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Summary

This report summarizes the dynamic simuiations and evaluations performed in
response to the Deepwaler Horizon blowout that occurred 207 of Aprit 2010 The
incident occurred following 2 negative test performed to check the integrity of the weil
barriers (cement, float, casing and seal assembly) The ng personnel concluded the
test was suczessful and the incident happened as they displaced the nser to
seawater.

The evaluations and findings made duning this work (to the date of this report) are
based on wilness statements. printouts from the Haftiburton real time data and
cement unit data setin addition to the weit MC252's design, reservey properties and
reserveir fluid composttion. A detailed dynamic OLGA-WELL-KiLL network model has
been built, used and found as a vaiuable tool to analyze and understand the
transtents occurring in the welibore right before the explgsion. The made! includes the
casing. the tapered drillpipe, kill fine. outer annulus, riser, surface piping, Mud Gas
Separatcer, pumps. valves and control systems. The fluids include seawater. the
Form-A-Set spacer, 14 ppg mud and hydrocarbons The start time of the simulation
medel is 15:00 when the entire wellbore was fifed with 14 ppg mud. Simulations have
been performed following the operations for the entire period until the fast data
recording at 2149

The main reservorr in the MC262 well consists of two oil bearing sands, the Upper
and the Lower M56 Both sands have a pore pressure of 12 6 ppg. The top of the
Upper K156 is at 18036 ft tvd rkb and only a few feet separates the upper and the
ower sands An analysis of the specified reservoir fluid compasition reveals an
under-saturated ol with a bubbile point at 6500 psi at reservoir temperature.

The properties of the oif are of such a character that a potential influx will mantam the
volume when migrating through the mud towards seabed. This will challenge kick
cetection after a k«ck 1s taken as pit gains will be limited before the Kick is right below
the BOP The crew will have less time to react, and once a well control problem is
apparent, a late detection can mean that gas is already inside the niser before the
BOP is closed. This behavior s different from a gas kick, but stitf not uncommon for
deepwater drilling operations. Awareness and knowledge of these mechanisms are
smportant

The target reservoir sands are very prolific. Based on 300 mD and £6 feet net pay
the infiow performance curve indicates a productivity index of 49 stbidipsi for
pressures above the bubble point pressure This contributes to a fast unloading of the
welt if it is left open 1o flow in an underbalanced condition For example a drawdown
of orly 1000 psi resufts in an influx of 73 ppm of ol from the reservoir into the
wellbore. This s equivalent to a rate of 34 stb/m at surface conditions, the o
formation volume factor is 2 14 bbisstb 1t is likely to assume that the sands wili be
restncted by cement and that the resulting reservoir exposure 15 less that the tota:
reservoir thickness A net pay of 15 ft was used tc give a good match with the data

add welflow a5
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The welf's shut-in pressure is calculated to be 6800 psi if the well is shut-in at surface
using the iBOP. and 8250 psi if 1 1s shut-in at seabed using the BOP. Both pressures
are above the bubble point pressure, and no gas will be present after a fong shut-in
periad and equibrium is obtained

Differences in witness statements have challenged the job of determining the
conditions in the wellbore prior to and during the period where influx from the
reservoirr was taken Due to the approach taken to transferring mud which may have
impaired pit menitoring, these statements were important inputs to the investigaticn
Team Curnng the bieed downs, the pressure at doewn hoie conditions dropped below
the pore pressure. and intially, a gain of 60 - 35 hbl was beleved 1o be takes
Simulations were performed assuming influx in the outer annulus due to a failed seal
assembly and through the casing shoe

Later it become evident that the riser was filled up with 60-80 bbls during this period
due to a leaking annular preventer and hence no, or only a small influx was taken
during these bleed downs. This ‘nformaticn changed the premises guite a lot with
respect to the evaluations and flow path determwations First of ail, the new
information ndicates barner mtegnty during the bleed down. since the conditions
were underbalanced during these operations The equivalent down hole pressure
nside the casing was 11.5 ppg at this time with zere pressure on the drifipipe and
influx would be taken if the reservolr was cpen to flow. If the seal assembiy failed to
seal. the pressure in the outer annulus was 12 0ppg. also at underbalanced
conditions

