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Abstract

Chartered by the Secretary of Energy, a DOE-NNSA team of engineers and scientists from
Lawrence Livermore National Laboratory, Los Alamos National Laboratory, and Sandia
National laboratorics was taskcd with prcdicting the Macondo MC252 Well instantaneous and

cumulative oil flow from the time of the Deepwater Horizon accident through the time of well
shut-in on July 15, 2010. Using the known geometry of the capping stack installed on the

damaged Macondo Well blow-out preventer on July 12,2010, and pressure data taken over July
I4-L5, the team estimated the flow rate at time of shut-in to be approximately 53,000 stock tank
barrels of oil per day (bopd). Additional calculations were performed to estimate changes in the
flow rate at critical times post-accident that occurred because of changes in well hardware and

reservoir pressure. Assuming linearity between critical events, a flow history was developed, and

a cumulative oil flow of -5 million barrels was estimated over the period of April 20 through
July 15, 2010. Given the uncertainties and assumptions used in all of the analyses, the provided
cumulative oil flow total should be taken as a best estimate with an uncefiainty of +/- 500,000
barrels (+l- lOVo).

SPECIFIEDDISSEMINATION: Onlytherecipientslistedunder'Distribution'areauthorizedtorecelvecopiesofthisreport.They
are not authorized to disseminale the information wlthout permission lrom he originalor or the agency hat required the distrlbution
restriction.

BP PROPRIETARY INFORUATION: This technical data contains BP Proprietary lnlormation fumished and revieured by BP legal
during the course of Deepwater Horizon Support for controlled release o, the intormation. Disclosure outside the Govemment is not
authorized without pnor approval of the originator. or in accordance with provisions of 40 CFR 952.277 and 5 U.S.C. 552.

Further dissemination only as authorized to U.S. Government agencies
and their contractors; other requests shall be approved by the originating
facility or higher DOE programmatic authority.
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Term Meaning

1-D One-dimensional

BOEMRE Bureau of Ocean Energy Management, Regulation and Enforcement

BOP Blow-out preventer

bopd Stock tank barrels of oil per day

CS Capping stack

DOE Dcpartmcnt of Encrgy

DOI Department of the lnterior

EOS Equation of State

HPl Helix hoducer (surface collection vessel)

LANL Los Alamos National Laboratory (Los Alamos, NM)

LLNL Lawrence Livermore National laboratory (Livermore. CA)

LMRP Lower Marine Riser Package

NETL National Energy Technology Laboratory (Morgantown, WV)

NNSA National Nuclear Security Administration

PI Productivity index

psia Pounds per square inch absolute

RITT Riser Inscrtion Tool

SNL Sandia National Laboratories (Albuqueryue, NM. and Livermore, CA)

stb Stock tank barrel

USGS U.S. Geological Survey

WHOI Woods Hole Oceanographic lnstitution (Woods Hole, MA)
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FOREWORD

This study focused on the work completed prior to August 1. 2010, by the DOE-NNSA Ftow
Team to support a government request to provide a best estimate for the instantaneous and
cumulative oil flow from the Macondo MC252 WeIl following the Deepwater Horizon accident
of April 20,2010. The majority of this work was completed between July I -5 and July 3l , 2010,
after well shut-in and prior to initiation of efforts for final well-kill. This document includes the
assumptions and analyses presented during govemment FIow Team meetings on July 30-31. The
report reflects the best information available to the Flow Team at the time of publication. Very
minor changes to thc rcsults arc included from thosc initially rcportcd on July 30-31, 2010, and
wcrc made principally to cnsure consistcncy of gcomctry and boundary conditions uscd by the
flow subteam analyses.

This report includes references to other DOE-NNSA reports. These reports were assembled as

detailed viewgraph presentations and were used by the Flow Team to review activities critical to
supporting government efforts led by Dr. Steven Chu, United States Secretary of Energy, and his
senior advisor science team to ensure well shut-in and eventual well-kill. These reports typically
included critiques of BP work as well as independent analyses and evaluations to guide decision-
making processes. The reports are currently maintained by the DOE-NNSA team (filed in a user-
protected Microsofto SharePoint@ repository). It is anticipated that these records will be moved
to a government repository in the future.

This report is designated Official Use Only (Category 4) because of BP and third-party
proprietary information, which is either included or referenced in the report.
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EXECUTIVE SUMMARY

Chartered by the U.S. Secretary of Energy, a DOE-NNSA team of engineers and scientists from
Lawrence Livermore National Laboratory (LLNL), [,os Alamos National Laboratory (LANL),
and Sandia National l,aboratories (SNL) was tasked with predicting the instantaneous and
cumulative oil flow from the Macondo MC252 Well from the time of the Deepwater Horizon
accident through well shut-in on July 15, 2010. The bulk of the work documented in this report
was performed between July 14 and 31, 2010.

Using the known geometry for the capping stack (CS) installed on the damaged Macondo Well
blow-out preventer (BOP) on July 12,2010, and pressure data taken over July l4-I5, the FIow
Team was able to estimate the flow rate at time of shut-in. Overall, the team performed analyses
using data for thc differcnt flow geometrics with and without collcction of oil by BP and
obtained flows ranging from 49,000 to 55,000 bopd. The Flow Team recommended, during
meetings held July 30-31, 2010, to review all of the government's [low-analysis work and to
accept a flow rate of 53,000 bopd for the day of well shut-in. The Flow Team also recommended
that a +/- l0Vo uncertarnty should be applied accounting for multiphase effects and other facton,
such as accuracy of pressure measurements and surface ship collection data. Given the limited
time available to perform these studies and the limited experimental data to work with, the team
did not perform an uncertainty analysis, but has provided lU%o uncertannty bounds based on
technical judgment and experience.

Post-shut-in monitoring of the Macondo Well by BP and the U.S. Geological Survey (USGS)
provided guidance that allowed the Flow Team to extrapolate the flow result at time of shut-in to
estimate flows for times prior to shut-in, needed for cumulative oil flow prediction. Critical
findings from the July 15 shut-in through the latter part of July included the following:

o Post-shut-in monitoring confirmed Macondo Well integrity, i.e., extensive pressure, and
seismic and sonar monitoring provided no indication of oil flow from the well into the
surrounding medium above the reservoir.

r The well shut-in pressure of -6,700 psia was lower than initially expected; analyses by
Dr. Paul Hsieh, USGS, concluded that the measured CS pressure at shut-in was plausible
for (1) a well with integrity (i.e., no leakage into the medium) and (2) a reservoir pressure
decrease from 11,850 psia to 10,050 psia at the 86th day of flow from the well.

o Dr. Hsich's analyscs also suggcstcd that for extrapolating flow ratcs prior to shut-in, a
lincar rcscrvoir dcplction ratc (with a corrcsponding lincarly decreasing flow rate) was
reasonable.l

Flow raGs were estimaled for critical post-accident events associated with (1) capping stack
installation, (2) damaged riser cut-off, and (3) flow state after the fall of the Deepwater Horizon
riser to the sea floor. Assuming linearity between critical events, a flow history was developed,
and a cumulative oil flow of -5 million barrels was estimated over the period of April 20 through

l Scvcral analy“
s includcd h this rcport are btted on relations that span lalninar(linear)and turbulcnt(quadratic)■ OWS h the

well_A、 、uch,the now d∝ rette is n(■ ab、olutcly linα ir with 61re,butis still well represcntcd by ttis assumption.
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July 15,2010.Given the uncertainties and assumptions used in a1l of thc analyses dcsc五bcd in

this repolt,the provided cumulative oil flow lotal should bc taken as a best estimate with an

unce■ainty of■/‐ 500,000 barrels(4/-10%).
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1. INTRODUCTION

This report describes details of the Department of Energy and National Nuclear Security
Administration (DOE-NNSA) Flow Team's calculations of the instantaneous and cumulative oil
flow from the Macondo MC252 Well following the Deepwater Horizon accident of April 20,
2010. Within 10 days of the accident, a team of engineers and scientists from three DOE-NNSA
Laboratories-Lawrence Livermore National Laboral,ory (LLNL), [,os Alamos National
Laboratory (LANL), and Sandia National Laboratories (SNLfwas assembled by U.S.
Sccrctary ofEnergy Dr. Stcven Chu to support thc national incidcnt rcsponsc.

In July, following wcII shut-in using thc capping stack hardware installation on thc cxisting
Macondo Well blow-out preventer (BOP), a team of DOE-NNSA Laboratories' analysts was
asked to use the best information available at the time to estimate the historical flow rate of oil
from the well. This request followed naturally from prior work done in May that focused on
understanding the possible flow paths in the well and studies performed in June to assess

different flow scenarios and effects on well integrity. Pressure readings in the BOP stack.
hydraulic configuration of the well (annular flow only, casing flow only, or a combination of
annular and casing flow), and other indicators were considered during this prior work. Other
government researchers also performed analyses in the May-July timeframe to estimate
instantaneous flow rates and cumulative released oil volumes. At the point when the various
independent analyses were being compared, the DOE-NNSA Flow Team was also asked to
estimate cumulative oil flows.

Figures I through 3 provide insights into the complexity of the geometry and operations for the
capping stack (CS) installation and well shut-in. Figure 1(a) shows the CS onboard the
Discoverer Enterprise surface collection ship as it was being prepared for transport to the sea

floor (-5000 fcct bclow thc sca surfacc). Thc thrcc rams (closurc systems) of the CS arc shown
in thc imagc, and thc orangc objccts adjaccnt to thc middlc ram arc two largc gate valves for thc
kill-side plumbing; not seen are the same gate valves for the choke-side plumbing on the
opposite side of the CS. Figure l(b) shows the CS in schematic turned 90 degrees from the
photograph. Pressure transducers mounted flush with the interior wall of the CS are also called
out. Figure 2 shows in schematic the sea surface and sea floor operations during CS installation.
Two surface vessels, the Q4000 and the Helix Producer ([IPl), are shown collecting oil from the

well prior to final shut-in. Collection plumbing from the surface vessels to the well was
connected through the Macondo Well BOP manifold. Figure 3 shows in schematic the final
assembled BOP/CS hardware.

The bulk of the work in this report concentrated on flow analyses performed using pressure

measurements taken from the CS mounted above the "damaged" Macondo Well BOP." The CS

was installed July 12, 2010, and was used to shut in the well on July 15, 2010, 86 days after the

2“Damged"“ fers to the factthtthc BOP failcd to opcmt as ttte=た d to shutor血 Oi nOw f0110371ng thc accldcnt During
thc inltlal days aftcrthc accmcnt thcre wcrc attcmpts to stop thc oll now by Opcrain3 thC BOP closure ram hardwarc Fa」 urc to

Sk)P he月 ow w6 att● buted k)d帥 蝠et)the hごdware,debris within the 30P hat prevented cl()surc,(I破 ,th.
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accidcnt.A chronology of post‐ accidcnt ef「orts to stop.liinit,or both,thc oil FCICaSc to the sca

prior lo shut‐ in is given in Table l.

Figure 1. (a) Photograph ol the CS in preparation lor transport to the sea lloor, and
(b) schematic ol the assembled CS showing kill- and choke-line connections
and pressure-transducer locations.
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Figure 2. Artist's rendition ol the operations around the Macondo Well at the time ol
installation onto the BOP.
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半
Flgure 3. Schematic ol hardware connected to the Macondo wellhead lollowing the CS

connection lo the BOP. Note that oil collection was possible through
connoctlon to the manllold llnos ol the BOP (connectlon to O4fi)0 rocovery
vessel and lo the HPl recovery vessel).
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Scvcral attcmpts wcrc madc lo quantify thc o1 0ow ovcrthc post― acddcnttimc pciod by both
thc DOE― NNSA FIow Tcam and othcr govcmlllcntrcwarchcrs dhェ tcd by Dcp口咸:llcnt of thc
lnにrlor(DOI)icadCrship 3 Thcsc cffo■ s includcd plumc‐ visualization work.plumc― shapc

'Dr Marcia McNull.Ditctrlr orthe us G∞ logit・al Survey(uSCS、 dは led woA Funded● Iollp the Dep― nt oF the
lコ L■ o「 い m thc carlt、い●8CS Of:hc at● ●cnl lh側 鰤 雌 TOP:1■ 4(■ :-4)rcmoval“ m ulc Mκ OndO well BOP Work wa●

"rftynllcd"Ladine academics and、

:ar From thc uSCS i.AllL and thlL personnel∞ la Part oFthc DOE‐NNSA now
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Tab:ol.  Time‖ ne of key eventsin stopping the Macondo We‖ o‖ fiow.

20-Apr Explosion and fire; oil continues lo llow to damagod
plat orm at ocean sudace

None

22‐Apr Rig sinks: oil and gas flow into ocean from sunken rissr Nona

5-May One ol ttrree leaks stopped on broksn riser None

8‐May Cotf€rdam lowered on broken riser; fails because ot
icing Attempted

16・May Riser lnsertion Tool (RITT) begins to rscover soma oil RITr on‖ ne

25-May Biser lnserlion Tool remov6d None

26-May Top K‖ begins None

29‐May Top Kill Bnds: unsuccessful Non€

1‐」un First shsar cut None

3-」un Diamond-saw cut attempt and second shear cul None

3‐Jun Top Hat 4 inslalled (Enterpriss rocovering) Enterprise online

16‐」un
Top Hat 4 opsrational (Q400O onlino and recovering
from BOP manirold line)

Enterprise ard
Q4000 onlane

29-」 un Second sel of pressure iransducers introduced into
Top Hat 4 to support flow-rate estimation

Enterprise and

04000 on‖ ne

10‐」υl Top Hat 4 romoved 04000 on"ne

12‐」ul Flange removed; spool rlange installed 04000 on‖ ne

12‐」ul Throe-ram CS landed and secured 04000o● ‖ne

13‐Jul HP1 came online: recovering lrom BOP manitold line
Q4000 online:
HP1 coming
online

13‐」ul ～4:00 plη Slarted well-integrity test: shul-in op€rations initiated None

13‐」ul 5:48p m
Terminated shut‐ in test leakin choke rne Of cs flow

diverted to k‖ l side of slack only
None

15‐」ul 12115 a m
Recovery resumes(dunng repairs to choke‖ ne)面 th
04000 and HPl operational

Q4000 and HP1
back online

15‐」uI ～12:00p m Becovery slopped: well-integrity shut-in begins None

15-」 ul 2:30p m We‖‐integrity test shut‐in completed No llow; shut-in

⌒
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prediction, reservoir-state prediction, and flow through the BOP. Brief descriptions of the work
are summarizcd in Appendix A. The fidelity of these analyses was challenged hy not knowing
definitively key information or data specific to each analysis technique, such as the internal
geometry of the Macondo Well and BOP following the accident; limited pressure, temperature.
and multiphase constituents data; and reservoir conditions to provide boundary conditions and
the ability to probe thc flows noninvasivcly. Bricf dcscriptions of thc analyscs pcrformcd and thc
issucs that madc thc work difficult arc includcd in Appcndix A.

Thc bcst oppornrnitics to cstimatc flow occurrcd after CS installation on July 12. At that time,
accuratc prcssure and geomctry data wcrc availablc that permittcd more accuratc flow estimatcs
than at any time prior. By focusing on flow within the CS components, specifically the kill and
choke lines (see Figure 1), issues and uncertainties for the upstream [Iow conditions could be
avoided. Specifically, during preparations for well shut-in, closure of the CS middle ram, and

other valves on the kill and choke lines provided sets of pressure data from which flow could be

computed. During the various flow events, the flow either passed through the CS or was

extracted prior to entering the CS by surface ships (QC4000 and HP-1 vessels). The extracted
flow rates were measured at the collection points upstream of the CS, and the flow through the
CS could be estimated based on measured CS pressure.

Figure 4 shows in schematic the CS geometry with additional detail on the kill- and choke-line
piping systems. At different times between July l4 and July 15, the flow was directed through
different portions of the CS piping system as summarized in Table 2. With an estimate of the
fluid resistances through the two flow paths and the crude oil properties, the Flow Team was able
to use thc measurcd CS prcssurc to estimatc thc flow ratc. Altcmatively, multiple mcasurements
of flow through thc CS werc uscd to indepcndcnfly dctcrmine the fluid rcsistances and ultimately
the flow rate.

