open-Source model for WCD calculations

Create a Handbook/Manual/Standard and Training Courses for
WCD calculations (standardization)

Disseminate information from LSU WCD group among industry
and regulatory agencies



LSU WCD Research Center

Training

Field Scale
Courses

Research

Center of Excellence
in WCD

PERTT Lab Modeling
Solutions

Facility

Lab Scale
Research




Preliminary Priority List of Topics [1]

O Experimental work for large pipe diameters

New design under development

and inclined pipe! (No well is truly

vertical!!l)

~$150,000)

(Investment of

v

A

Old Inclinable flow loop
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Preliminary Priority List of Topics [2]

U Flow tests for different pressures and fluid types (fluids other than water
and air)

A

=
o
Y
LO
=
1

} .
i I
=

Y A
o 2

v Industry investment already made of about ~$ 2,000,000
v' Closed-loop that allow use of different fluid types (oil, gas, water, nitrogen...)

v" Allow use of pressures up to 1,200 psi
v' Allow tests with high-liquid rates (15,000 BBL/D) and high-gas rates (4 MMSCFD)



Preliminary Priority List of Topics [3]
O Development of a Flow Models dedicated to WCD calculations

U Development of a web tool to provide unbiased and accurate WCD
calculations

Validation with 24 wells — Reinicke et al. (1987) Validation with 12 wells — Facher and
Brown (1963)
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