The constant shut-in pressure of 1400 psi measured on the dollpipe between 18 356
and 20000 1s not possible lo explain based on a pore pressure of 12 6 ppg
observations and witness stalements. With only mud in the wellbore and seawater in
the drlipipe. the shut-in pressure should be 1030 psi f communicatice o the
reservod was through the casing shoe, and ondy 600 psi f commumcation was
through the seaf assembly The pressure diference cannot be expiaired by an influx
through the shoe as this requires a volume much higher than the fogged and reported
as gains. A sand pressurized at 13 0 ppg will however match the observed 1400 psi
shut-in  the reservoir pressure is comriunicated through the shoe If the pressure is
comntunicated from a 13.0 ppg sand through the cuter annulus, the resulting shut-in
pressure 15 still too low

Durtng the spacer dispiacement. the drillpipe pressure was reading 1000 psi and
increasing after the pumps were shut down for the sheen test at 21:08 This pressure
merease was most hikely caused by an influx driving 14 ppg mud up the producton
casing increasing the density differential between the annular space and the dnilipipe
At thus time, 1300 bbl of water had been pumped and both the drilipipe and the
annulus (between the drillpipe and the casing) were fully displaced to water. At this
point in bme. the pressure at the formatien s underbalanced only f the
communication 15 through the casing shoe. A kick of more than 25 bbt 1s required
from a 13.0 ppg pressunzea sand in order to hecome underbalanced n the outer
anrulus at this time.
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Conclusions:

Based on the simulations, evidence 1o date and evaluations performed it is baiieved
that the nitial flow path was through a teaking casing shoe and up mside the casing
Further it 18 beheved that when the pumps were shut down at 21:3Q, the crew was
trying to close the BOP, most hkely one of the annular preventers. This was obviously
not sealing 100 % and the flow continued. At 21:36 25 it s believed that the dnlipipe
was opened and bled down fo the cement unit untit 293205 The leak in the BOP
continued untl 2147, where a dramatic pressure response is observed on the
drilipipe. This response can be explaned by finafly establishing a 100% seal at the
BOP Its believed that one of the ptpe rams was closed at this tme.

The last pressure recording on the drilipipe is 5730 psi According ta the simuiations,
thts pressure coresponds to a shud-in pressure with only hydrocarbons in the
wellbore. If the vanable bore ram (VBR) was ciosed at seabed, the hydrocarbon flow
to surface should have ceased at about 22.00 hrs There are several potential
scenanos where flow couid have continued to surface fueling the fire. The fact that
pressure readings are available indicates that the IBOP was apen. The potential ow
paths are:

faiied Kelty hose due to explosionfire or pressure
leaking VBR

failed swivel joint at the top of drllpipe

pop-off valve lifting on the mud pumps

¢« 5 2 @

The volume of the drillppe 15 207 bbls. mnitially filled with water and some
nydrocarbons from the shart bleed dewn. This volume will be unlgaded in 2 minutes
according 1o the simulations. After closing the BOP. the niser wiil stilt fow and unlocad
due to the presence of hydrocarbons above the BOP The blowout rate through the
drillipipe tc surface is estimated to 28 000 stb/d. This wikt also be the biowout rate to
seabed according to simulations
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1. Background Information and Input Data

14 General

On Aprit 207 2010, a fire and explosion cccurred onboard the Deepwater Horizon rig
while it was working on the HPHT weli MC252 #1 offshore Louisiana. The rig had
cemented the casing and complications occurred dunng and after performing &
negative test (standard procedure to test the cement job) Explosions occiurred with
subsequent fire and uncontrolled ficw of hydrocarbons and a total loss of well control
The 1ig sank Aprit 227

An mnvesugation team was established immediately (0 evauuate the causes of the
accident. Add wellflow was asked to contribute 10 the engineering support team with
dynamic analysis. simulations and evaluations, and this report summarizes the work
performed

1.2 Well location

The well s located on the Macondo prospect situated on Mississipp Canyon block
252 (MC 252V, offshore Lowsiana, Gulf of Mexico. 52 miles southeast of the
Louisiana port of Venice

Figure 1.1 Field location

1.3 Water Depth
The water depth at the spud locahon s 4952 ft MSL

S50 addenergy add weRlflow as
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1.4 Drilling Rig

The Deepwater Horizon was a dynamic positioned semi-submersible drdiing unit
capable of operating in harsh environments and water dep'hs up to 8000 ft using
18 %" 15 000 psi BOP and 21" OD (19 2" ID) marine riser. The air gap {rkb - MS5L) 15
7o h

Frgure 1.2. Deepwater Horizon

1.5 Reservoir fluid

The reserveir fluid is an under-salurated of with a GOR of 2824 scfistb The reservoir
fluid compaosition has been used as input.