In the remaining sections, the flow analysis performed using the CS pressure and geometry data
is summarized, with additional detail on the assumptions and conditions used by the three DOE-
NNSA leams sunmarized in Appendices B (LANL work), C (SNL work), and D (LLNL work).4
Additionally, using insights gained from the CS analysis work, estimates of the flow throughout
the 86 days prior to shut-in are provided. The reporl concludes with the DOE-NNSA prediction
for cumulative oil flow.

Tcallll,alld Natbaal Energy Technology Laboratow(卜 EttL)arld W00dS Hole Oceallographic lnsitudm(WHOII SCicntists¶ he

'諄

∬脳 乱

=盟

翻 脚 ♂ 臆 罵 蹂 瓶 :麗 願 盤 :寧罵 きhぉtories mttg and Ы tthg shuH軋 ぉ weu郎
inform誼 on onthe CS and BOP geomedes,and ouler analySes PcrfOrlned by the DOE‐ NNSA Flow Team,the reader is directed

to the gt)vemttnt dttaに P)sitpry system esLbli山 ed lo ret」 n“cord、 o「 post―κcident em)■ s(see Rereren"1)
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thatthe top ram(Ram#3)olthe CS:S not shown.
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Tabie 2  Event chronology pr:。 rto CS shut・ in of Macondo We‖ on Juiy 15,2010.

V

V
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14 July,1400 Open Closed Closed Start of test

14」 uly,1626 Open Open Open All pons op8n

14」uly,1656 Closed Open Open Middle ram closed

14 July, 1700 Closed Open Open Leak in choke-line tesl
suspended

14」 uly,1748 Closed Closed Open Choke closed lor repair

14 July, -2300 Closed Closed Open HP and 04000 resume
collection

1 5 July,～ 1000 Closed Open Closed Begin all flow through
choke

15 July,‐ 1100 Closed Open Closed HP and Q4000 c€ase
collection

15」uly,1226‐ 1422 Closed Open)Closed Closed Choke valve closed in
half-lurn increments

HIGHLY CONF:DENTlAL and MAY CONTAlN CUl‐ SEE PTOヨ曝O              DSE031‐ 001815
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2. ANALYSIS TEAM MULTIPHASE FLOW MODELING APPROACHES

The DOE-NNSA Flow Team comprised three subteams. These subteams are identified by
laboratory: Lawrence Livermore National Laboratory, [,os Alamos National Laboratory, and
Sandia National Laboratories. Members of the each laboratory team are listed in the
Acknowledgments. For most experiments, the three subteams separately analyz.ed the data to
determine the flow rate. The subteams separately developed models and determined the
parameters they used. Results from these calculations showed good agreement among the three
subteams. Considerable ongoing communication occurred among the thrce flow teams, and
gencrally differcnccs in results can bc ascribcd to the implcmcntation of modeling assumptions,
cspccially relatcd to thc choicc of thc oil-gas multiphasc flow propertics. Bricf dcscriptions on
the parameters used in the compressible l-D pipe flow models and on the equation-of-state
models for the multiphase gas-oil mixture are summarized below. Further details on the
modeling approaches of the subteams are provided in Appendices B, C, and D.

2.1. One-Dimensional Compressible Flow Analyses

Each team developed flow models for the "choke" and "kill" side exhaust lines on the capping
stack, shown in schematic in Figure 4. The models required both a definition of the multiphase
oil equation of state and a definition of the effective resistances of the different pieces
comprising the piping systems.

Table 3 provides the head loss factors (referred to as "K factors") used in the one-dimensional
flow models by the three flow teams. Here the K factors are used to account for geometry effects
on thc flow, whcrc thc prcssurc drop through the gcometry is dcfincd by AP=Kpfl2, with thc
density p assumed constant across the flow section being analyzed, and the flow velocity V
assumed steady. Each team created models that simplified the geometry or combined pieces, e.g.,
the SNL analyses assumed an effective K for the two gate valves in the kill and choke lines,
while the LANL analyses assumed no flow restriction because of having fully open gate valves
(see Table 3). Additional details on the model assumptions applied in the flow analyses are
includcd in Appcndiccs B. C, and D.
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Tab:e3.  F:ow Coefficlents for Parts Compr:s:ng the K‖ iand Choke L:ne Geometr:es

Kcsalrr 0 0 Capping Stack Ram #1 - assumed lully open

Kc+nua Nl NI Capping Stack Bam #2 - assumed fully closBd

K_.哺 ぬ.‐ 1 05 12 016b Contraction lrom capping stack main flow to kill
or choke lines

Kcs+orr..o-z 02 023 022 Piping oontraction from 4‐ 1′16"to 3‐ 1′16・

K{L.vr and KxL,v2 015 0148 Kill-lins gate valve 'l - assumed fully open

KKL Ⅵ●2

1elledm)
Nl NI 0143 Killline gate valve 2 - assumed fully open

Kxr.ruow, 10 035 1 0° Cross with two ends capped to create "elbow'

Kxt+rpr,te N: NI 04a Ki‖ line piping

Kxr+xpspr 10 10 10 Pipe open to sea

Kcr-vr and KcL.v2 015 0143 Choke-line gate valve 1 - assumed lully open

KcLVl and 2

(elleCtiVe)
N: NI 0143 Choke-line gats valv6 2 - assumsd fully open

Kcr+uo*-t 035 10 Cross with lwo ends capped to create 'elbow'

KcL COLLET Hυ B 085 23 061 Contract on co‖ et hub(253・ 10 gasket)

Kcl.rxp, 01 0126 Expansion section from 3 0625・ to 3 63・

KcLChokeVa疇 Var able Variable Variable CC40 choke valve - Cv lactors giwn in Figure I
KcL Cont7■

“ '

01 NI Contradion from 3 63'to 3 0625・

Kcl+uow-z 02 02 05 LorE-radius elbow

](cl-exps:e 10 10 10 Pipe open to the sea

Kcl+rprrrg NI Nl 1 0° Chokeline piping

OFFiC:AL uSE ONLY
BP PROPR:ETARY iNFORMAT:ON

Notss: For LANL, LLNL, SNL modeling: Nl in th€ table means nol included in the modsl. SNL model:
" These values are nominal. They included some flow dependence, since they were based on thg pipe
lriction factor. o Thrs value is basod on the higher velocity in the smaller pipe. " These Iossss ware
assumed to be included in lhe Cv tactor lor the choke valve.

2.2. Equation‐ of・State(EOS)Modeis

Figure 5 comparcs the equation-of-state (EOS) models used by the thrcc subieams. plotting
dcnsities as a function of prcssurc. Thc LLNL subteam built a iwo-fluid EOS bascd on BP hlack
oil tablcs providcd by BP. Thc LANL subtcam intcrpolated bctwccn thc tabular dcnsity data in
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thc samc black oil tablcs. The SNL subteam used thc chcmical assay ofthc oil to gcnerate
densities from first principles. Figurc 5 shows (he liquid oil density. the gas density. and the
mixture densily for thc fluid at l80oF as a function of prcssurc from thc LANL and SNL modcls.
Sincc the LANL modcl includcd scparate vclocities for the gas and liquid phascs. thc flowing
density could be different than the siatic densities plotted in Figure 5. The bubble point of (he oil
is shown to bc approximatcly 6.000 psia at l80oF. lawrcncc Livcrmorc slaff assumcd the lluid
could hc approximated by a mixturc of oil and gas at all prcssures with a constant gas mass
fraction. Thus. thc LLNL mixlurc density plot does not exhibir a bubble poinr.

Ⅲ

_301

:I

…
:夕由
・

Flgule 5. Hydrocarbon lluid densities at 180pF lor varlous pressures Irom the three
subteams.

BP PBOPnIETARY lilFORilAIOtl: This technital &t co.Gins BP Prop.istaiy htonnalbn lunishGd ard revior€d by gP l€gal
dnim the cous€ o, DeeprvaGr l'lo.Dolr Supoon lor contoled r6lsase ol he inbnnaiion. Disdocure qrbira lhe Govemm€nt is nol
Eutho.ized vriturt ptio. epproval ol the originato., or in accorddicr sith pllorbixls d 40 CFR 954.2r, ard 5 U.S.C. 552.
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3. FLOW RATE PREDiCT10N AT TIME OF WELL SHUT‐ :N

This s∝tion dc“ ibcs DOE‐NNSA Flow Tmm rcsunsin quanlfying cxhauslng nows frOm thc

CS dunng BP activiticsto shutin thc Macondo Wc‖ ovcr July 14‐ 15.2010 Thc work prcscntcd

prcdたls now through lhc CS chOkc and ttH Incs.andヽ summ断 zd bclow

3.1.  Capping Stack Analyses of F:ow through the K:‖ Line

After the CS was insralled. there was a period of lime frcm -5:0O p.m. CDT on July l4 rhrough
-10:00 a.m. CDT on July l5 (scc Table 2). when 100% of the Macondo Well flow was directcd
out of the kill line a(tached to thc CS. Figure 6 lists prcssure data obtaincd for that pcriod from
two killJine prrssure sensors installed on the CS just helow the boltom-most closurc ram. which
was maintained fully opcned. Thc prcssure lransduccru arc Tcledync Cormon acoustic gauges
with a dynamic range of 15.000 psi (full-rangc reading of 20mA). Preinstallation lransducer
calibration data suggested an uncenainty band of <0.2% (30 psi).r These transducers were
calibratcd on thc sea floor using thc chokc linc hoGstab pressure transduccr.6 Notc that the
mcasurcd uncorrectcd data (i.e.. data re€ordcd without adjustment) taken for the kill-side
pressure transducer PT_3K_2 wsre used for all analyses rcsults to follow.

Following shut-in on July 14. the PT_3K_2 transducer mcasurcd a CS pressure of 2.615 psia.
The ambient sea pressure was measured at -2.190 psia. The three subtcams estimated thc
following flow rate for this condition using a one-dimcnsional ( l-D) network or "pipe model,"
with estimatcd flow coefficicnls and friction factors for the piping and fittings. Table 4 lists thesc
flow raies.

Table 4. Flow estimates lrom klll-llna data with no shlpboard collectlon
(71{, -7:00 p.m, CDT).

'知ditialalinfontulon m thett pぃ stre tmn"ucers as wellasthc choke■ ldc Pに、utt transducer.are summmzed in a BP
docullett enuu● d´

“

ruじ utauon O■ c、 lcll oF 3 Ralll Capptt Slact・ tRoco“ 12311●ll106 01ns st“k Wlth 3 Raal
insuumenld“ on OvcⅣ tw,Rcrernce 2)The BPteneratcd tcchnt」 report伽 the in“則置 ntation mu● bc obtuin“ dlra uy
Frt■nl BP
6 The ttdに ‐line siac hnsdu"r was a Stellar Tcttnology ln∞ ■Юntal(ST:).Model Cri61D.gauge‐

“
」ed and rated o 20Kぃ ,

w“ h an rcllracy(per data shea)quoted a1 0 1,for slalt condhiclns(節 ぃ1)ヽヽtran“ ucer wa5 0perated at lhe tta ntxlr pHOr
lo lns● 1latim.cKlrrecled to the appropnatc expetn“ sea pessuF.and then∞pcd wllh the kll卜 line pに、u"trattucers
BaFd on thヽ ま鯰くalibra"u ttctk.BP“

“
ommended using thc“ ■ rlom lhe PT 3K 2 traltsdu∝ r羽腱麟 dingsおm lhc hol‐

stab chok■side tran● ucen tよen July 13‐ 14 pЮvid“ dat口 that w.ls beⅢeen the-5urerFn● oblaint● from ule twskilHine
t●n」 tl●●、:miS Iat10 hat腱 en the prererrtt tran"uc1 lortraking the Out‐ in,‐

“
Unfortllnalely,durine repair Or the

lttking c睡 ‐linr piPlng,"lem in thじ じ肛!yはmin8 orJulン 15●c CTtaXlgall"w“ da‐ 8ca and wcn1 0ul oF ttrvi∝ 腱 r●佗
shurin
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Fi●w OutK‖ !Lin●

(bOpd)

LLNL 48,500

LANL 48,900

SNL 52,800
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Kill-Line open and upstream collectlon by
Q4000 and HPI

Kili■_ine a ChOke iines open‐ choke iine
fttting ieak

Capping gtack ramg, Kill{ine & Choke linee
open

V

V

Note: 't relbrr€d" transducor (PT_3K_2) is in green - hag 10 pEl DC oftset not corecled in figure; evrluation3
pslomedatsabed.

Figure 6. Pressure data prior to closing the kill-llne valve and starting Macordo Well
shut ln.

Two other quasi-steady time pcriods were also identilied when the flow was mainly thmugh the
kill line. During the lirst time period (-5:00 a.m. CDT on July 15). 22.100 bopd was collected
(hrough lines to the surface vessels connected through the BOP.'The pressure in the capping
stack was steady a12.343 psia. Table 5 summarizes the flow rates obtained from the three
subteams for thesc two conditions:

7。
il∞lledion mte data ws proVided by BP ttm the Q4mland HPI swね oc vesに is Thett data a“ available hm BP and the

8。Vemnllent IRecords 5.211eぃ 12‐72.Rereに nce 2 1
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Subteam
Flow Out K“:une
rbODd〕

Flow Coleted
(bondl 陶同枷ぃLLNL 27,500 22,100 49,600

LANL 28,800 22,100 50,900

SNL 30,800 22,100 52,900
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DuHng the ttond dme perlod(-7:∞ a m CDT onJuly 15).18.9CXl bopd was coucctcd thmugh

‖ncs to surf・ ace vessels conn∝ ted through the BOP The pressure in the capping stack was steady

at 2.376 psia Tabic 6 sulllmarizcs thc now ratcs obtaincd fmm the thrce subtcams ror thcsc tw。

condit:ons:

Scc Appcndices B, C. and D for dctails about subteam methods. Minor differcnces in lhc threc
sets of rcsults arc attributcd to thc flow cocfficients for the geomctry (sec Tablc 3). $c diff€rcnt
EOS models each analyst applied. and the different l-D network flow models used. Potential
sources of uncertainty in the estimates obtained above include the following:

o The subteams assumed that single-phase flow resistances can be applied (o a multiphase
flow. This assumption is a reasonablc approximation for conditions when the average
two-phase dcnsity does not change signilicantly. ln this application. the density change
rcsulting from the prcssure change (from 2,615 psia 1o 2,192 psia) is approximalely l4%.

. Thc fluid tcmperature was not accuralely known. Limited measurements and calculations
suggcstcd that l80oF was a reasonablc cstimate. If the lluid tempcrature is incrcased io
200oF. for example. the flow rate would deoease by approximately 2%.

. Piping, fittings. and valve resistances are typically bascd on experiments where long
lengths of pipe are used both before and after thc elemenl to be lested. This practice
cnsurcs lhat flow condiiions are fully dcvelopcd and axi-symmetric: however. in any real
application. such as thcsc flow geomctrics, thc various flow clemcnls (clbows. valves.
and fillings) are in close proximity. This difference is typically ignored in engineering
analysis. but might be irnportant in multiphase flow whcrc thc flow regimc might be
altercd by thc element. For cxample. an elhow tends to drive thc higher-density liquid
outward because of cenlripetal forces.

A sccond method was applied 1o analyze the same flows in the kill-line side of the CS. This
melhod did not rely on a determina(ion of the llow resistances explicitly. It simply assumed that
(hc flow-resistancc parametcrs wcrc unchanged and instcad rclated prcssure diffcrences with
flow differences for times when there was and wasn't oil collection. Thus. thc data in Tablc 4
can be combined wilh the dala in Table 5 orTable 6 to generate two differcnt flow conditions.
where the flow rate and the rcsistance paramelers can be estimated. The rnodel is illustrated herc.
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Subtoam
Flow Out Kill Llne

(boDd)
日ow Co"n●d
tbOpdl ¨̈LしNL 30.600 18,900 49,500

LANL 31,900 18,900 50,800

SNL 34,100 18,900 53,000



OFFICIAL USE ONLY
BP PROPRIETARY INFORMATION

First consider th€ low flow rate through the CS reprcsented in Tables 5 or 6 to be the base case.

By assuming that the frictional pr€ssure drops scale with the square of the flow rale, the
following equation is obtained (where the subscript i rcfers lo Table 5 or 6 conditions):

LPt - KQ?