1.6 Mud data

The dynamic simulations reproduce the trends shown by the data legs For
operations involving flow of the Form-A-Set spacer. the pressure drop in the system
was higher than what was estmated by the model. A non-Newtoman Bingham
viscosity mode] was but could still not reproduce the viscous behavior of the Form-A-
Set This effect was compensated by introducing additonal pressure drop at the
outlet of the wefibore. Rheology tests performed using a viscometer after the incident
showed off scate readings and indicated very high viscosity and this is believed to be
casing this discrepancy. Figure 1.1 shows the numbers used for the Form-A-Set and
for the 14 ppg synthetic oil based mud.

Table 1.1 Rheology date for synthetic ol based mud and Form-a-set spacer
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1.7 Reservoir data
The target reservoir sands are used as input to the mode!.

1.8 Pore and fracture pressure profile
The pore and fracture pressure profiles are shown in Figure 1.3 and Figure 1 4.

Pore and fracture pressure

PorE Praseyre

| ———Fractare Pressure

Depth, ft tvd

13800

15200

B 2000 4050 020 £030 15020 L2050 L2000 LEQDD
Pressure , psi

Figure 1 3 Pore and fracture pressure profile
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Figure 1 4
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Pore and fracture pressure, EMW
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- Pore and fracture pressure, EMW
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1.9 Temperature profile
The temperature profile is shown in Figure 1 5

MacondcTenyperatures

=010 4

02 |

Drapth TVD rkb

A=l

Fitsct A o -

o 5 s 157

Temperatures (°F}

Frgure 1 5 Temperature profile
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1.10 Well configuration and casing design

The pipe dimensions are kisted in the following tables. The total volume inside the
casing up to seabed s 745 hbi The volume in the outer annulus 1180 bht The
volume in the annuius between the riser and the drillpipe is 16840 bbl. The volume
nside the drilipipe 15 207 bbl. Figure 1.6 shows a schematic of the welf with depths at

scale while Figure 1 7 shows the wellbore capacities.

Table 1.2. Oufer casing strings

Weight QD i Top Bottom | Length | Capacity
DU SO ... S0 S . N RN NN IO | S SO . SN .. O bbUft .
[ ChoxelKi iz ] ey 5067 6T
Riser A &= ] 5501 EOCH D 369399
st b T g e ss T m | o
[Wellread LS EGA BT 3 T 332475
122 Casing | 22 182375 | 5057 £237 70 TEETEGE
{16 " Casing E-rAN N [ 1488 | TEET ey [ UEee T 1514924
T3 Uner 832 | 13375 | 12375 | 11153 | 12803 188G | C 148767
EER7A Lner' A 4 8" TUI1RTS T 1071 )T 12803 ] iATER T 1SEE |G 117449
9W uner 628 | 9875 | sexe | varsg | 171e7 | 2398_ |0 Q72288
Fgg:j‘igggp N 9875 | 17457 1 18130 373 | 0034721
Rabore b L[ 8s [ 1330 | 1830 | 230 |gororsr
Table 13 Inner casmg sm’ngs fcementad)

. Weight = 0D o Top | Bottom ‘ Lenglh Capac:ty

R T Y N T T S Y T T |

T'xu7 TaperedCsg | 628 9875 | 5828 5067 | 12434 7447 0072268 |
T'x%% TaperedCsg ' 32 . 7 | 6084 | 12434 | 13303 . 5819 . 0063076
Table 1 4. Drifipipe dimensions

Weight | ©OD D Top | Bottom Length Capacity |
e Wk | | in | R | R | ® | bbift |
6% DP 32 6625 | 5426 | G 177 4177 0028501
s:wop 1 oa1e | 58 r,,ﬂ", L oarr | omser | a0 g 922196 |
3% 0P | 93 3.5 2.992 7567 8367 500 | C.00BA% |
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Frgure 1 8. Well schematic. tvd to scale
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2. Events leading up the well control incident

The well was drilled to TD at 13350 ft tvd and the 7 x 9 %" production casing was run
and cemented. li {ook nine attempts to convert the float equipment before it opened
and the cementing could start. 14 ppg mud was in the wellbcre

After cemernting, the @ %" seal assembly was set and tested to 5500 pst followed by a
casing test to 2500 psi. It took B 7 bbis to pressurize the casing from 0 to 2500 psi

A tapered drifipipe (5 %" — 5 4" - 3 ") was run to 8367 ft before the negative test
The boost, choke and kiff lines were displaced to seawater A batch of 454 bbl of
18 ppg Form-a-set spacer was pumped foltowed by 352 bbt of seawaler. The plan
was {0 pump the spacer above the annular but incorrect volume was pumped and
nence, the spacer was left across the BOP. The pressure on the dnlipipe was
2400 psi after the water was pumped The annular preventer was then closed

The pressure was bled down from 2400 psi to 1200 psi through the drilipipe and high
bieed back volumes were observed. The bleed down was continued, but the pressure
did not decrease below 25C psi, and the well was subsequently shut in. Witness
statements vary with respect to bleed back volumies. The pressure increased to 1250
pst during a period of 7 minutes According to witness stalements the niser was filled
up with 0 - 60 bbl

Another attemnpt to bleed down was performed. and the pressure dropped ta zero
Additior.al volumes were recovered from the well but it is unknown how much.

The pressure graduaily increased to 1400 psi over a 30 minutes pericd before «
stabthzed. At 20.02. the pumps were started to displace the spacer with seawater
The pumps were shut down for a sheen test at 2108 and the test indicated that the
fluids could be dumped overboard The pressure then builds on the drillpipe and it is
suspected that the annutar preventer is closed and that the flow is rouled on diverters
through the gas busler The mud was raining down from the derrick, most likely due
lo an overfilled gas buster and vent line The back pressure was building up and
possibly caused a falure of the diverter seat resuiting in mud shooting out of the heole
to the crown block. Approximately 21:46, the first explosion occurred and lights wemt
simultaneausly Approximately 10 seconds later. the second explosion occurred,

The following plots show the stand pipe pressure recorded from 16:00 Hili the
explosions occurred

(£ agd energy add weillflow a5
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Figure 2 1. Recurded drifipipe pressures from 16.00to 21.49
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Figure 2 2 Driflpipe pressures from 16 50 to 1720
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Frgure 2 3. Drifipipe pressures from 1720 to 18:40
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Frgure 2 4. Driflpipe pressures from 20.00 to 21:49
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3. Resuits

3.1 Qil density with pressure and temperature

The reservoir fiuid is an under-saturated off with 2 bubble point at 6500 psi at
feservoir temperature. The density of the oil phase will decrease with decreasing
pressure {see Figure 3 1) and increase with decreasing temperature {see Figure 3 2)
These two effects will aimaost balance each other when an oil kick is taken and slowly
migrates towards surface through the mud. The resulting volume expansion is almost
Zero. see Figure 3 3.

This density behavior will chatlenge kick detection after a kick is taken as pit gains will
be limited before the kick is right below the BOP The crew will have less sime to
react. and once a well control problem is confirmed. a late detection can mean that
gas is already mside the riser befare the BOP iz closed. This behavior is different
from a gas kick. but stll rot uncommon for deepwater drilling operations. Awareness
and knowledge of these mechanisms are important.

Ot density wrt. Pressure
Temg = 235 °F
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Fryure 3 1. Oil density versus pressure. femperafure = 239 °F
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Frgure 3 3. Volume expansion for a 40 bbf oif kick migrating to surface through
14 ppg mud
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3.2 Inflow performance

The 12 € ppg pressurad ot sands have an estimated average permeabitity of 300 mD
over 86 f of net pay This will together with the fluid properties result in a productivity
ndex of 49 stbid/psi from reservoir pressure down to the bubble point pressyre at
65C0 psi. For pressures below the bubble point. gas will flash out of solution. and
turbuiert skin effects will limit the flow potential. Figure 3 4 shcws the resuiting IPR

based con 4 ft reservoir exposure and 86 fi reservoir exposure. As can be seen, the
reservorr Is very profific,