When there is no collection, more flow runs thmugfi the capping stack, This condition is
reprEsenled by conditions in Table 3. From lhat we get the following equation:

AP, = x91

Howevcr. we can relate the two flow rates:

Q1=Q1+C1-g

Wherc C is the colleclion rate that is no longer being collected in thc time period ofTable 4 and

JI is lhe change in the well flow rate becausc of incrcased back prcssure on lhe well during the
limc period ofTable 4. The collection rale is known. and obtained from Tablc 5 (orTable 6).
The reduction in lhe well flow ratc can bc obtaincd from dctailed modcls ofthe well and
reservoir. Thcse studies indicated that the incr€ased back pressure during thc time period of
Table 4 would rcduce the well flow by appmximately I,000 bopd. The results calculated from
thc network analysis in Table 4 show a rcduction of 1.000 bopd from the time periods

represented in Table 5 and 6. These results pmvide furthcr evidence thal g is approximately
1.000 bopd.

With thesc threc cquations, one can solve for the threc unknowns (Q1, Q1. and K). Qr is presented
in Table 7 in the Ahemate column, and compared to the rcsults prcsented previously in Table 5

and Table 6. Table 7 prcscnts tie rcsults of this altemate method comparcd to the rcsults in
Tables 5 and 6. The results in Table 7 show good consistency between the two me(hods. The
alternaie results pr€sented in Table 7 used inputs with more significant figures than the rounded
values presented in this report and also accounted for a small elevation difference in the flow
paths thal was ignored in the derivation of the equations prcsenied here.

Tab:o7. Altemate model results(in bOpd)●ompared to resuits irom Tab:es 4 and 5.

3.2. Analysls of Flow through the Choke Line

a2ブ   Flowス″aryses Pr10r fo S力υf‐わ

Aftcr thc capping stack was instalicd,a pc● od oftimc cxistcd whcn l∞ %ofth wcllllow was
dir∝tcd oul ofthc CS chokc linc Funhci du‖ ng thc shul‐ in opcration.thc chokc― linc valvc was
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adjustcd slowly to complctcly stop lhc flow. This silualion pmvidcd a series ofdiffcrcnt
conditions to examine with thc same mclhods uscd in Scction 3.1.

Thc flow through thc chokc linc is somcwhat more difficult to evaluate than thc flow through lhc
kill linc. as a rcsult of thc prescncc of thc chokc valvc and hccausc ihc chokc-line gcomctry is
much morc complex than the kill-line gcomcrry (scc Figure 4). Whilc onc might assumc grcater
opportunity for uncertainty (becausc of uncerlaintics in flow rcsistances). il is difficult io
dctcrmine if this estimatc of total rcsistance is morc or less accurate bccausc of thc increascd
number of flow elements. Olherwise. the sourccs of uncerlainty are the same as itemizrd in the
kill-linc analyscs.

Thc flow rcsults through thc chokc linc prior to shul-in arc listcd in Tablc 8. Thcsc rcsults wcre
bascd on thc mcasurcd CS prcssurc of 3.051 psi fmm PT_.3K_2. the cstimated sea prcssurc of
2.189 psia,E and the assumplion that lhc capping-stack CC40 choke valve was completely op€n.

Table 8. Flow estimates (bopd) lrom choke llne prlor to start ol Macondo woll shut-ln.

3.2.2. Flow Analyses Duting Shut-in

Analyses wcre performed using the choke-line geomctry to estimate the flow changes during
Macondo Well shut-in on July 15, 2010. Shut-in was performed by closing the CC40 choke
valvc. The well shut-in pressurc history is shown in Figurc 7. The CC40 valvc wcnt frcm a
completely open to fully closed stale in less than two hours. The "quasi-steady'' closure process
included l0-minute hold periods (nominal) for each half or full tum of the valve stem to allow
for prcssure equilibrium.e

" Th" *o pro*.. *,a' ..rnpuLd Msrd oo lht rEading of $c ch{rke.linc pr€ssurE E!u8c at lhc insrallcd d.plh prior to oonn€cting
lo 6c ltrllhead (s.€ Fooumtc 4. S€ction 3.1].
e -qusi-scad1- refen to llE facl thal dnrinB $cll sltnt-in. $r ctxrte.line valve was tully cklscd in 14 dis(rEte st pd, wilh a hold
(irE of oominally lo minutei berwccn slcps. lo allow slt ly no$/ lo be rsi{tablish.d. Stcndy nolr was airunEd whcn thc CS
prcsrurc-tansduc'er readings b€canE $€ady after a valv€.closlrE stap (sac Figurc 7 ),
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Flgure 7. Translont pressure measungments lor the CS kllhslde pressurs transducers
during llacondo Well shut ln. Tho BOP pressur€ (Paop - transduoar located
below the BOP) is also shown; it was used to monltor shut.in, but was not
usod in llow analyses,

Review of Dstr from Shut-in: The prcssure data obtained during well shut-in provided
valuable insights about the BOP prcssurc transduccr and the rcservoir condition. Prior io shut-in.
the BOP and CS transducer pressure offsets were considerable (-3.000 psi in Figure 7). If the
gauges werc accuralc. thc BOP pressure transducer and CS iransduccrs would be expectcd (o

read ncarly identically at thc time of well shul-in; this was noi the casc (-1.400 psi differcncc).
This resull. coupled with prior studics lhat cvaluatcd lhe BOP transducer pcrformancc prior lo
and following Top Kill in late May, led the Flow Team lrt decide not to use the BOP (ransduccr

data for any subsequent work after July 15. 2010, reporred in this documenl.lo

Thc shut-in prcssurc of -6.700 psi (Figurc 7) was lowcr than expected. by as much as 2.000 psi.
and this challenged both BP and govemmcnl lcadcrship. largcly becausc the lower-than-expcted
pressure could be indicative of a loss of well integrity. If that were lhe case. oil might bc
cxpcctcd to bc flowing from thc wcll into thc principally shalc mcdia abovc the rcscrvoir and
would ultimately bc releascd broadly lmm the sca floor. Altcrnativcly thc lower-lhan-cxpcctcd
prcssure could be attrihuted to a depleting reservoir. As is louched on briefly in Section 4.
following signilicanl survcillance of the sca floor and underlying media in close proximity to thc
wellhead. it was determined that no loss of well integrity had occurred. This determination

m Exten●ve―rk was laler perfonned inde"ndenJy"Dr slewart C“ nlths,sNL ttDex● 猥 now rat“ at and befor shurin
uS“
"κ

 BOp pr‐ sure‐trantttlttrれ は dewile賦 ogni7cd BOP ol画 腱Fa∝u般ノ鸞n● liv“ y isucs●に ReFerene 2、 ¬じ
BOP口ぃ、u leはパ ucll● nts were exlensively reviewed by C■Frlths rO‖。Mng the ToP‐ Kin efrOrs in latc May 2010 and腱

"ndwc1l Sul‐ in on July!5 3010
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allowed BP and USGS staff to assrss their reservoir characlerization and dcplction models to
provide an explanation for the lower-than-expecied shut-in well pressure.

Choke-Line Flow Analyses: The principal challenge in the choke-line flow analyses was tied lo
the choke valve ilself. Macondo Well shul-in was accomplished by a deliberate set of valve-
closure stcps. Pcrformancc specifications for thc CC40 valvc in thc chokc line (valve-flow
rcsisiance data) arc provided in Figure 8. These choke-valve performance data were provided by
Camcmn. ihc valve manufaclurer. and were obtained from cxperiments wilh waler flows.

Figure 9 shows thc choke-line flow rat€s thal werc calculalcd by the tfuee subteams. The results
indicatc thc flow incrcascs slightly during (hc initial closurc of thc CC40 valvc and then morc
dramatically bctwcen lurns 3-6 as thc valve arca dccreascs from -50% to -207o op,n.

Figurc 9 rcsults wcrc initially quitc surprising (o thc Flow Tcam, which had cxpcrred thar with
incrcasing flow restriction using valvc closurc. thc calculatcd oil flow would dccrcasc. This
appafent flow increase with closurc was altributed to complex multiphase flow behavior in the
choke valve that was nol capturcd by the empirical methods used for the well-flow modcls. This
provided an indication that the oil-gas multiphasc phenomcna might not have been adcquatcly
represcnlcd in the analyses during valve closurc (including polential issues with the CC40
calibration dala cxtrapolations from waier flows to oil-gas flows).

Flgure 8, Flow curve perlormance data ,or the Cglo choke valve on th6 CS choke llne.
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40 50

Choke Valve % Open Area

Flgure 9. Choke-tlne florv rate results during ilacondo Well shut-ln on July 15, 2010.

3.2.3. Statoil Multiphase Analysis of the CS Choke Valve

The Flow Team sought guidance from both academia and private industry. while also
independently reviewing the literature. lo determine if similarly reported trends existed for
multiphase flow-through restrictions. The search uncovered fundamental multiphase
cxperimental and computational work that had been performed by Statoil. a Nonregian oil and

gas exploration firm. Statoil was approached by the DOE-NNSA Flow Team to perform an

independent external analysis of multiphase flow through the CS choke valve on the strength of a
published analysis method uscd to capture multiphase petroleum flows in choke valvcs (sec

Referenccs 4 and 5). This mcthod. called the HYDRO model. uses a sophisticated multiphase

EOS to capture the local phase effects of the fluid as it passes through the valve. It also allows
lhe inclusion of a detailed valve geometry model. which was not parl of the DOE-NNSA
modeling efforts.

Statoil was given all of the appropriatc data made available lo thc DOE-NNSA Flow Tcam. This
data included thc geometry of the choke-valve line (Figure 4), the measured pressures in the riser
during well shut-in. and the corresponding valve-closure fraction. Additionally. the internal valve
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geometry on the CC40 valve provided by Cameron, and an industry-standard PVT-sim file of the
fluid EOS provided by BP for this purpose was shared.

Because of HYDRO model limitations, the resulting Statoil model only included the valve, and
did not include any of the choke-line plumbing or the exit into the ocean. As a result, none of the
choke-Line pressure drops were captured (inlets, exits, contractions, bends, and so on). The
Statoil model applied the measured riser pressure at the valve inlet and the ocean ambient
pressure at the valve exit, which resulted in a higher pressure difference across the valve than
occurrcd during shut-in. As such, thc Statoil rcsults ovcr-prcdictcd thc mass flow ratc, becausc
thc prcssurc drop across the valvc was too high in its analysis. Rcgardlcss of this bias, thc Statoil
calculations also showed an anomalous flow rate increase as the valve was closed, as shown in
Figure 10.

Statoil commented several times on the complexity of this problem and on aspects that might not
have been captured by its analysis that might still account for the anomalous-flow-rate increase.
It noted that its results showed that the flow was not choked in the valve, but suggested that the
flow path, including the missing choke-line detail, might allow multiple choke points in the flow.
Further, Statoil asserted that the exit into the ocean ambient might be a cornplex flow behavior
with sonic Fanno flow in the exit line, and expansion shocks in the exhaust jet could be expected
and would increase the back pressure and lower flow rate. These observations are complicated
by the rapid increase in gas volume fraction as the flow expands to ocean ambient pressure.

35

BP PROPR:ETARYINFORMAT:ON
OFF:C:AL USE ONLY

⌒

HiGHLY CONFiDENT!AL and MAY CONTAIN CUl― SttE PTO#50 DSE031-001828

⌒



OFF:CIAL uSE ONLV
BP PROpR:ETARY:NFORMAT10N

120000

×

X
x          X  x  x

X

△

△ △ △ム

益
X Statoil results for choke valve
△ DOE¨ NNSA偶 ow team resuns

Ｘ
Ｋ

010zJ30m50607080m1m
Cm(oSedmGt)

Flgure 10. Besults oI Statoll analysls ol chokevalve llow durlng wel! shut-ln.
(X = Statoil rcsults and A = ivorige ol DOE-]{NSA results.)

3.3. Glosure: Observations from the GS Shut-ln Analyses

The analyses performed using CS prcssure data during the time prior to and including the early
time of shut-in of the Macondo Well provided very consistenl flow ra0es summarized in Table 9.

The good agreement is not surprising, given that each analysis method included the same major
assumptions for the flows and geometries. Whether the mul(phase-flow effect has been

appropriately modeled is the greatest unknown; this was sesn most dramatically during the
analyses of the choke-valve closure. lrsser concerns exist over the use of pipeline resistance
values. On the positive side, the results obtained by different models and modeling inputs (e.g.,

different oil EOS models), were for different times, with and without surface vessel oil collection
and through different flow paths. and still agreed well.

Overall, the Flow Team recommends that a flow rate of -53,000 bopd +/- l0% b accepted, with
lhe ll%a variation accounting for multiphase effects and other factors, such as accuracy of
pressure measurements and surface ship collection data. Civen the limited time available to
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4. EXTRAPOLATION OF CS RESULTS TO OTHER
GEOMETRIES/TIMES FOLLOWING THE ACCIDENT

The previous sections described results for the flow from the Macondo Well when the CS was

present. To predict the total flow for the 86 days preceding shut-in, the Flow Team also

developed approaches to predict Macondo Well flow for periods of time when the CS was not in
place. From the accident chronology of Table 1, the team worked to estimate flows at the

following critical times: 12

o Initial flow following the accident after the riser dropped to the sea floor (April 22)
o Flow after the riser was cut off (June 3)
o Flow just prior to CS installation (July 12)

This section presents estimates of the changes in the flow rate as a result of some of the larger
changes in well geometry.

To make these estimates and enable integration of the flow from the first day :o the last, one is

required to accept a model for reservoir depletion. Various models of the reservoir could result in
a different transient between the initial state and the final state. Fortunately, post-shut-in
monitoring of the Macondo Well by BP and the USGS provided guidance for extrapolating the

flows for times prior to shut-in. Critical findings following the July 15 shut-in through the latter
part of July included thc following:

o Post-shut-in monitoring confirmed Macondo Well integrity, i.e., extensive pressure, and

seismic and sonar monitoring showed no indication of oil flow from the well into the

surrounding medium above the reservoir.
o The well shut-in pressure of -6,700 psia was lower than initially expected; analyses by

Dr. Paul Hsieh (USGS) and BP staff concluded that the measured CS pressure at shut-in
was plausible for (1) a well with integrity (i.e., no leakage into-the medium) and (2) a
reservoir depletion from 11,850 psia to 10,050 psia at day 86.13

o Dr. Hsieh's analyses also suggested that for the purposes of extrapolating flow rates prior
to shut-in, a nearly linear reservoir depletion (with a corresponding nearly linearly
decreasing flow ratela) was reasonable.

1211he Flow Team also consmered he it“
sjust pnorto me rlser cut,"hen BP was attemping to shut do、 m me wellnow in he

Top Kin operatiolls of May 26-29勁 e ullcen」 hdes Ofpo掟 ntal chan3es to■にBOP Oow patt as ares」 l ofthc lnud and`」 Шr'

響ギ獣品∬糧胤器淋庶盟蹴用:猟t鼈:魁温駕[ぷL留野憮uonltnendd dwhgぬ c■tt t"
weeks fo■ owing shut‐ in,Msed on wellinte」 ty md resσvoir malyses by USGS This presslre change was revisited and

reduced to-1,6(Ю  psilater in he post‐ shut‐in analyses;he NNSA‐ DOE Flow Team usedぬ el,800 Psi dec・ rease in a■ its

Pl稲盤漁瓢 識鷺塩:譜肌:意∬:ユ:甜評£湿蔦f・ unm)md turbuLtt quadratoお w前 n ttC
well_As such,he fI(,w decre‐ e is n(■ absolutcly lintt witt tlrre,butis still well reprewnted by this assumption.
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These findings provided key insights and data (e.g., transient reservoir pressure estimate) and
supported the development of the extrapolation models, based on the flow rates just prior to CS
shurin to be discussed in the following subsections.

4.1. Prediction of Flow Rate Prlor to CS lnstallatlon

From Section 3, flow estimates of nominally 49,000 and -5-5.000 bopd. respectively. were
obtained from the Macondo Well for flows through the choke and kill lines. These flow rates
occurred with a measured CS pressure of -2,600 psia and -2.350 psia respectively (see Figure
6). Since these pressures are above the nominal sea floor ambient pressure of -2,2A0 psia, it is
reasonable to assume that the flow from the Macondo Well was restricted by the presence of the
CS.