Due to the high oil formation volume factor (shrinkage factor) of 2 14 Rbbl‘Gth the
volumetric inflow rate at reserveir conditions is more than twice as high as those

reporled at standard conditions. Figure 3.5 shows the inflow performance at reservoir
conditions (in-situ conditions).
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Fgure 3 4 inflow performance curves basad on 4 ft and 86 f* of 200 mD sand
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Figure 3 5. In-situ IPR curves based on 4 f1 and 86 1t of 300 mD sand

3.3 Compressibility of the 14 ppg mud

Two observations are made with respect to the compressibility of the 14 ppg mud
The first was dunng the attempts to convert the fioat on Aprit 19" between 14 30 and
17:30. it took mine attempts Gefore the float was opened, and pressures and volumes
were recofded, see Table 3.1

Tabte 31 Float conversion attempts

Atternpt Total volume | From To Volume | Comp.
No Lol i fpsi] [ esi} L b o {tpsi] ]
R4 b 888 L 82000 57 L 3IBELe
| #5 83e (AR AU DL, IS NN~ SO
L ADURUURUN SR . NSNS NN OO IR BESSNS INOO A I S -1
m@; “;_ﬁ_w__§8_€____ i 1 B 250 7.8 ; 7_‘
Average | 1 B B -

in additon to these attempts a casing pressure test was performed Apl 207
netween 11 06 and 1117
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Table 32 Casing pressure test
Total voiwne |, From To Volume Comp i
Test _ fpbll lpsi] {psi] [bbl} [YVipsi
Casing I8 ' 234 2617 5.1 __33EDe
Casing Pressure Tast
s
il ) i ST SO — b e -L.,...{."H J— ...l., :_.“
. /'-’
: /// :
TOOT i e e e '//f."_ i
i / |
; b o , — oo - ———— ..,-:,/,/,{T,,. et e e s+ - (
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L
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ime

Figure 3 8- Casing pressure test from 234 psi to 2617 ps (6.9 bbi)

The compressibility is a measure of how much volume is required to pressurize a
certain velume of the fluid a certain amount of psi.

er

i

o l"';-r"‘P

The outer annulus measures approximately 1100 bbil, and by using the average
number from the float conversion attempts (3.67E-06}. approximately 10 bbl wiil be
expecied (0 be bled back from this volume when decreasing the pressure form 2400
te 250 psi.

The reported gains guring this bleed down were higher than what could be expected
due tc the compressibility of the mud.
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34 Blowout potentials

This analysis of the blowout potential attempis to simulate the conditions around the
time of the incident and does not estimate the potential fiow rate after the incident.
which would depend on additional unknown factors which were not considered, such
as restrictions in the BOP limited reservoir exposure etc The estimated blowout
potential for severat different scenarics are listed in Table 3.3, all based on comingled
flow frcm the 12.6 ppg oil reservoirs with an average permeaoility of 300 mD cver the
86 feet pay zone. It is assumed that the flow is exiting through both the nser and
through the driflpipe without any restrictions

The highest flow potential is through the casing. The outer annulus has some narrow
sections (between the 97%" casing and the 7" casing) and this will create more
frictional forces and higher pressure drop

Tatle 34 and Table 3.5 show the flow distribution between the dullpipe and the
annutus for the casing scenano In addition the total flow potential based on a
blocked drillpipe and flow in annulus only, is inciuded

Simulations were also performed for the blowouts to seabed with restrictions in the
BOP By mncluding a restriction resulting in a flowing wellhead pressure of 3800 psi.
the flow potentiai decrease by approximatety 0% From 61000 sthd to
&4 000 stoid mside the casing using 86 ft pay zone and assuming flow through the
casing shoe. By using a3 wellheaa pressure of 30C0 psi, the flow rate reduces to
58 00C stid See Figure 3.9

Table 3 3 Blowout potential versus flow path, net pay and exit point

Flowpath """ Outer anmulus [sthid] __me:yicismgfstbﬁ]____"j(
Exit point i Surface Seabed Surface |  Seabed |
4 #t net pay ! 17 500 14 600 13000 ; 15 000 !

| B & net pay 47000 1 43000 68000 { _&F000 |

Table 3.4° Distribution of flow for casing scenario to surface

Flow path T Casing {stb/d] - !
Exit point ; in drilipipe | In annulus Total Only Ann. OnlyDP |
4t nel pay 4500 13800 13 090 18000 R
Beftnetpay 2100 A7U00 [ BBOOC | 81000 f 3600
Table 35 Distnibution of flow for casing scenario 1o seabed

Flow path Casing [stbid] ;

Exitpoint in driflpipe In annulus Total _ Only Ann, OnlyDP_ |
GAfnetpay G 3800 ] 11200 1 1000 15000 [ 13560
|36 finet pay b JEed0 L 4rs0e L w000 ] 61000 400C0
T addenergy ST  adawelfiow as
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Frgure 3 7 Biowout potential with flow from shoe through drfipipe and annulus
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Frgure 3.8 Blowoul potential through casing shoe versus FWHP

3.5 Shut-in pressures with hydrocarbons in the wellbore

The calculated settie out shutin pressures are 6800 psi when a hydrocarbon filled
well is shut-in at surface and 8250 psi when shut-in at the BOP.

Oepending on the fliowrate and temperature profile i the well pror to the shut-in, the
simulations indicate thal the peak pressures can be slightly higher than the reported
settle out pressures Examples of a subsea shut-in are shown n Figure 3 10. For a
potential shut-in at surface (IBOP) the pressure buitdups will be siower due ta more
gas in the wellbore.
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Frgure 3 10.Examples of dynamic shut-in pressures, shul-in 8t seabed
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3.6 Initiat simulation with fiow through casing and full reservoir exposurg

The intial simulations were based on the initiai observations of an 85 bhi gain and fuli
reservolr exposure These simulations revealed that the general trends are in line
with the observations The unicading of the wellbore is ococurnng quite fast and
simulations show that this can take less than one hour However, there are a cougle
of discrepancies Fust, the modeled shut-in pressures do not match with the data log
According to the simulations. the shut-in pressure at 17 20 is 200 psi lower than the
reported.

The second discrepancy is when the oil and gas are surfacing Rased on the fuli
feservoir exposure the trends show a faw match untit about 21.00. At this point i
time the simulations predict that hydrocarbens will reach surface at approximately
2116 and this is too early compared to the abservations.

Fiow through casing - 85 bt gain
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Fgure 3 11 Simulated versus real time data pressure for casing scenarto, initial run
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Figure 3 12. Simulated flow rates at surface for casing scenario. initial run

3.7 Initial simulation with flow through outer annulus

The same imtiai simulation was performed assuming that the flow path is i the outer
annufus. Again. 85 bbi gain was used together with 56 feet of pay sand and 12 6 ppg
reservoir pressure  For this scenano, the calculated shut-in pressures are higher than
the observations. Al the very end of the unloading sequence, this scenario shows a
better match with the observations compared to the casing scenane As the outer
annuius will be exposed to higher pressures during the circulation jeb than the
casing, the unloading is siower.

However, based on withess reponts, the inmtial 50-60 bleed back volume was due fo a
teaking annular preventer.

I agdenergy add weitflow as
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3.8 Shut-in pressure considerations

Two shut-in conditions exist and these can be used to estimate the downhole
conditions and size of a potential kick by static considerations. However, due io
uncertamnties with respect to several fluuds. mixing zones etc. these calcuiations have
to be based cn assumpticns Between 17:10 and 1725 the pressure reads 1200 pst
From 18:34 10 19:57. the pressure reads 1400 psi

The mital interpretations of the bleed-downs through the drilipipe suggested an
85 bbl gain caused by an influx from the reservoir. This would force mud or water up
in the drillppe and volume calculations can determine the mud waterdevel in the
drillpipe

Based on the 12.6 ppg pore pressure, there is a significant difference between the
kick voiume required to create these shut-in pressures it will take 130 bbl inside the
casing te end up with 1200 psi shut-in drilpipe pressure whilst it will only take 25 bbi
n the outer annulus. This is observed from the initial simulation runs where the mside
casing scenario ended up with a shut-in pressure of 1000 psi based on a 85 bbi kick
see Figure 3.11

For the outer annulus scenario, simuiations showed a shut-in pressure of 1400 psi
dased on an 85 bbl kick. compared to the recorded 1200 psi, see Figure 313
Unknown conditions down hole aiso challenges these calculations as the capacity in
around the inflow zones depend on the quality and quantity of cernent