Sevcral modcls wcrc considcrcd to estimatc thc cffccts of increascd back prcssurc from thc CS.
Thc DOE-NNSA Flow Tcam construc0ed pipe-flow rcsistance modcls that includcd flow from
the reservoir to the sea floor through the BOP. These analyses hinged on assumptions of the flow
within the well (e.g., Was there annular flow or simply flow up through the fully open or
potentially partially blocked, with drill pipe, center-well pipe?). Additionally. uncertainties
existed about the flow paths within the BOP (e.g., Were the rams partially closed? Were pieces
of drill pipe trapped in the BOP?). An alternative, much simpler method to estimate the effect on
the flow rate involved extrapolating the results from the CS flows described earlier.

For the purposes of estimating flow conditions by extrapolation for times prior to CS shut-in,
several assumptions were necessary:

o Flow rate was 53,000 bopd when the capping-stack pressure was -2,600 psia.
o Initial reservoir pressure was 1 1,850 psia.
o Average reservoir pressure during the shut-in of the CS flow was 10,050 psia.
o The elcvation hcad in thc wcll (i.c., prcssurc diffcrcntial bccausc of gravity) was

estimated al 3,000 psi at the conditions during the shut-in and was essentially constant
during the entire accident.

o The resistances (with the exception of the riser removal) through the well geomery
remained essentially constant.

Thc clcvation hcad in thc wcll was cstimatcd to bc -3,000 psi at thc conditions during thc cvcnt.
Thc clcvation hcad varics dcpcnding on the choicc of flow path. If the flow path was up thc
annulus (oulside of the 9-7|8-inch casing), lhere would be a high frictional pressure drop and low
ayerage pressure in the well. The low average pressure would yield low fluid densities and a
slightly lower elevation head. If the flow path was up the center, the frictional pressure drop
would be lower, yielding a slightly higher elevation head. The 3,000 psi elevation head
assumption was nominally the average of the two conditions.

A pressure difference was also assurned from flowing friction. The following equation calculates
the frictional pressure drop with the CS in place:
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LPJrr.tron-wcs = 10050 - 3000 - 2600 = 4450 psi,

where the reservoir pressure was -10,050 psi, the pressure at the CS was -2.600 psi, and the
elevation head was taken from above, -3,000 psi.

It was assumed that the elevation head did not change significantly with changes in the flow rate.
This allowed calculation of an original frictional pressure difference (without the CS) by
rcplacing thc mcasurcd CS prcssurc (2,600) with thc ambicnt prcssurc (2,200):

APlrrctun-Ncs = 10050 - 3000 - 2200 = 4850 psi

The frictional pressure drop was assumed to be distributed to a linear term to account for laminar
flow and a quadratic term to account for turbulent flow. These can be used to obtain bounds on
the effect of the back-pressure change. If the friction is assumed to be linear with flow rate, this
increased frictional prcssure drop would result in a9Vo increase in the flow. [f the friction is
assumed to be quadratic with flow rate, this increased frictional pressure drop would result in a
4.47o increase in the flow.

In this application, it was assumed that some of the pressure drop was linear with flow, and some
quadratic. Part of the pressure drop is a result of Darcy flow within the reservoir (well draw-
down); Darcy flow is modeled as a linear flow. Another part of the pressure drop was assumed to
be a result of resistance entering the well (well skin). This is often or generally assumed to be
linear with flow. In this work, it was assumed that the sum of the well draw-down and the well
skin was 1,000 psi. This pressure drop is consistent with a productivity index (PI) of 50 bopd/psi
and a nominal flow of -50,000 bopd that was used in thc SNL work; thc PI had bccn sclcctcd
bascd on discussions with BP cnginccrs and prior working cxpcriencc of kcy SNL staff.

The remaining portion of the pressure drop is typically assumed io vary with the square of the
flow rale (turbulent flow). Using this scaling, the flow rale increase that existed without the CS is
represented as a sum of a linear and a quadratic component:

△ケ…Ⅳ“=△れれ″“晩 )+△れ伽婉t-76s晩 )2
All of the terms with the CS are known: The laminar flow pressure drop is 1,000 psi, the
turbulent flow pressure drop is 3,450 psi, and the CS flow rate (Qucs) is assumed to be 53,000
bopd. With the CS removed, the altered total friction pressure drop is 4,850 psi, yielding a flow
rate (Q) of 55,630 bopd through the BOP just prior to CS installation. The net flow rate is
decreased by 57o as a result of adding the capping stack. Note that this decrease falls between the
linear and quadratic limits discussed above, and the fractional increase is not sensitive to the
assumed base flow rate.

41

BP PROPR:ETARY:NFORMAT:ON
OFFIC:AL uSE ONLY

⌒

H:GHLY CONFIDEN丁:ALand MAY CONTA:N CUl― SEE PTO#50 DSE031-001834

ハ



OFFICIAL USE ONLY
BP PROPRIETARY INFORMATION

4.2. Prediction of Flow Rate at Time of Accident

The same method was used to estimate the flow rate of the well when the reservoir was not
depleted (at the time of accident). The frictional pressure drop is substantially increased, if the
reservoir pressure is assumed to be 11,850 psia prior to depletion:

LPpiction-mar = 11850 - 3000 - 2200 = 6650 psi,

where the initial reservoir was -11.850 psi, elevation-head pressure was -3.000 psi, and the sea

floor pressure was -2,200 psi.

Note that this implies that the well geometry did not change during the 86 days of oil flow from
this wcll. whcn in fact many geometry changcs occurrcd. Thesc includc, but ate not limitcd to,
thc riser and kink being cut ofl junk shots, and crosion. Full charactcrization of thcsc changcs

and the corresponding effects on the pres-sure were not possible; for the purposes of this work
(hen, the effects were not included here."

Using the earlier values and methodology described in Section 4.1, the flow at the outset of the
accident can be estimated from the equation below, again using the flow computed from the CS
just priff to shut-in. Solving for Q, the maximum flow rate is estimated to be 66,300 bopd.
Again. this increase of 25Vo is not sensitive to the assumed base flow rate.

APlrttun-^ax = APtaminar-wcs(ml + APturbu,etlr-r* (#)

Note that these flows depend upon an estimate of the elevation head, which could vary by +/-
500 psi based on the choice of flow path (annular or central). The flow estimate also depends on
the assumption that the elevation head does not vary in the various flowing conditions analyzed.
What is also not accounted for is the attached kinked riser. which had fallen to the sea floor
following the first days of the accident.

Despite the uncertainties and assumptions requi:ed to come to the results above for the two times
prior to CS installation, the maximum flow conditions predicted are thought to be plausible and

can be used to provide a reasonable estimate of the initial flowing conditions.16

15s∝
tion 4 3 Pa)vidCS a correctitm「actor toェ α)unt i)r the● 健r/kink rem)vJ thd`淮 curred in“耐yJune No■ tempt was mde

檜誦恵l『lM為ざ ミ:罵ittanaly∝ sご山e well were d“ perfomいshgぬe… reseⅣ oi
pressure transicnt‐ pressure history followhg the accident These analyses requ麟灘 assunung BOP■ ow resistances atld a well

productviy index that could not be substandated Results were consistent wih the numbers reported ush3 thc Pressure‐

di「「erenjJ rFX)dels de●chbed in the aH,ve text.
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4.3. Flow Rate Increase Resulting from Riser Removal

After the riser separated from the Deepwater Horizon platform on April 22,20rc" and dropped to
the sea floor, a "kink" formed near the wellhead creating a flow restriction. This generated a
concern that the well flow would increase, if the riser and kink were removed.

The Flow Team was tasked to assess this effect; its initial analyses indicated that removal of the
riser/kink section from the Macondo Well would not be significant-approximately a 57o
increase in the flow from the well. A full description of the analysis methods and assumptions
employed in the days prior to riser cut is provided in Appendix E. In late May, the Flow Team
was using flow-rate estimates of 20,000 to 30,000 bopd and was relying on the BOP pressure-
transducer measurements to perform the analyses; the Appendix E description of work
performed at the time of the riser cut was not altered to reflect the considerably greater flows
determined from well shut-in.

In large part because of concerns over the reliability of the BOP pressurc gauge (and the reported
pressure magnitudes),17 the Flow Team revisited the flow rate change fcrllowing well shut-in
using the techniques introduced in Section 4.1. While this approach does not require use of the
BOP pressure-gauge readings, it does require some estimate of the pressure between the LMRP
and thc kink prior to riscr rcmoval (sec Figurc 3). The assumptions and modcl gcncratcd using
the knowlcdgc of flow ratc at the timc of wcll shut-in arc also includcd in Appcndix E. From this
work, lhe flow just before the riser was cut was esl.imated to be 59,000 bopd, and just after *re
riser was cut a flow of 6 1,200 bopd was predicted. The flow increase of -4Vo is consistent with
the result obtained by the Flow Team at the time of riser cut, and both approaches provide an
upper-bound estimate for the change in the flow from riser removal.

17 1he BOP pressure matsurenlents were re宙
ewed fouowhg Top Kill h hte Mり 2010,and through、

“
I shut‐ h on」 uly 15,

2010,by both BP starand the NNSA Row Team to assess their use in estinlaing nows As of mid‐ July 2010,the pressure

nlagmtudes and the pressure transducer accuracy/sensid宙け were COnsidered quesdOllable for use in■ ow‐rate predictim by both

3rOuPS ShCC ttat mle,Dr.Stcwart Gttths,SNL,lndcPcndently perfornd si3rlncaFlt WOrk to extract flow rates at alld before
shul― in using the BOP pressure― tran壺 ucer data His wott is summanzd in Reた ren∝ 2
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5. TOTAL OIL FLOW ESTIMATES

The DOE― NNSA Flow Tcam developed estimates ofthe total oll flow from the Macondo Well

fЮn■ the first days ofthe accident drough shut¨ in on July 15,2010,using the results in Sections

3 and 4.The events related to well shut― in and the post¨ shut‐in mo五 to■ng provided guldance for

(1)predicting an instantaneous flow,and(2)cxtrapolating the flows at earlier times.The latter
work was guided by the reservoir modeling of Dr.Paul Hsich,USGS eeference 6).

From the previous sections,the Flow Tcaln was able to estimate the total oil flow based on

instantaneous llow rates predicted fbr the fo1lowing events:

e  Day l

● Day 3
0  Day 44

o  Day 45

0  Day 83

●  Day 86

Apri1 20 Deepwater Horlzon accident一 No flow to sea18

Apri1 22 Riscr falls to occan floor-63,800 bopd19

June 2    Before kinked五 ser cut― off― -59,(XX)bopd

June 3    After kinked五 ser cut― off― ～61,200 bopd

July 12   Prior to CS insta■ ation― ～55,600 bopd

July 15   Flow pnorto well shut― in― ～53,000 bopd

Additionally, based on the assumption of a linearly decreasing reservoir pressure because of oil
flow from the reservoir, the team assumed a linearly decreasing flow rate from the start of the
accident. The only major perturbations to this linearity occurred (1) when the kinked riser was
removed from the LMRP. and (2) when the CS was installed.

Figure I I shows the flow-rate history predicted by the DOE-NNSA Flow Team and repofied on
July 30, 2011 (rcfcr to Footnotc 20). Notc thc two discontinuitics (at timc of riscr cut and CS
installation) are of the samc magnitudc (-47o changcs).

18 clearly,muldPhaSe oil―
gas flow∝curred houghout the accidellt and PHOr to dle nser falling to the oceal floo■

Πows as great as 66,3KXl bopd have been estimated(See Section 4.2),but g市 en uncertalnties in the pЮ gression of

the accidcnt,how much ofule oil was burncd during the acc轟軋 and the Ш輸 own mm● .grnOw stcadincss,"

僧
精 ど 冊 柵 鯉 格 :晩::志 譜 乱 盤 L翼 1躙 TttI調 :器 礼 .。_Ttt mhe was
estlmated by extrapolating from the estimated valuejust prior to the五 ser cut on day 44;the r“ ulting cumulaJve oil

release would be expectcd to be a lower bound during the time following the accidentto the riser cut‐ ofr
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Event Days (followint accldent)

Figure 11. DOEI{NSA Flow T6am prodlctlon lor post€ccldenl llacondo Woll llow rste
using flow rosults in thls report.

Thc cumulative flow ratc is shown in Figure 12. which also includes thc cstimate of -800.000
barrels of oil collcclion by BP; these numbers were provided prior (o July 30. 2010. and are still
in review by BP. Overall, the DOE-NNSA Flow Team predicted a cumulalivc oil flow of
-5 million 6opd based on an eslimated flow rale of 5-1d00 bopd al the time of CS closure.l"
Given the uncerlaintics and assumptions used in all of the analyses discussed in this repon. the

cumulativc oil-flow total should bc laken as a bcsl cstimalc with an unccrtainty of +/- 500,000
barrcls (+/- l0%).

!0 A curmrlativr flow of -4.9 miltion barrels ofoil was Eponed by G. iINSA-DOE Flow Tcam duriDg July 30-31 SovetnlEnl
,low grcup rnccrings (vicr,graph rrpons can bc otnaincd from Rerercnce 2. 0lc Micrcsoft ShatPoinl rtFxilrrry). Thc tolal oil-
0ow.stimares wEr. baI€d on flow-rate oumbcn slxrwB bclow. which .r. slightly lowcr ihan thosc in this rcpon.

V

V

Happoning
Fl"Estimate
Rop●ItOd Ju!v30

updatad Flow
Edlmato ln Roport

A●

“

122-Day 3  RIser lalls t● ●cean nOOr
」une 2-Daソ

“

    Bofoc・ kinked・ nser Out OF
」une 3-Day 45  After‐ kinked・ lser cuto"
Julソ 12-Daソ 88  Pnorto CS instara“ n

62200
57500
60000
55700

63、800
59000
61200
55.600
53000Julv 15-Dav 86   日ow●norlo CS shut‐in                52,7∞

1 4 7 ■01316192225283134374043464952555861646770737679823538
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Flgure 12. NNSA.DOE Flow Tsam predlctlon lor Macondo Well cumulativo oll llow post-' accident uslng llow results in thls report. Oil.collectlon data wero provldod
by BP prior to July 30, 2010, and are subFct to change based on its revlew ol
th6 collectlon data.
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6. SUMMARY AND CONCLUSIONS

The DOE-NNSA Flow Team was chartered in July 2010 to estimate the total oil flow from the
Macondo MC252 Well from the first days of the Deepwater Horizon accident through well shut-
in on July 15, 2010. While there had been attempts throughout post-accident times to quantify
the instantaneous flow rate, the DOE-NNSA Flow Team and other researchers directed by the
DOI were generally stymied in these attempts prior to well shut-in, largely because of
uncertainties in the well geometry, the BOP, and reservoir depletion. Events associated with BP
preparations for Macondo Well shut-in afforded the Flow Team with data and a well-
charactcrizcd geometry to prcdict flows through thc kill and chokc lincs of thc CS prior to and
during shut-in. Analyscs by thc thrcc subtcams using traditional pipe-flow modcls and also a
differential-pressure model resulted in very consistent flow rate estimates between 48.500 and
55,300 bopd. a range of +/-TVo.Duirgmeetings held July 30-31, 2010, the DOE-NNSA Flow
Team recommended a flow rate of 53,000 bopd be accepted for the day of well shut-in, with a

+l- l0o/a uncertainty accounting for multiphase effects and other factors, such as accuracy of
pressure measurements and surface-ship collection data.

Post-shut-in monitoring of the Macondo Well by BP and the USGS provided guidance for
extapolating the flows for times prior to shut-in. Critical findings following the July 15 shut-in
through the latter part of July included the following:

o Post-shut-in monitoring confirmed Macondo Well integrity, i.e., extensive pressure and
seismic and sonar monitoring provided no indication of oil flow from the well into the
surrounding medium above the reservoir.

r The well shut-in pressure of -6,700 psia was lower than initially expected; analyses by
Dr. Paul Hsich (USGS) and BP staff concludcd that thc mcasurcd CS prcssurc at shut-in
was plausiblc for (1) a wcll with intcgrity (i.c., no lcakagc into the mcdium) and (2) a
reservoir depletion from 1 1,850 psia to 10,050 psia at day 86.

o Dr. Hsieh's analyses also suggested that for the purposes of extrapolating flow rates prior
to shut-in, a nearly linear reservoir depletion (with a corresponding nearly linearly
decreasing flow rate) was reasonable.