The difference in shut-in pressures for the two flow path scenarios is caused by the
different fluds present in the two paths. For the casing scenario, there is initially
water in the drilipipe 1o 8367 ft, and 14 ppg mud from this pomt to TD For the outer
annulus, there is 14 ppg mud from the bottom and up to the seal assembly at
mudine. 16 ppg spacer and water in the annulus, and water in the dnilpipe see
Figure 3 15

titis assumed that no influx was taken during the negative test, the resuiting drifipipe

shut-n pressure should be 1030 psi based on a 12 6 ppg sand. To reach 1407 pst.
the pore pressure should be 13 ppa. see Figure 3 17,

L add energy
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Frgure 3 16 Shut-in pressures with no hydrocarbons and water in drifipipe

3.9 Flow inside casing based on 13 ppg sand and 4 ft net exposure

The shut-in pressure based on a 12 6 ppg pressurized sand was 100 low based or
the repcried 55 bbl gamn, and a new simulation was performed assuming that a
13 ppg sand was exposed to the wellbore. This sand has however only 4 ft of net pay
and the of and gas rates will therefore be lower and it 15 expected that the
hydrocarbons vall surface later than what was simulated using the 26 ft of the
12 6 ppg scenafio

For thrs simulation. the estimaled gain based on the simulations was approximately
60 bbl. The caltuiated shut-in pressure after the 2400 — 250 psi bleed down was
above the observed pressure of 12800 psi, but showed a good match with the
14C0 psi shut-inr pressure. The estimated unioading sequence was in relative good
agreement with the observations

Remark

AMud 1s displaced up inside the drilipipe and influx is required to match the 1400 psi
pressure compared to the simulations assuming leaking annular preventer.

&} addenergy add wellflow as
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3.10 Simutations based on a feaking annular and no infiux before circulation

From witness statements. the gains reported initially was most likely caused by a leak
n the annular preventer as & was reported that the riser was filled up with
approximately 50 bbl between 17 12 and 17:22 If no influx was taken during this
nitial bieed down from 2400 psi to 250 psi. it must be assumed that the cement was
holding the formation fluids back at this time. as the conditions down hole is
underbalanced during this operation.

Simulations were based on no influx taken before the circutation Job starting at 20.02
When the circulation is started the pump pressure and the bottorn hole pressure will
increase. At 2108, the pumps are stopped for a sheen test and the stand pipe
pressure is 1000 psi, but increasing. At this point in time. 1200 bbi of water has been
pumpec. and both the drillpipe and the annulus between drillpipe and 9 %" casing up
to the seabed is be filled with water. The pump rate has ranged between 50C ang
1250 gpm and this is sufficient to obtain an effective transponation of the flurds i this
annuius {between drilpipe and 8 %4"). This annulus is thus fully displaced to seawater
at this point In time Hence, the pressure at the formation in the outer annulus i
136 ppg. and no influx can be taken. inside the casing, however. the pressura is
lower, and influx can be taken.

Simulatons were performed assuming that no influx was taken pricr to this pericd,
and the well was fully filed with water, spacer and mud before the circulaticn
operation starting at 20:G0 The flow path of potental hydrocarbons is inside the
casing from the casing shee

The simulations show a fairly good match with the recorded stand pipe pressure
during the circuiation job. until the pumps are shut down at 21.30 From this point in
time the simulations predicts a decreasing stand pipe pressure in contrast to the
recordings showing several pressure peaks The decrease in pressure is caused by
ighter flud in the annulus as mud and water is being replaced by hydrocarbons

The foitowing figures show plots of vanous vaniables, flow rates and pressures during
the unlcading sequence. The simulations are based on a constant influx of 300 mD
and 15 ft net pay The casing is open 1o ficw at surface.
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Figure 3 21 Flow rates, casing scenaric

3.14 Pressure drop in surface iines

in order 1o investigate whether the surface piping can create enough backpressure on
the system to blow the diverter, several simulatons were performed for a 500 ft
horizortal ine. The line length used are not reflecting real lengths of the pipes. but
these simulations were done to gain an understanding of possibie pressures. The
fiquid flow capacity is high for the larger dimensicns (see Figure 3 22), but as soan as
gas is flowing together with the liquid, high fnctional pressure drop can be observed

The vent line from the gas buster is 245 ft high, and this will create a hydrostatic head
of 180 psi based on the 14 ppg mud. A burst disk is insialied to protect the gas
separator. and is supposed to pop open at B0 psi The flow wilt then be routed
through 2 6" kne averboard with the vent line still open.

1% add energy add wellflow as
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Frgure 3 22 Frictional pressure loss in 500 ff pipe with 14 ppg mud

3.12 Pressure drop across leaking annular

Simulations were performed o investigate the pressure drop that would occur n a

situation with mud fiow through a feaking annular between the riser and the H 13"

drillpipe. The total flow area of a fully open annutar is 252 in2, and Figure 3 24 shows

the pressure drop versus cpening for two fixed flow rates of 14 ppg mud. As can be

seen from the figure only minor pressure drops occur before the annutar reaches a
7 % closed positon

TY add energy add wetiflow a5
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3.13 Sensitivities with respect to potential events after 21:30

The actual pressure readings show fluctuations in pressure between 21.30 and
2150 These fluctuations are helieved to be caused by restrictions in the flow path
{partly sealing annular preventers) and/or additicnal back pressure caused by surface
piping and equipment. They cannot be explained by the transient effects such as
inflow, changes in wellbore fluids, flashing, flow regime, swapping etc
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Table 36 Pressure fluctuations the last minutes before explosion

A simuiation was run where the well was shut in at surface at 21:30 The pressure
response indicates a guicker pressure bultdup than shown by the data, see
Figure 3 25 It is believed that a maximum pressure of 200 psi can be generated by
flowing mud and waler through the surface equipment. Alsc, the nser slip joinl seals
will fail at 250 psi. Therefore, based on the avalable evidence at this time, we
conclude that the first pressure icrease at 21.30 hrs can only be potentally
explained by closing in at surface The rest of the pressure intrease must be
generated by a downhoie restriction.

1L agdenergy add welifiow as
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Frgure 3 25 Pressure response for a sudden shut-m at surface (no flow)

The first pressure build-up after 2130 cannot be reproduced by closing in the well
100 % on the BCFP annular. Another simulation was performed where it s assumed
that the annuiar is leaking In addition to a leaking annular, the sudden drcp and
buildup occurnng between 27 36 and 21.37 match very well with the assumption of a
short bleed off to the cement unit. This sudden drop and build-up canngt be explained
by simutating a closed annular being instantanecusly failing and fully opern. Gas is
already in the system and will dampen the pressure response on the doifipipe side

10 addenergy add welfiow 15
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Frgure 3 28 Simulfations of circulation wath flow through shoe. pressure buddups

3.14 Fiow through annulus based on leaking annular and no influx before circ

As stated in the previous section, it 15 not possible to get an influx from the outer
annuius night after the sheen test if no lack was taken before 2000 Figure 329
shows a lirear static pressure prefile in the well with 1000 psi drillpipe pressure,
seawater in drllpipe, seawater in annulus up to the seal assembly and 14 ppg mud
down to the top of 2 potential influx. In order to balance a 13 ppg sand at 17300 ft
based on this condition, the top of the hydrocarbon influx should be at 18700 ft see
Frgure 3.25. This requires a 25 bbl kick assuming that the top of the cement is at
17450 ft with only smaller channels below 10 the 13 ppg sand

<37 addenergy add weliflow as
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A. Appendix A

QK

For the dynam:ic simulations, OLGA-WELL-KiLL {powered by OLGA from SPT Group)
was appiied The simulator is tailor-made for well kil simulations angd has been used
i a number of on-site applications for blowout and well control The development
started in 1989 {during an underground Dlowout in the North Sea) based on the

L GA pipefine simulator. The model is a fully dynamic simulator that is capabie of
handing three different fluid phases simuiltaneously The model is capable of
handiing non-Newtonian fluids: 1.e the viscosdy is depending on the shear-rate. The
OWK simulator handles a number of different flow configurations, e g annuiar flow,
flow through bit nozzies, valves, pipe joints et See www addenergy no for more
information.

The base core Olga code was presented in 1991 fref 14] The originat version of the
Ouaa-WeLL-KiL, model s descnbed in a paper from 1996 [ref 10] Application of the
mcdel have been presented in a number of papersfref. 1 2 4, 8§ 11 12 and 13}

Reserveir fluid characterization and property generation was performed by PVTsim
This 1= the markel leading fluid charactenzation and simulation software See
www calsep com for more info
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