Flow rates were estimated for critical events post-accident related to (1) CS installation,
(2) damaged riser cut-off, and (3) the initial flow after the Deepwater Horizon riser fall to the sea
floor. Assuming linearity bctwccn critical cvcnts, a flow history was dcvclopcd, and a
cumulativc oil flow of -5 million barrcls was cstimated, bascd on flow rate of 53,000 bopd at thc
time of CS closure. A number of critical assumptions were applied to make these estimates, and
the team believes a+l-l0o/o uncertainty must be applied.

The analyses performed using pressure data obtained during the Macondo Well shut-in indicated
an increase in flow when the CC40 choke valve was partially closed (between 20 to 50Vo).

Opportunities remain to refine this work, specifically related to assessilg the effects of the
multiphase flows through the choke and kill lines. This assessment would require some
significant theoretical, computational, and experimental follow-on work. well beyond the scope
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of this study. Additionally, forensics studies with the recovered BOP and damaged riser sections
might be warranted.

Given the time and limited data available for analyses, the numberc presented in this report are
asserted to be the best-possible estimates for the oil flow post-accident, especially for times
around the Macondo Well shut-in. Results from studies performed by the DOI-led Flow Rate
Technical Group (see Reference 1) complement and agree with the data for the earlier time
estimates provided by the DOE-NNSA Flow Team, and give additional credence to the work
summarizcd in this rcport.
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APPENDIX A:  FLOW STUDIES PR:OR TO CS iNSTALLAT10N

A numttro「 Oow calculations wcrc PcrfOnncd bctwecn thc loss o「 con:ainmcnt o「 thc Macondo
wcn and thc attachmcn:o「 thc capping stack Thcsc calculations wc“ madc bythc DOE― NNSA
Flow Tcam and othcr govcrnincnl(cams and at sulllllla五 zed in Tablc A l

Tab:erヽ l Summary of analyses by NNSA‐DOE Flow Team and DOl・:unded researchers
in predicting pOst・ acc:dent Macondo We‖ oil i:ow priorto CS shut・ in.
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5772010 Well{ondition
scenario analyses
lollowing the
accident

DOE‐NNSA
Flow Team

Did not compute
flows: assumed
flow rat6s

No formal documentation - DOE-
NNSA team roport documented in
2.1.1 , ltsm 07, 'Tri-Labs Response
to BP-Posed Flow Questions
Begarding Flow Scenarios and
Maximum Predicted Shut-in
Pressure' (Ref- A.1l

6/13/10 Flow-visualization
anal,€es of cut
riser and
damaged riser

OOE-NNSA and
DOlTsams:
Univ. of
Washington-led
DOI etforls

19,200 to 46,000

(001 resuns)

18,000 to 21,000

(DOE‐ NNSA)

DO:work‐ Lehr,et aL(Ref A 2)

DOE‐ NNSA work‐・Estimate of
Riser Flow Rate,"memo dtd
512412010(aVa‖ abloin Ref A l)

6′2010 Flow through lhe
damaged we‖ and
BOP

DOHed study:
researchers

from NETL,

LLNL LANL

Guthrie et al., see Relerence A.3.

6′15/10 ToP Hat4 1xed
‖ow

00E‐NNSA
Flow Team

72,700 to 83,000

(3 Labs)

51,9001o
104900

No formald∝umentation:DOE‐
NNSA team wo「 kd∝umented n
211,lom ll,・ 日ow Es,mate by
Analysis of Top Hat and RIserr

(Ref A l)

Several

days in

」une
and
」uly,

2010

Top Hatflow
varlations

DOE Science
Team with
support lrom
DOE.NNSA
Flow Team

>100,000 Attempts to delermine total flow
from ship flow changes largely
unsuccesstul; too many
uncertainties in prsssure data and
Top Hat skirl op€n area. No tomal
documsnlation: estimates made by
DOE Science Team (email).

7/7/10 Acoustic
technologias to
quantily flow prior
to riser cul

VVHOl ～59,200 bopd
May 31(sum Of
kink側 ow of
18,500 bopd and
mean riser‖ ow
of40 700 bood)

R Camll,see Reference A 4

7/10/10 Predictions ot flow
through !r/ell burst
disks; part ol well
inteorilv

DOE‐NNSA
Flow Team

Prescribed‖ ow
rates;01o

50,000 bopd
assumed

No formal d∝ umentation:

DOE― NNSAteam wo炊
documented in 3 2.ltem o2,・ We‖
lnteoritv Final・ (ReFerence A l,
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A report summarizing the extensive work performed by the DOl-sponsored Flow Rate Technical
Group is also available. (See Reference A.5.)

Note that with Table A.l, references are provided on DOE-NNSA reports. These reports were
assembled as detailed viewgraph presentations and were used by the team to review activities
critical to supporting government efforts led by U.S. Secretary of Energy Dr. Steven Chu and his
science advisor team to ensure well shut-in and eventual well-kill. These reports typically
included critiques of BP work as weII as independent analyses and evaluations to guide decision-
making proccsses. Thc reports are currently maintaincd by thc DOE-NNSA Flow Tcam in a
uscr-protccted Microsoft SharcPoint rcpository. It is anticipatcd that thcsc rccords will be

lransferre-d to another government repository.

A.1 Well-Flow Characterization Etlorts

For much of thc post-accidcnt period, a prcssure mcasurcmcnt at a location just upstream of thc
original BOP was available. Using these pressure data, calculations were performed based on

well-condition assumptions. For example, one could assume a well geometry (typically an

undamaged geornetry was assumed), and a flow path (either up the central well bore, up the

annulus outside the 9-7l8-inch casing, or both), to determine what the bottom well hole pressure

was as a function of the flow rate. However, since the skin resistance (resistance gefting from the

geologic medium just outside the well bore to the bottom of the well) and the well condition
following the accident were unknown, this metlod could not be used to directly quantify the

flow. If the reservoir depletion and the well drawdown were assumed. then one could estimate a

maximum flow by assigning a zero well skin and no damage. Such analyses were performed in
the early times following the accident. Note that the flow rate calculated based on the CS data is

near the maximum flow calculated for a single path (up the annulus or the center well bore);

unfortunately, no experimental methods were possible to ascertain the flow path, and moreover,

thc scvcrity of thc accidcnt was such that all combinations of flows had to be considcrcd by the

DOE-NNSA and DOI Flow Teams (scc Figurc A.1).

Other problems also existed with this method. If one assumes flow up the annulus, the resistance

to the flow for leaving the annulus had to be assumed. Finally, the flow prediction was

complicated by the need to calculate the temperature profile of the crude oil as it flowed through

the geothermal gradient. Heat transfer within the well was not well known, since it changed

significantly during the early periods of well flow as a thermal boundary layer was established

around the well.

The BOP pressure-measurement accuracy was in question because of variations in its readings

that were noted when the well seemed to be fairly static. Also, the pressure measurement did not

always change in the direction that was thought logical when conditions changed. To avoid use

of the BOP pressure measurement, flow calculations in the well were performed using the

ambient sea pressure as an exit boundary condition. This decision unfoftunately introduced an

additional unknown into the calculation--the BOP flow resistance. While it was possible to

estimate the resistance provided for the original BOP, il was recognized that the BOP internal
geometry had been changed. with rams partially open and potential drill pipe trapped.
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Flgure A.1 Several possible llow paths for the ilacondo Well post accident. Flow
characterlzation was hampered by not belng able to determlne whether the
accident had led to conrmunication ol the reservoir with the annular
sectlon ol the well bore.

Throughout thc accident. it was bclicvcd the total flow rale was less than the maximum flow rate

lhat one could calculate given a reservoir pressure and the ambient sea pressure. And
unfortunatcly. the exact condition of the well was dependent on the unknown resistances and

range of flow paths. If the resistances werc located high in the well (within or ncar the BOP). thc
pressures within the well would be higher. yielding a higher density and a higher elevation head.
If the resistances were all lower in the well (near the reservoir). the opposile would be true:
hence. the elevation head could not be quantified. only bounded. Since the flow of the well was
assumed near the maximum flow for eady times. the Flow Team made estimates assuming lhe
unknown rcsistances werc rclatively small. and thc difference in the clevalion head was nol as

large as initially envisioned.

The DOE-NNSA and DOI Flow Teams did a numbcr of calculations of this variety. These
helpcd to provide crcdence and validity to BP calculations. and instilled confidencc within thc
DOE-NNSA Flow Team. Ultimately. these models were used to estimate the elevation head
required in Section 4.

4.2 Top Hat 4 Flow Estimates

For parts of June and July. BP installed Top Hat 4 (TH-4) above the cut riser. Shown in Figure
A.2. this loosely fitting cap was placed over the wellhead to allow surface ships to collect a

portion of the flow using a central riser to the Gulf surface. Four other vertical pipc stubs with
ball valvcs also cxited the Top Hat. It was desired to valve these shut as more and more fluid was
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conected in the ccnt〔ミ Hscr:howevcr,thc closing ofthcsc valves was linlitcd by the dcsign.

Some oil was rcqured to leよ out constantly from the loose bottomjoint.The outOow of oil at

thc bottomjoint would ensure that watcr did not■ ow inlo thc ToP Hato WatcrinΠ ow was
undesirabic,sincc hydrates rnight foI:ll and block thc flow up thc riscr(as it had in carlicr Top

Hat deJgns).TO funhcr mitigte hydrate follllation.methanol ini∝ tion ports were also included.

Figure A.2 Top Hat tl system schematic (left) and photograph (right) ol apparatus
prlor to transport to the sea lloor and placement on the Macondo Well
above the BOP.

Initially. a pressurc measurement was not available for TH-4. but latcr attempts were madc to
measure the internal prcssure. From these prcssure measuremenls. flow was cstimated based on
thc known geometry of thc Top Hat. This technique is quite similar to what was done with thc
capping-stack pressure data described in this report. The difficulty with this data set was that the
pressure measuremenls were small relative to the ambient prcssure. resulting in uncertainties in
calculating the flow. because of pressure-gauge accuracy and an accurate determination of
clcvalion heads. Howevcr. thc largcst uncertainty resulted from damagc to the bottom seal
(rcferrcd to as thc Top Hat "skirl") that occurrcd during TH-4 installation. This damage made

estimation of the area of flow from the bottom seal difficult. Also. since it was not a standard
geometry. it was difficult to estimate the resistance of this seal to flow. The flow estimate fnrm
this data had a vcry largc uncertainty range; nonethelcss. it did cstablish a minimum flow thal
was higher than previous estimates. so the effort was informative.

It was desirable to apply the alternate method (as defined in Section 3.1 of this report) to estimate
the flow where two conditions with a known difference in flow rate werE compared. elirninating
thc nced to calculatc the flow area and the rcsislancc of thc bottom scal. This mcthod was
espccially suited to this geometry. sincc the back pressurc did not changc significantly from
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flow-rate changes (since the back pressure was very neady equal to the ambient pressure).
Unfclrtunately, very small pressure changes were measured even when there were significant
changes in collection rates.2l Moreover, the method also required flow resistances to be constant
for the various flow rates. It is believed the slight increase in TH-4 pressure during the changes
in the flow resulted in significant changes in the geometry of the bottom seal, and unrealistic
flow estimatcs wcrc obtaincd from this method (100,000 to 200,000 bopd). These flow rates
were abovc thc maximum flow estimaocs for thc wcll geometry.

A.3 Flow Visualization and Flow Structure Measurements

Flow-visualization and flow-structure studies were performed by both the DOE-NNSA and DOI
Flow Teams in an attempt to quantify the flow rate for early times after the accident. Video film
was uscd to record rising plumes of oil from thc Macondo MC252 Well. Somc vidco was takcn
at the end of the riser. after it fell to the Gulf floor, some from leaks at the riser kink near the
wellhead, and some video was of flow from the wellhead after the riser was removed. It was
thought that this data might be used to estimate the volumelric flow of organic fluids, and lhen
with an estimate of the volume fraction of gas, compute the total flow rate.

The video images only allowed estimation of the velocity of the plume at the oil-water interface,
since the oil phases were opaque. Thus, one had to construct a model to relate this velocity to the
average velocity in the plume. Also, since oil consists of two phases at ambient pressure, the
velocity distribution was likely to vary not only with the spatial coordinate, but also with phase.
Some indications existed that the flow out of the riser end alternated between oil-rich and gas-
rich conditions, further complicating the analyses. Additionally, one had to estimate how much
water was entrained into the oil plume at the location of the measurements. The water
entrainment introduced two more parameters to be incorporated: Water volume fraction and
water velocity. The challenges of quantifying the flow from the video is demonstrated in Figure
A.3, which shows two distinct rcgions of flow in this mcasurcmcnt, suggcsting different fluid
propertics from fluid scgrcgation at somc point in thc flow path.

Using that same video data, DOl-directed research groups tied to correlate the rate of change of
the angle of the oil plume leaving the riser to the flow rate. The plume leaves the riser with a
horizontal lrajectory, and then eventually rises vertically. The rate of change of the angle is
related to the momentum of t}re flow. This method might be reasonable for a single-phase jet, but
proved to be difficult for a multiphase jet.

Overall, the DOE-NNSA Flow Team made only cursory attempts to quantify the flow using
flow-visualization techniques, given the quality of the video, and the inability to fully
characterize the exiting geometries (see Microsoft SharePoint Reference A.1 for memo on flow-
visualization efforts). Significant work was performed by DOl-directed work from other
laboratories and university researchers. Reference A.2 extensively documents their work.

21 As an example,on」
une 28,2010,oil collection ttrough dle Hser connecthg l日 H4to the Enterprise Discoverer collectiolll

VCSSCI WaS Stopped bccause ofsuJ¨ cw“d10r conditions.P五 ortO shutdown,the couccti。 ュrate was aoIIunally 15,α Ю boPd,and
the ttansduccns recorded a changc in PresSure of― ()2 Psi+/‐ ・02p団
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Figure A.3 BoprEsentative llow image lrom the top ot the Macondo Well BOP alter
removal ol the kinked ris€r section.

A.4 Doppler Veloclty Measurements

Woods Hole Oceanographic Instituiion (WHOI) rcsearchers obtained velocity mcasurcments
from a Dopplcr system of the Macondo Well flow prior to removal of the damaged riser. This
technique was recognized to be an improvement over the video-based systems and now-
yisualization work, since the plume was not opaque to the Doppler signal. This method required
resolving multiple phase effects (similar issue faced by the flow-visualization teams) in that il
was thought that ihe velocity signal fmm the gas phase might have been stronger than the signal

from the liquid phase.

Velocity measuremenls werc rccordcd at two dislincl sites, above the riser pipe and at the kink
above the BOP. over the May 30 lo June I time period. before removal of the damaged riser.
Flow eslimalcs werc derived from threc Doppler velocity view angles above lhe riser pip and

threc Dopplcr velocity view angles atove the BOP. Plume cross-seclion measurcmenls were

completed using an imaging multibeam sonar operating concurrenlly wilh the Doppler syslem on
a rcmote opcraling vchicle (ROV).

The total flow rate predicred by the WHOI Team was 59.200 bopd on May 13,2010. with flow
pafli(ioning as follows: mean riser flow rate of 40.700 bopd and mean BOP kink flow rate of
18.500 bopd. The total flow rate estimated agrces well with the DOE-NNSA Flow Team's
extrapolated flow estimaies around the timc of riser cut.

For more informalion on WHOI work. rcview Reference A.4.
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A.5 Well-lntegrity Studies - Burst-Disk Flows

Following the accident, it was important to determine whether the well had integrity (i.e.. Did
communication exist between the potentially damaged well and the surrounding subsea geologic
medium?). This question became particularly important at the time of well shut-in, since there
was concem that if leakage paths existed into the surrounding suhsurface medium, shut-in could
yield a catastrophic end state of Macondo Well oil seeping out through the medium (and being
unable to be stopped and remediated). Since little was known about the well condition following
the accident, it was assumed possible that some of the well tubing had failed. ln fact, one tubing
string was fittcd with burst and collapsc disks. It was thought that if thcsc had burst, crudc oil
could travel from the reservoir up thc well and then out to the gcologic mcdia at a higher
elevation. If the well was shut in, this flow could increase (or be initiated) because of the higher
well pressures.

The analysis concentrated on predicting flow into the ocean subsurface through burst disks,
assurning flow paths and varying the burst disk total open areas. The output of the model was to
provide leakage rates as a function of the shut-in wellhead pressure. It was desired to
demonstrate the magnitude of flow into subsurface geologic media that could be detected by
observing the wellhead pressure during the shut-in process. These analyses guided BP and
government leadership in their reviews of the seismic and sonar monitoring results around the
well following shut-in. Cumulative leakage flow for moderate-to-large leak paths would have
been detectable within days of shut-in. No detection of oil in the surrounding medium after the
first week of monitoring provided confidence that no or minimal loss of oil into the medium had
occurred and supported the BP position that the work to kill the well should proceed.

A.6 References

A.l Government Microsoft SharePoint repository for data pertaining to the BP post-accident
efforls. (Contacl Margie Tatro, Sandia National Laboratories)

4.2 Lrhr et al., Deepwater Horizon Release, Estimate of Rate by PIY Plume Team repoft to
the Flow Rate Technical Group,2010.

A.3 I. G. Guthric, C. Oldcnburg, and G. Bromhal, Nodal Analysis Estimates of Fluid Flow
fromthc BP Macondo MC252 Well, Nodal Team Report to thc Flow Ratc Tcchnical
Group,28 pp.,2010.

A.4 R. Camilli, Final Oil Spill Flow Rate Report and Characterization Analysis: Deepwater
Horizon Well, Mississippi Canyon Block252, Woods Hole Oceanographic Institution,
August 2010.

A.5 M. McNutt et al., Assessrnent of Flow Rate Estimates for the Deepwater
Horizon/Ivlacondo Well, Flow Rate Technical Group Report to the National krcident
Command, lnteragency Solutions Group, March 201 1.
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APPEND:XB: SUMMARY OF LANL MODEL Aπ R:BUTES

This appendix describes details unique to the [rs Alamos National [aboratory models offlow
through lhe capping stack.

B.l  F:uid Propertles

Thc LANL Team chose to calculatc oil and gas fluid properties using PVT (pressure, volume,
temperature) black oil tables provided by BP (Reference B.1). These properties were generated
using BP's EOS model based on the assay of tlrc Macondo cnrde. fiese properties are shown in
Tables B.l through 8.6. Properties werc obtained from these tables by interpolation as a function
of lemperature and pessure. The gas-oil ratio (GOR) of the crude oil in the reservoir was
reported by BP as 2833.

Table 8,1 BP PvT Black Oll Tabb ror iO"F,

BP PBOPBIE ARY lI{FOmlnO : Thls trdrnlcal Cgta c(lbJns BP Prcpdetary Hdmaliil| fiJrnish6d ard .evieirEd by BP lsgal
drdng tn€ @ulso ol O€€pvrabr Horizon Support tc, qontded rele6e of tre hfo.nddl- UsdcuE d.rbire ltp Gorcrrn€r{ ls nol
adhodz€d yrithod p.lq apfroval ol !l€ odglnaiq, q in a@datae wilh plltdslons ol,{0 CFH 952.271 8rd 5 U.S.C. 552.

Temp pre3鷺‖F Ⅷ
l

(°D  ば g) Fp●0)●WS‐ )
40       0  43765     059
40     500  43755   36939
40    1097  43755   73292
40  1695 43755 106611
40  ″
" 43755 13812340    2880  43755  170945

40    3487  43755  208■ 85
40    4004  43755  255521
40  43755  43755  283301
40    4682  43755  な 31
40    5270  43755  200001

40    5876  43755  283331
40    6474  43755  283131
40    7071  43755  283331
40    7668  43755  283331
40  3266 43755 "｀ n31
40    8863  43755  203331
40    9461  43755  283331
40  10058  43755  280331
40   10655  43755  283331
40   11253  43755  283331
40   11850  43755  280001

Oll           ●11            ●li            Oll

Dend,Vl●∞dty  FVF  Compre“

“

勧哺   FcP) (RO/STBl(1′ p」 )
531  135387  090503  452E・ 06
4953   39617   1 1089  742E‐ 00
4735   12305   13169  949E“
4562    0769   14424  112E‐ 05
4424   06194   15563  ,24E‐ 05
4301    05224   1 6735  134E‐ 05
4170   04182   10091  144E‐ 05
4051   03302  19777  154E・05
3984    0306   20786  160E翡
4003   03117   20687  152E・ 05
4038   0■

''7   20500  138E・ 05
407   03334   20347  127E」

“41   03441     202  117E05
4127   0鋼6   20065  108E05
4153   03649   19941  100E05
41 77   03751    19825  035E00
42   0 3851    1 9719  8 75EK16
4221    0395   19619  822E“
4241    04047   1 9526  773E06
426   04142   19438  729E・ 06
42 79 0 4235 1 9356 6 90EJ∞
4296   04327   19279  653E・ 06

品 Ⅵ島,論 2腱“
r

obr●  ●P)ぽ ′勧
006  0010●  096099  09951
201   00114 0124171   08776
494   00132 0009714  07619
866  00165 0005634  06795
1263  00221 0m3994  06496
1614  0005 0003261  06665
1901    0035 0002896   0711
2141   00“ 16 0a12694  07702
249   0045  000-  08026
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Table B.2 BP PVT Biack O‖ Tab:e for 80° F.

BP PROPRlttNW iNFORMA70N:Ths technlcal data tttalns BP Proprietary lnfom“ n ftrnに hed and re哺 ewed by BPie9d
du"ng the cttrse of Deepwater Holi20n Suppon for∞ m‖ed rdease of be hbmatbn Disdosure onidethe Gover7Yne敵 ｀nct
atthOn2ed tthout“ or approval olthe onginatori orin accordmce輌 h prMsbns of40 CFR 952.277 and 5 U,S.C552

V

・ 呻 "“ 聯 Ⅷ
l品
"Ⅵ
島

(°D (pd9)lpd9)ldrST3)(団崎  (cP)
30      0   4980       0  52.98   8.4273
80    500   4988   26■ 93   49.52   2,7038
80    1097    4988   5お,13   47.54     1.11
80  1695 4988 838.18 45.94 0,7639
80 ″望  4988 11に 99 44.59 0.6293
80   2889   4988  1386.17   43.38   0.5314

80   3487   4988  1698.08    42.2   0.4289
80  4084 4988 2068.22 40.98 0.“

“30  4682 4988 額 ユ96 39.67 0.2907
80   4988   4988  2333131   38.90   0.2615
80  "79 4988 魏 31 39.13  0襲
80   5876   4988  2833.31   39.51   0.2752
80  6474 4988 2833.31 39.86 0.2844
80  7071  4988 283331  4019  0.2933
80  7668 4988 233331 40.49 0.3021
80  8266  4988 233331  40,77  0.3108
80  8863 4988 283a31 41.03 0.3194
80   9461   4983  283331   41.23   0.3273
80   10058    4988  2833.31    41.51    0.3361

80  10655   4988  2833.31  41.73   0.3442
80   11253    493  2833.31   41.93   0.3522
80  11350   4988  283331   42.13   0.3301

Oli    Olt    C86   G38   G38
FVF ∞ m:海

“

Dendw Vl●●dV FVF
cRBrST3)(1′p●) Ob/n  lCpl  ぽ ′an
l.0051  5.15E‐06    0.05  0.0100   1.0391
1.137  3.20E‐ 06     1.381   a012 0.026727
1.2659  1.02E・05    4.45  0.0135  0.01113
1.3763  1.18E‐05    7.49  0.0161 0.006669
1.4793  1.31E‐05    10.78   0.0199 0.004752

1.5839  1.42E‐05   13.94  0.0249 0.003805
1.7002  1.51E‐05    16.74   0.0302 0.003296

1.8386  1.61E‐05    19.17  0.0358 0.003002

2.0145  1.72E・05   21.36  0.0417 0.002822
2.1271  1.79E‐05   22.44  0.0451  0.00276
2.1163 1.70E‐05

2.0959  1.55E‐05
2.0775  1.41E‐05
2.0608  1.30E‐05
2.0455  1.20E‐05

2.0314  1.1lE‐05

2.0184  1.04E‐05

2.0063  9.69E・06

1.9951  9.08E‐00

1.9847  &54E‐OG

l,9749 305E‐061
1.9658  7.60E‐06

Z Fador

Om57
0.8983

0.8081

0,7446

0.7155

0.72

0.7496

0,7952

0.3516

0.3838
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Tabl● B.3 BP PVT Bi● ck O::Tabio,or 120° F.

Bp pROpRIETARY:"FORMATl● II:Th s lechm硼 dma conh ns BP Propnetry lllommn鮨 祠shed and"Mewa by BpleO」
ωlngthe∞ur"●lDeen・●rHotOn Sup"“ f●●●nmled Elea“ ●fhe hmmalon DsdOsue outl‐ 価疇Cov― ent“ not
mhonz“ wlu10ut pnc approva olthe onghaけ ,α h ac●●dance価 四 薦●ns o140 CFR 952277 a祠 5u S C 552

■mp p“"珊 Ⅷ !淵けⅥ品v
(°つ  fpag) (p● 9)●政STB)lb40  1CP)

品 緋
“
」缶Ⅵ鶏 詐 Z聰面

(RBISTe1 0′pd) Obrn  4。 p) ¨ 司
1 0151   5 79EHい 6     005   00115   1 1262  09901
1 1169  9 1lE‐     1.79   00126 0n,o,19  09141
1 2306  1 1lE・ 15     411    0014 0012454  08416
13303  127E05     075   00161 0007618  07917
14248  140E05     058   00191 0005473   0767
1_5207  151E‐    1230   00220 00046  07671
16251  ,61E‐     1502   00273 0003′

`●
  07878

17450  ,71EK15    ,739   00321 0003341  082●6
18943  181E05   1956  0C1371 0003098  087113
20877  104E‐     2161   00428 0002043  00255
2179 200E05  Zと 38 004500002002 00485
21餡   187E“
21405  ,70E05
21198 165E“
2 1012  1 42EK15

2 0841  1 31ES
20684  122E“
2絋m  l 13E・ 05
20406  106E‐
20281  991E“
2 0165  0 31EI16

20X7 877E●6

120      0  m3 0   5203   50082
120  500 

““

3 197● 1 49“  19389
120   1097  55¨ 3    4424   4757   10158
120    1695  55043   67616   4606     075
120  2292 55043 90903 

“

75 06264
120  9●no 5504 3 1152 24 43“  05272
120    3487  剛 3   142031     424    04284
120    4004  55043   1700,9   4122    03573
120    4682  55043   21108   3997   02981
120  5279 55040 260262 0058 02455
12●  55043  55043  283331    3001    02269
1"  5876 55043 283331 38" 0お 19

120  0474 55040 "“ 31 3809 02300
120    7071  55043  283301   3007   02477
120    7668  55043  283331    0941    02554
120  8266 55043 283331 3974  0233
120    0863  55043  283031   4004   02704
120    9461  55043  283331   4032   02778
120   10058  55043  283331   4058    0285
120   10655  55043  283331   4083    0292
120   11253  55043  283331    41 07     0200
120   11850  5頭 3  203331    41 29    00059
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Table B.4 BP PV「 B:ack C)::Table for 160°F.

BP PROPRIFrARViNFORMA■ ON:This tenlcal data cα地Jns BP Propriemry infOma」 on mished alld revlmed by BP ie9al
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nct

authtted輛 httt prior aprova1 0fthe α●inatOr,crin acccdmce輛 b pmisions c140 CFR 952277 and 5 U.S.C.552.

V

▼

Temp pre彗 蹴絆電濯
11ぷ
l"Ⅵ温t,

(°D (pd9)lpd9)ldrSTB)1団崎  lcp)
160      0  5934.4 0  52.α5  4.0311

£[∞馳ごぶ‰ ti轟ャ詳
'亀
“
r

o3/ST3)(1′ pd) lbrn  tcpl  lFた にol
l.0244  6.41=‐06    0.05  0.0121   1.2271  0.9064
1.1066  1.02E‐05    1,72  0,012 0.001665  0.9264
1.2072  1.22E・05     3.86   0.0145 0.013719   0.867
1.2985  1.39E‐05    6.24‐   0.0163 0.008512  0.3271
1.3863  1.52E‐05    8.761  0.0188 0.006162   0.307
1.4757  1.63E・05     11.3   0.0219 0.004901  0m62
1.5722  1.73こ‐05    13.73  0.0257  0.00416  0.R9''
1.6818  1.83=・05      16  0_0297 0.003698  0.8515
1.3135  1.93E‐05    18.12  1_0342 0.003397   0.891

1.9801 205E‐05  20.12  0.0991 0.003195‐  0.9387
2.2074  221E‐05    22.14    0.045 0.003065  0.9944

2.2346  222E‐05   22.35  0.0457 0.003056  1.0002
2.2092  202E‐05
2.184  1.83E‐05

2.1613  1.67E‐05

2.1407  1.53E‐05         1

2.122  1.42E‐05        1                ‐

2.1048  1.31E‐05

2.0889  1_22E‐05

2.0743  1.14E‐05

2.0607  1.07E‐05

2.048  1.00E‐05

160  500 5934.4 148.54 49.29 1.5007
160    1097  5934.4   3い_56   47.48   0.9368
160    1695  5934.4   55Z09   46.03   0.7264
160    2292  5934.4   762.06   44.76   0.6146

160   009  5934.4   97ス 61   43.58   0.5129
160    3487  5934.4  1214.13   42.44   0.4203

160   4004  59344  1484.38   41.29   0,3545
160    4602  5904.4  1803.61   40.07   0.2986

160 腱79 5934.4 2216.59 38.75  0249
160    5876  5934.4  276ス 711   37.22   0.2038

160  5934.4  5934.4  2833.31   37.06   0.1995

160    6474  5934.4  2303.31   37.49   0.2059

160    7071  5934.4  2803.31   37.92   0.2129

160    7668  5934.4  2833.31   38.32   0.2197.

160    3266  5934.4  2833.31   30.60    0.掛
160  8863 5934.4 2333.31 39.03 0.2331
160    9461  5934.4  2833.31   39.35   0.2396

160 10058 5934.4 2833.31 39.64 0.2459
160  10655 5934.4  2333.31  39.92   0.酸
160   11253  5934.4  2333.31   40.19   0.劉
160   11850  5934.4  2833.31   40.44   0.2645

“BP PROPR:ETARY:NFORMAT:ON
OFttC:AL uSE ONLY

HiCHLY CONFlDENTIAL and MAY CONTA:N CUl‐ SEE PTO n50 DSE031‐ 001857

V



OFFiCiAL uSE ONLY
BP PROpR:日ARY:NFORMAT:ON

Tab:eB.5BPMB:ack O::Tab:e for 200°F.
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8.2 Geometry and Loss Factors

Thc capping-stack gcomclry rnodcled is shown in Figure 4. and the assumed hcad loss laclors (K
factors). arc provided in Table .l of thc main rcport. Thc loss factor of 3.18 for thc CC40 choke
valve is for the wide-open condition. Table B.7 shows the loss factors calculaied for the CC40
choke valve based on the manufaclurer's loss coefficienls (Cv's) and a reference diameter o[
-1.875 inches.

Table 8.7 Calculated Cerc K.hctors basad on the irlanulacturofs
lo$ coelllcl€nts (CYs).

%― el 96open 64ths tums Cv k factor

llX lCXl 248 0 251

フ64フ 8655 2Ю 78 2 2X1 08

7059 7738 21811 23863 352

6471 6851 2い 26 3 21877

5882 5874 19053 19412 532

5294 4991 17482 4 164フ0 フ40

4フ 06 4109 15,18

“

3Cl

3226 5 10391 186

3529 2344 12093 7732 336

2941 1648 1013フ 6 5085 ″ 6

23●●3 869 7343 65 2■ 14 449

5371 フ 1065 1770

1176 196 488 8415

588 098 2157 8 196 52177

0 0 0

8.3 Two-Phase Flow lrodel

A one{imensional. scparalcd two-phase flow model was developed by LANL to calculate fluid
flow and prcssurc dmp for the oil and gas mixturc flowing through the capping stack. Flow was
modeled using the momen(um equation (Eq. 10.57a fmm Reference 8.2) shown in Eq. B.I . This
momentum equation includcs pressure{rop tcrms for friction, gravity, and accclcration becausc
of pha.se change:

―(I)=(D(。 FIユ書締
ユ
l+Kl―α)pl+αρ』g+G2豊 ll守

_智
l+讐冊 ―

争1))

where From ReFcrcnce B.2

A=1+62仔
(争)+#路嚇讐―判 }

・
:=(1+サ 十 fう

1/2
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χ =[脇
11/2

θl―鶴評

1券)ν
=―等

B.4

B.5

B.7

B.8

B.9

V

V

ft = 0.079R€lo'", Re, =9914,'

f, = o.o79Re;o'zs, Reu -ff
a = (l+ O.2BXo'71)-r

and where
P = pressure (Pa)
z = height (m)
G = mass flux (kg/s/m2)
x - quality, the ratio of vapor mass flow to total mass flow
cr = void fraction, the ratio of vapor flow cross-sectional area to total cross-sectional area
dn = hydraulic diameter (m)
pr = liquid density (kg/*1
pv = vopor density tkg/m3)
vr = liquid specific volume (-3/tg)
vv = voPof specific volume (m'ltg)
g = acccleration from gravity (9.81 m/s')

Oncc the pressurc drop was computcd from the momcntum equation, it was added to the pressurc
drop from pipe-flow losses shown in Eq. B.10:

△)ゃ
iρθ ιoss ==Σ :ραυθlιるνθKloss

B.6

B.10

where
pave = overage (mixed mean) density (kg/m3) = (x / pu + (1 - x) / p)'1
uavc = average velocity based on reference cross-sectional area (m/s) = (G / p""")
Klo". = head loss factor

If the pressure of the crude oil is below its bubble point, gas will evolve from the oil, and a two-
phase mixture will be present. Further reductions in pressure below the bubble point will result in
additional gas evolution. When the crude oil passes through a component that causes a pressure
loss, the downstream mixed-mean density will be lower than the upstream mixed-mean density.
For the pipe loss pressure-drop calculations, therefore, the upstream and downstream densities
wcrc avcragcd to calculatc the velocity head of an individual componcnt.
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The iemperature in the model was imposed and set equal to 180oF. The momentum equation was
discretized and solved using a finite difference algorithm in a spreadsheet model (Reference
B.3). All oil-flow rates are reported in stock tank barrels per day (stb/day).

8.4 References

B.l PVT Black Oil Tahles generat,ed by Tony Liao and Yun Wang on June I I, 2010 (sent by
email from Kate Baker, June I1,2010).

8.2 V. P. Carey. Liquid-Vapor Phase-Change Phenomena, Washington. DC: Hemisphere
Publishing Corp., 1992.

8.3 LANL choke- and kill-line spreadsheet model 8-10-2010.x1sm, author: Curtt Ammerman
(ammerman @ lanl. gov ), lns Alamos National Laboratory.

69

BP PROPR:ETARY:NFORMAT:ON
OFF:C:AL USE ONLY

⌒

HIGHLY CONF:DENT:AL and MAY CONTA:N CU:― SEE PTO郷0 DSE031-001862



OFFiC:AL uSE ONLY
BP PROPR:FrARV iNFORMATION

APPENDiX C: SUMMARY OF SNL MODEL ATrR:BUTES

This appcndix dcsc● bcs delails uniquc to Sandia National bboratoncs lnodc!so「 Oow through

thc capping stack

C.l  Equation or State

An cquation of state is required to calculatc densities.vincositics.and cnthalPiCS Orthe crudc oil

rOr inclusion in vanous nuid rnodcls.Thc SNL Team chosc to calcula:c the nuid properties from

a modcllhat only rcquired knowicdge ofthc oil assay This dccision cnabicd calculalion ofthc

PrOpCnics at any combination or prcssurc and tcmpcraturc and did not requirc intcrpolation of
tabulated propcnics(cXCCpt viscosity.which was ca:culatcd frorn intcrpolaling tabulaled

PrOpCnics)It also pЮ vidcd a ch∝k on propcrtics gcncratcd by BP.Tablc C l is thc assay that

SNL u“」 within its modcl to dctcHlninc thc properties

Tab:eC.10‖ Assay used.

BP PROPnlETARY l“ FO口田AnON:Tns technul data contains BP Propnetary blomamn iu nis「 od and re、印 by BPI・ 9al

ωlnO the colne ol Deeptater Hon20n Suppon lor∞ nlroled reにase d heい おmaton DIsdosure outs dethe co― mem`n● t
authoced molout pn∝

“

po“ l●lけo ongina● r.∝ in accomance Jb pros ons o140 CFR 952277and 5 u S C 552

Methane 065918

Ethane 006374

Propane 004439

n-Butane 002083

n-Pentane 001024

n-Hexana 001341

n-Heptane 001934

n-octane 002092

n-Nonane 001536

n-Decane 001285

n-Dodecane 002542

n- Hsptadecane 002904

13utane/(2‐Methメ prOpan。 ) 00092

i'Pentane/(2-Methylbutans) 000345

Crude OI Pseudo 20‐ 28 MW 001758

Crude O‖ Pseudo 29+MW 001407

Nilrogen 000624

Carbon Dioxide 000974
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The EOS calculations used here involve the following components:

o Commercial EOS software to supply fluid thermodynamic and volumetric properties.
SNL modified this software to accommodate modeling the Macondo reservoir crude oil.

o SNL created computer routines to do the following:
- Calculate pressure drop in a crude oil mixture for various flow path geometries,

including thc well itsclf and various kill- or chokc-line configurations.
- Flash crudc oil into liquid and gas phases as rcquircd and bascd on thc pressurc drops

calculated above.

Despite the fact that the above two activities interrelate and often require iteration, each of these
issues is discussed separately below.

The SNL Team started with a commercially available Microsoft ExcelrM add-in EOS, the
Moongate equation of state. The SNL Team then modified this product's list of available
components to include heavy crude pseudo components (the 15th and 16th entries in Table C.1).
This add-in provides liquid and vapor thermodynamic and volumetric properties for mixtures of
compounds as Microsoft Excel spreadsheet function calls. The user is responsible for combining
these function calls into algorithms.

The original software package includes both the Peng-Robinson and the lre-Kesler Plocker EOS
models (References C.l -C.3). The package uses the Peng-Robinson EOS to provide components'
fugacity coefficients used in a flash calculation. The software package uses Peng-Robinson,
because the lre-Kesler Plocker EOS fugacity coefficients can be unstable near the critical point.
AII other volurne8ic and thermodynamic calculations are performed using the [re-Kesler
Plockcr EOS. This EOS is morc accuratc away from thc critical point, particularly for liquids,
than is thc Pcng correlation.

Both equations of state are curve fits to Pitzer's corresponding slates rnodel. The Peng-Robinson
uses a cubic polynomial. The l,ee-Kesler Plocker incorporates a more complex combination of
two sixth-order polynomials, each combined with exponential terms.

Nonideal thermodynamic properties, such as enthalpy, fugacity, or entropy, are estimated using
standard departure-function methods.

In the two-phase region, the calculation is complicated by the partitioning of the various
components between the gas and liquid phases. In equilibrium, the materials in the vessel sort
themselves out. such that each component contributes the same energy to total pressure in the
vapor phase as in the liquid phase. If the vapor and liquid mixtures were ideal, each component's
partial pressure in the two phases would be equal. Crude oil mixtures are far from ideal, so each

component's fugacity takes the place of partial pressure. In other words, at equilibrium,

4'= {t c-r
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Thc supcrsc五 pts V and L represent vapor or liquid rcspcctivcly.Thc subscttpt i denotcs thc row

nulnber of Table C.1.A1l ofthis is equivalent to equating each component's Gibbs energy.King

(Reference C.4)propOSes an iteradve process to converge on equation C.l using an o可 ect市e

function,11,deflned as follows:

V

V

H=21h=喜
品 C.2

whcrc

C.3

The goal is to drive the objective function to zero. For a specific flash calculation, this is done by
varying V the mole fraction of vapor. The summation occurs over all n components listed in
Table C.1 . The mole fraction of feed, 4, comes from the same table,

King provides an elegant and robust method for converging to the correct value of V. His method
requires one more equation:

ギ

一千
三Ｋ

G=Σ gi
i=:

=Σ
q(K-r)'

旨[K+(1-V)(1-K)]2

With this relationship, it is possible to iterate to a balanced system by progressive substitution of
new values of V:

鳩ew=V―
暑

All of the flow rates were reported in stock tank barrels of oil. Conversion of a mass flow rate to
these units was fairly simple. Using this EOS, it was possible to determine that for every
kilogram of oil that flowed from the reservoir, 65Va of the mass would be stored in liquid form at
ambient (stock tank) conditions. The EOS also predicted a liquid-phase density of approximately
830 kg/m3. This allowed a quick conversion between mass flow in kg/s and oil in stoit< tantr
barrels per day.

The following figures compare the SNL fluid densities to those provided in tabular form by BP.
In Figurc C.1, gas dcnsitics wcre plotted for conditions insidc thc vapor liquid envclopc.
Calculatcd valucs agrcc rcasonably wcll with BP's prcdictions at low prcssurcs; howcvcr, somc
deviation is evident as the pressures increase. These high-pressure regions are close to the bubble
line shown in Figure C.3. Given the degree of agreement between the SNl-predicted bubble line
and the BP-predicted line, it was decided not to investigate these deviations further.
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Flguro C.1 Comparison ol SNL gas donsltlos to BP.tabulaiad donsltio3.

In Figure C.2, gas densities were plotted for conditions inside the vapor liquid envelope along
with liquid densities for the single-phase fluid in the supercritical region. Calculated values agree
well with BP's predictions, paflicularly for temperatur€s gr€ater than or equal to 120"C.
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Figttre C2  Companson。 l sNL iiquid and i:uld densities to BP・ tabulated densities.
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FiguК C.3 contains a plol of predicted VLE boundancs.The graph also includcs siln‖ ar data

rrOnl BP.As llEntioncd above,a high dcttc or agrccment cxists bctwcen the SNL calculation

and thc BP information,Ofintcrest is the single dot above the bubble line represcntin3 0Hginal

reservoir condition.This point is well inlo the single‐ phase supercritica:FegiOn.
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Flgure C.3 Comparlson ol SNl-predlcted two-phase boundades to BP data.

BP PROPBIETABY INFORilATION: This technical data contains BP Proprietary hlormatbn fumMed and reviewed by BP legal
durirq the course ol Deeprater Flodzon Suppod for contoled release of fie infomation. Disclosure outskle the Gowmment is not
authorized withorJt pnor aprroval ol the odoinator, or in accordance wifi provislons of 40CFR952.2n ard 5 U.S.C. 552.

The SNL Tcam used an intcrpolation routine to cstimate viscosity from the data provided by BP.
Two-phase mixture viscosity was estimated using a volume-weighted average of liquid viscosity
and vapor viscosity. Thc only use of viscosity in SNL calculations was in the eslimate of friction
factor. Sincc flows were generally in thc high-Reynolds-number region, whcrc friction is
relatively independent of viscosity. this approach was reasonable.

C.2 Ki!!‐ Line Goometry

The kill-line analysis required the determination of fluid resistances lor the various components
in the kill linc (sce Figurc 4 of thc main report). Table 3 in the report itemizes the resistance
valucs (K valucs from AP=KpV!/2) thal SNL uscd. Note all K valucs arc bascd on a pipc
diamctcr of 3- l/16 inchcs. Thus. thc inlet K of 0.5 for a 4-ll16-inch pipc is modificd to 0.16.
since it is multiplied by the higher fluid velocity in the 3-l/16-inch section.
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The density is calculated at the inlet and outlet of the kill-line system. An average density equal
to the square root of the product of these two densities is used to calculate the fluid velocity. An
elevation difference of -5 feet was used between the exit of the kill line and the capping-stack
pressure gauge.

C.3 Choke-Line Geometry

The choke-line analysis required the determination of fluid resistances for the various
components in the choke line (again see Figure 4 of the main report). Table 3 in the report
itemizes the resistance values (K values from AP=KpVzt2l thatSNL used. Note all K values are
based on a pipe diameter of 3-1116 inches. The piping resistance changes stightly as a function of
flow rate, since the friction factor is calculated as a function of the Reynolds number.

The density is calculated at the inlet and outlet of the choke-line system. An average density
equal to the square root of the product of these two densities is used to calculate the fluid
velocity. An elevation difference of 13.3 feet was used between the exit of the choke line and the
CS pressure gauge.

C.4 We‖ Geometry

In calculating the flow through the well geometry, mass balance, momentum balance, and energy
balance must be included. The SNL model only considered steady flow, so the mass balance was
trivial. A single velocity was used for both the gas and oil flow. The momentum balance in finite
difference form is presented as follows:

p*r = p -#(=^)'t# *lff(1.,-4)-'[#X:)' ;^ c 6

The following presents the energy balance in finite difference form:

To complete the solution, one requires a model for the heat transfer along the well. Often we
chose the flow to be adiabatic (0 = 0).

C.5 References

C.l Peng. D.-Y., Robinson, D. B.,Ind. Eng. Chem. Fundam. l5 (1976) l, pp. 59-64.

C.2 Lee Byung Ik. Kesler, Michael G., AICHE Journal, Vol. 21, No. 3, May 1975.
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APPENDiX D: SUMMARY OF LLNL MODEL AITRIBUTES

The Lawrence Liverlnore National Laboratory well― flow models were constructed using

Sind∬luint,a commercial software package from Cullimore`貶 Ring Technologies,Inc.
dcsigned for solving gencral purposc,1¨ D■uid dynalllucs and heat transfer problems.Models are
developed using the SINAPS pre/post processing lool,and are denned as a network diagram

deflning the flow paths for nuid and heat.Elements in the network can be silnple,such as a

length of pipe,or have prograrmable device behavior,such as valves and pumps.The solution

enforces conservation of energy,mass,and momentum with error control.Multiple fluids can be

uscd,including compressiblc lnultiphasc nuxturcs,such as thc wcll hydrocarbon dischargc.

Solutions can bc cither transicnt or stcady statc,although all of the wcll― flow modcls wcrc
perfomed as steady state problclns only.Solutions for flow through the choke and ki11 lines were

modeled as adiabatic.

D.l Equation of State

The Macondo fluid was described using two equations of state (EOS) in a two-fluid model. One
fluid was oil defined by the PVT black oil tables provided by BP (Tables 8.1-B.6 in the LANL
summary in Appendix B), and the other fluid was pure methane gas. The ratio of oil to gas was
set at 2,900 scfm of gas per stock tank barrel of oil. The oil EOS was defined as a compressible
noncondensing gas, rather than the more complex compressible liquid formulation, for simplicity
of implementation. The methane EOS was the National Institute of Standards and Technology
(NIST) tabular form found in the Sinda/Fluint fluid library. Enthalpy was approximated as a
black oil incompressible liquid (constant cp), and entropy was ignored.

The multiphase losses were tuned by the analyst by matching a known flow rate through a
known geometry. In pafticular, oil collection through Top Hat 422 wasused for this purpose. The
flow rate was known by surface vessel measurement, and the riser geometry was well defined.
Bounding pressures for this run were known to within measurement uncertainties from
measurements within the Top Hat and at the surface vessel choke valve. This calculation resulted
in a correction factor of 4.4 being applied to the single-phase turbulent viscous loss, hence
rcducing flow ratcs and incrcasing prcssure losscs for thc multiphase casc. This corrcction factor
was applicd to all subscqucnt modcls globally, while rccognizing that dcparturcs would occur
because of differences in circumstances, such as void fraction and temperature. Multiphase
viscous losses are normally calculated directly by Sinda/Fluint when the fluid mixture contains
liquid and gas fractions; however, since the oil was defined as a compressible gas EOS, this
automatic-drag calculation was not invoked, since the fluid mix appeared to be 1007o gas.

22 PriOr to CS hsta■
ation∞ 血eM∝ondo We■ ,Top Hat4(TH‐ 4)was inStalled over■ eぬeared Fi∞ rtO coucct aowing O■ tO

the Enterprise surfac・ e collectlon vessel Up to 15,∝ Ю to 16,CXXl bopd were cO■ ected ush3 TH`See Appendlx A for Flow Team
efft)rts t`,PrediCl M工 ()ndc,well nows while翻 4 wttin PI霞
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O.2 Loss Factors

Pressure drops from fillings. transitions. obslructions. cnlmnccs. and exits werc modeled with
handbook K factors. which reduced the total prcssurc. Mosl of the K factors arc idcntified in
Figure 4 and Table 3 of the main report. These K factors are associated with a particular segment
of the flow path with the associated flow area. ln addition ro Figurc 4, the LLNL model
recognized the significant loss because of the fluid being forced from the venical l8-inch riser
into a 3-inch linc (choke or kill) with a sharp direction chango. This loss is significanr. sincc rhe
prcssure is measured upslrcam of lhis transilion, and lto thc prcssure drop from lhis transilion
mu* bc included. This loss was modcled as K = 1.2 in the l8-inch riser fof the dircction changc,
and K = 0.5 in the initial 4-inch bore for the entrance losses.

The choke-valve bchavior was modelcd using K values dcrived from thc vendor-supplied Cv
coefficient lor lhe valve. According to Crane (Reference D.l ). K is calculated fmm the
expression K = 894 D4/Cv2 where b is rhe nominal valve diameter in inches. The rcsulting
valucs are shown in Table D.l, along with thc prcdicted oil flow ralc in stock tank barrcls per
day (bopd).

Table D.1 Chok6valve Par8m€t6rs and P Flow Rat€s trom the LLNL ilodel.

0 251 246 49865

2 250 248 49802

25 240 269 50336

3 220 50967

35 195 408 52666

4 165 570 55141

45 133 878 59267

5 103 1463 64316

55 76 2687 65966

6 49 6465 60141

65 22 32072 34124

7 11 128287 18105

75 5 620910 8495

8 3880689 3398

85 Iniinite 0
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D.3 References

D.l Crane Co"Flow ofauids through valves,重 憤ings and pipe,Technical Paper解 10,

Sta」ord,CT,1998.
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APPENDIX E: FRACTIONAL INCREASE IN FLOW RATE FROM RISER
CUT

This appendix summarizes Flow Team efforts to estimate the change in the flow rate of the
Macondo MC252 Well as a result of removing the riser piping. Two approaches were
considered, one based on the BOP pressure data that was being monitored while the riser was
being cut off, and the second following the approach described in Section 4.1, which is based on
the flow rates predicted at the time of well shut-in. The two approaches are described below.

E.1 Flow Rate Estimates at the Time of Riser Cut

This estimate is based on the measured change in the pressure, just below the blow-out preventer
(BOP), measured before and after the riser removal. This measured pressure was at an average of
Pu = 4,400 psia prior to the removal of the riser, and at an average of P6o = 4,250 psia after
removal. The measured change Pu - Puo = 150 psi is a best estimate, which has some
unceftainty.z3 The effect of uncertainty is described later in this appendix. The removal of the
riser resulted in a reduction in the resistance from the known pressure of the reservoir (P, =
11,850 psia) to thc Gulf. This analysis providcd cstimatcs of thc incrcasc in flow without making
any assumptions about thc flowing gcomctry. Two flowing conditions nced to bc considcrcd as

follows:

Case A: The first case assumes that the major resistance to the flow is high il the well, but
below the BOP. For this case, the flow consists of liquid oil (with dissolved gas) through the

major portion of the well. This establishes an elevation nead (pglt) of 3,440 psi (see note2a),

which changes little as the flow rate changes. This pressure can be subtracted from the total
pressure change from the reservoir (P, ) to the bottom of the BOP measurement (P6). allowing an
estimate of the flowing pressure drop ( AP, ).

1-Po- PCH = LPr=4AlOpsi

After the riser was removed, the new flow pressure drop can be obtained from the new pressure
measurement below the BOP (Pt, = 425Opsi):

1 - P* - pCH - LPn, : 4l6Opsi

13 Th" u".u.a"y of the measured value of the BOP pressure transducer was an issue throughout the post-accident efforts,
including past well shut-in on July I 5. While there were serious concerns about the abso'lute values (thought perhaps to be a
pressure offset, maybe more), assuming the preszure differences could be accurate was acceptable o the analyst community at
the times around riser cut.
B The values used were p= 609 kg/m3. I = 9.8 ny's2 and H = 13033 ft=3972.5m.
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The flowing pressure drops include the wall-friction pressure drop (which i-s,likely quadratic
with flow ratezr), the well draw-down (which is likely linear with flow ratez6), skin resistance of
the well (which may be linear to quadratic with flow rate), and some unknown resistance high in
the well (which may be linear to quadratic with flow rate). It is assumed that all of the resistances
scale with the flow rat€ to the first power (which gives the largest impact2T;. Thus, a

LPt, - APl : I -50 psi increase in the flowing pressure drop produces a fractional change of

(*, - MrY M, = 3.7Vo.If laminar flow is assumcd and thereby a lincar rclation, Q n Lp .

which is a conservative estimate, one can then claim that the fractional flow rate increase must
also be 3.7Vo after removal of the riser. However, if fully turbulent flow is assumed, which is the
more likely case,28 where the flow rate is proportional to the square root of the pressure drop

Q n J M ,the fractional change in flow rate ( LQIQ) would be equal to half of the fractional

change in pressure drop or l.85%o.

Case B: The second case assumes that the major resistances are low in the well, i.e., near tle
reservoir. The final result is again very sensitive to the elevation head; however, in this case, the
density of the oil and gas mixturc within thc well varics as thc pressure varies with dcpth within
the well. Thc clcvation hcad within thc wcll for this casc is proportional to thc averagc dcnsity
within the well. The model assumes that the flowing well is in a steady condition both prior to
and af(er riser removal and also assumes that the two-phase fluid can be represented by a single
velocity (v) and an average density (p",").The following momentum equation is used to
dcterminc thc prcssurc distribution:

垂塑=_ρg―響―・′壬
The lefrhand side represents the change in acceleration of the fluid as the density changes. The
righrhand side represents the elevation head, the pressure gradient, and the wall friction. The
friction coefficient, f, is obtained consistent with the assumption of a homogeneous flow in a
pipe of diameter, D, using the viscosity of the liquid oil.

An energy balance must also be accounted for. This assumes an adiabatic flow. and accounts for
the changes in the kinetic energy and the potential energy resulting from the changing elevation
head. The changes in the kinetic energy are ignored for these can be shown to be small.

25 This is true for fully turbulent Oow where the rHc6()nc(ん
fttcient is a c()ns餞 nl md pre、 sure dttF is prK)portionJ k,the Лow rde

squared ar∝ 22.
26 This、

tlue for a lamina now whereぬ e pressuF drOp is balanced by宙 scous forces zP∝ 2.
27 while the now is likely turbulent,ぉ

suming a lincar rel・ ation gives a more con“ rvative estinmte.

"ne RepddsnumbcnS Re=競 咄 Ct ρお 血 C dCnJり 。fmen」 こ Dヽ 血 e dalnetr Of mc PIpc.and/1s nC dyn価 c

viscosity Assuming ρ=61D kg/m3.D=0221n(illner dlanleler of 8''),ald μ=104 kg/m―s,he k)we■limll Πow rate o「 Q=
20,tXX)b卸陀ls/dり (`「 O u m3/s),yteld、 Re:106 The■ ()w is clealy turbulent.
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The model requires an EOS that allows the calculation of the fluid density as a function of the
local pressure and the local enthalpy. The model also requires a complete assay of the oil. The
equation-of-state model accounts for the evolution of gas from the mixture as the pressure
decreases below the bubble point. This EOS model provides liquid and vapor thermodynamic
and volumetric properties for mixtures of cornpounds. The model includes both the Peng-
Robinson and thc [rc-Kesler Plockcr cquations of statc (Rcfcrenccs E.l-E.3).

To proceed with the simulation, an estimate for the total flow of the oil up the well is required.
For thc initial model calculations, it is assumcd that thc well is flowing Q = 20,000 stock barrcls
of oil pcr day (with thc associatcd gas). Thc scnsitivity of thc final rcsult to this assumption is
addressed later in this appendix. It is still required to match the measured pressure below the
BOP (Pu prior to the riser removal), and that is accomplished using a shooting method where the
sum of the skin and well draw-down pressure drop is iterated. This yields the pressure at the
bottom of the well. The governing equations are then integrated from the bottom of the well to
the bottom of the BOP. The sum of the skin and well draw{own pressure drop is then adjusted
until the pressure at the bottom of the BOP is matched in a self-consistent way. These model
results are summarized below where the elevation head2e (p*gH 3,055 psi) and the sum of the

draw-down and &c skin ( AP"*,2,970 psi) arc subtractcd from the total prcssurc Arop (P, - fr) to
yield the wall friction ( APr=1,425 O*i1'

1 - P u- P*gI{ - AP,h, = LP, = 1425 psi

After the riser is removed, the total pressure difference is increased, resulting in a lower pressure
at the bottom of the BOP (Pu, = 425Opsi ); however, now the sum of the skin and the well draw-
down is known from the initial simulation, and these pressure drops are assumed linear with the
flow rate (this assumption results in the greater impact from the riser rernoval). The model is
rerun with various flow rates to determine which flow rate allows matching of the new prcssure
below the BOP (Pu, = 4,250 psi). This results in a Iower average pressure in the well. This lower
pressure results in a lower elevation head. The model results in a2.9Vo increase in the flow. The
results are summarized below (using an elevation head of p^,"gH = 3,028 psi, a friction of A,Pr=

1,516 psi, and a sum of the draw-down and the skin and draw-down that is L029 times the initial
value of 2,970 psi). yielding a new frictional pressure drop:

1- P o-P^*glf * AP"h,: LPr:l5l6psi

To dctcrminc thc cffcct of thc assumcd well flow ratc, thc calculations wcrc rcpcated with an
incrcascd flow of 30,000 barrcls of oil pcr day. Thc flow was prcdictcd to incrcasc by 2.t7o for
this case. In seeking to bound the fractional increase in flow accompanying the riser cut, note
that the lower flow case results in a larger fractional increase in the flow from the removal of the
riser. This is because a higher flow results in a larger frictional pressure drop. A 150 psi change
in the larger flow rate results in a lower percentage change in the flow rate; thus, to be

292、
c=536k3/m3for Q=20,CXXl barrels/day
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conservative in determining the effect of the riser removal. one would choose the result that is
based on the 20.000 barrels of oil per day flow rate, i.e., a2.9Vo increase in the flow. Note that all
of the cases considered here assume that the depth of the oil entry into the well is near the bottom
of the well Choice of a different elevation for the oil entry simply reduces the effect of the riser
removal.

Uncertainty Analysis: Finally one needs to consider the uncertainty of the result. Many
assumptions were used, and limited data were available. Two sources of uncertainty are

considcrcd hcrc. First, the results arc subjcct to the accuracy of thc pressurc mcasuremcnt bclow
thc BOP (Pu and PuJ. Thc accuracy of thc pressure mcasurcmcnt is cstimated to bc +/-50 psi.

Thus, if we increase the change in the pressure measurement from 150 to 250 psi (to assume it
was 50 psi high at the beginning and 50 psi low at 0re end), the fractional increase in the flow
rate estimate increases from3Va to 67o.

A second uncertainty is the accuracy of the various analysis models. One way to estimate the

uncertainty resulting from the approximate model is to use a different computer model to

calculate the same parameters. This was done, and the flow increase estimate of that model was

4Vc (compared to 3Vo in this analysis), a relatively small difference.

Flow through the BOP: Cases A and B implicitly assumed that the flow resistances between

the reservoir and the bottom of the BOP location were unchanged when the riser was cut.

Furthermore, they were hased on the pressure measurements, P6 and P6o, right below the BOP.

The analysis can be repeated by examining the flow up from the BOP pressure measurement.

This assumes that the flow resistances through the BOP and [,ower Marine Riser Package
(LMRP) remained unchanged when the riser was cut. Before the riser was cut, the pressure, P",

at the top of the LMRP (upstream of the kink in the pipe) is between 2.250 psia (seawater head)

and 2,560 psia (a mcasurement upstream of thc LMRP). Consider P t = 2,250 psia and

Paz=2,560 psia, such that Par ( P, ( P"z.

After cutting the riser, the pressure above the LMRP, Pur, is the ambient seawater pressure

(2,250 psia). The elevation head (pgh) of the BOP (70 feet with a 350 kgim3 oiVgas mixture
density) is approximately 10 psi. The fractional increase in the pressure drop through the BOP
and the LMRP can then be estimated with the following equation:

M,, * Mo :Qi, - t,* . 
psn)-Q', -,P. - pgn)

LPo (Pr-P.- {ryh)

ForPu=Par= 2,250psia, (lp-- LP")lM. =-TTa.suchareductioninflowisnotreasonable.
since cutting off a resistance should have increased the flow. Thus, the lower limit on the flow
increase is$Vo.
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If the calculation is repeated with Pa = Pa2 = 2,560 psia, the higher limit on the kink pressure,

(p- - $lM, = 8.7o/o. Since the flow in the BOP is highly turbulent, the fractional change in
flow rate LQ|S is half the fractional change in pressure drop or 4.3Vo.

Thus, these two limits yield that the flow has increased between UEo to 4-3Eo using quadratic
scaling between the flow rate and the pressure drop. As stated above, this calculation assumes
that the flow resistances through the BOP and the LMRP are unchanged. Because of the rubber
components in this region that might erode with time. and the stresses put on the drill pipes that
cross this rcgion during thc cutting opcration, this might not bc truc; howevcr, it provides a
diffcrent approach to estimating the fractional incrcasc in flow ratc, which is in thc ball park of
those estimated by Cases A and B.

E.2 Flow Rate Change Estimates Based on Flow Rates Computed
Prior to Well Shut-ln

The Flow Team revisited the flow-rate change following well shut-in using the techniques
introduced in Scction 4.1. Whilc this approach docs not requine usc of the BOP prcssurc gaugc
rcadings, it does rcquirc somc cstimate of the prcssurc bctwccn thc LMRP and thc kink prior to
the riser removal (see Figure 3 geometry provided previously),

Since a pressure measurement did not exist between the LMRP and the kink, the pressure was
estimated as follows: It was known that the pressure was above 2,200 psia, the ambient sea
pressure, since rapid exiting flow was observed from various holes near the kink. It was also
known that the pressure was below 2,560 psia, the pressure measurement inside ttre LMRP (but
not at the exit of the LMRP). Use of the lower limit would result in no flow increase from the
removal of the riser (since the pressure would not change after the riser was cut), and use of the
upper limit would provide an upper bound on the flow increase from the removal of the riser.
Further an estimate of the reservoir pressure at the time of the riser removal was needed. Since
the riser removal occurred approximately half way between the accident and well-closure dates,
the average of the initial and estimated final reservoir pressure was assumed. The following two
equations consider the pressure drop from the reservoir to the kink in the time period just before
(nnn) and after (enn) riser removal:

11850+10050

⌒

ADo, friction-BRR -

APsrirtion-enn =

2

11850+10050

-3000-2560=5390 psi

-3000-2200=5750 psi

This yields a maximum effect of the riser removal, since we are using an upper limit on the
pressure above the LMRP (zero resistance through the LMRP).

Again two limiting cases exist: If it is assumed that the pressure drop is linear with flow, a 6.77o
increase is estimated. If it is assumed that the pressure drop is quadratic with the flow rate, the
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increase is 3.3%.A rcaLstic estimate assumes that thc linear portion is approximately l,000 psi

atthc base rate of 53,(XX)bopd as described in Appendices B and C.This estimate yields a ttow

just hefore the五 ser was cut of 59,CX10 bopd,andjust after the」 ser was cut of 61,2∞ bopd.The

exact flow value depends on a reservoir rnodel to interpolate the reservoir pressure;however,the

increase of 4%from五 ser removal is relatively insensitive lo the reservoir pressure level.nis

rcsult is consistcnt with thc rcsult at thc timc of the五 scr rcmoval prcviously providcd in thc

rcport.
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E.3 Conclusions

Taking into account the various scenarios for the flow presented above, and the various
uncertainties, the Flow Team estimates that the flow increas e was 4-5Vo as a result of the riser
removal. All of the nrethods for estimating flow rate changes consistently used parameters that
maximized the increase. While the results from all of the methods yield similar tnends, the Flow
Team recommends using the results based on knowledge of the computed flow prior to well
shut-in. That is. the flow just before the riser was cut was 59,000 bopd, and just after the riser
was cut, the flow rate increased to 61,200 bopd.
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