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Abstract

A computer based method expedites interpretation of pressure
¢ata during subsea blowout preventer (BOP) tests. This can
teduce the time and cost of current subsea BOP testing
practices in a safe and objective manner.

Presently, individual tests can require more than 1 hr. of shut-
in time and a complete series of subsex BOP tests may
comprise at least 12 indwidual tests

The dsgital method employs computer softvare to produce an
accurate model of the pressure declmne behavior relatively
early 1 each test The model can thus predict if future
pressures will stabilize at an acceptable level. With regulatory
spproval and a reliable method to forecast pressure, the
duratior of subzea BOP tests can be significantly reduced.

Comparison of the digital method to conventional subsea BOP
testing on numerous field trials shows excellent agreement If
implemented the digstal method could save hours of valuable
critical-path rig time during every series of subsea BOP tests.

Working in concert with regulatory authonties to gain
endorsement of this method is integral to the progect.
Fuactionality of the software, example fesults and
implementation status are reported.

Introduction

Industrv trends toward deeper water, use of synthetic oil based
fluids and subsurface conditions that require higher test
pressuses contribute to lengthy delays while waiting for
pressures to stabilize during subsea blowout preventer (BOP)
testing. Also, subsea BOP stacks with redundancy of
components and use of multi-diameter drill strings leads to
greater numbers of tests that must be conducted.

Franklin 2t. al. investigated the phenomenor of leagthy subsea

BOP testing times.! They conclusively atuibuted the
prolonged decay of pressure with time to heating of the test
fluids during pressunzation followed by cocling of the fluids
during shut-in test periods. They proposed that real time
digital analysis of the pressure decay could yield larze time
and cost savings with safetv benefits gained through reduced
exposure time of personne! to pressurized lines.

The current avthors continved the aforementioned work A
digital algorithm for real time mterpretation of subsea BOP
tests was implemented in software and tested successfully in
U.S. Guif of Mexico trtals. This documenat explains the
algonthm and presents field trial results.

Current Subsea BOP Testing Practice

Current subsea BOP testing practice (11 U.S. and generally
worldwide) i3 to view shut-in test pressures on circular chart
recorders and wait ushil a S-minute period of reasonably stable
pressures is obtamed (see Fig. 1). The reasonably stable
pressures must be grezter than or equal to the required test
pressure 30, to allow for temperature-related pressure declines.
tests are wmitiated well 12 excess of required pressures. A 3-
rainute period of reasoaably stable pressures ts required as
proof of non-leaking tests since, absent additioral analysis, the
perieds of overtly declining shut-in pressures could be
indicative of leak:s in the systems.

Subsea BOP tests recerded on d-hr 15,000 psi circular chants
are typically ended when pressure decline rates are in the
range -4 to -3 psimin This is because the pressute trace
begins to appear steady once pressure decline rates dirmish to
the sange -4 to -3 psi'min, making this the as-practiced lumat cf
circular chart resofution. Given the subjective nature of visual
chart interpretation, tests are somehiumes stopped at pressure
decline rates as high as -5 psi‘mun and as low as -2 psinn.
We consider -3 psi‘min as representative cf a high standard of
current testing practice and designate the pressure at which
this ceeurs as Py or the “pressure at stabilization™,

Pressure Behavior During Subsea BOP Tests

Individual subsea BOP tests can require vpwards of an hour
for pressures to stabilize acceptably. In the example of Fig. 2,
8 pipe ram tests averaged 53.5 munutes each, 4 annular
preventer tests averaged 16.8 minutes each and the total shut.
in ttme was $.25 hours. The ideal combined shut-in time
would be 1.0 hour given the US. Minerals Management
Service (MMS) requirement that each of the 12 tests must
hold the required pressure for § minutes. In this example an
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excess of T.25 hours was expended waiting for pressures
stabilize.

Pressure declines of non-leaking tests are attributed to cooling
of the fluids 1n the pressurized system:

s  Surface-temperature fluids are pumped from the
cemerting unit into the kill and'or choke line(s) to apply
elevated pressure to the subsea BOP components bewng
tzsted. These fluids are warmer than their surroundings

» Fluids in the kill and’or choke line(s) compress as
additional fluids are pumped-in. These fluids are
displaced deeper to cooler surroundings.

» Fluids in the kil andror choke line(s) undergo an internal
energy gise when they are compressed. This heat of
compression  causes a  shight elevaton of {fluid
temperaturas throughout the system.

»  The pressurized fluids 1n the kill and-or choke line(s) cool
as they lose heat to their susroundmngs.

¢  Shut-in test pressures declne a3 the testing fluids cool.
The rate of pressure decline ia fastest irutially when the
temperature differences {AT) between fluids and
surroundings are greatest and slows as AT becomes less.

Subsea BOP tests tend to take longer with synthetic base muds
(SBA) than with water base fluids (see Fig. ) because:

* SBM is more compressible than water, hence mere SBM
(and keat) is pumped-in to attain a given test pressure.

e SBM! has greater heat of compression {temperature rise)
than water.

»  SBM has lower heat capacity than water so loses heat
more slowly and takes longer to cocl.

Digital BOP Testing

Digital BOP Testing offers a means to substantially reduce the
shut-tn time needed to correctly interpret subsea BOP tests.
The term “digstal” refers to:

e Testdata are recorded by o computer.

» A computer anafvzes the pressure decline.

* A computer forecasts if the test is pontive or negative.

s A computer geaerates a summary test report.

Given regulatory approval and a computer-aided forecasting

method that can be applied safely, accurately and reliably, the
eovisioned benefits of Digital BOP Testing taclude:

»  Correctly interpreting tests more efficiently,

o Applied repestedly, saving ca. 6 hours of critical path rig
time per test interval (typically every 14 days).

s Saving ca. $3 mutlion dolfars annually per floating drilling
operation.
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s Interpreting tests in a consistent, objective manner.

s+ Reducmg personnel, exposure to high pressure dunng
subsea BOP and surface manifold testing.

» Reducmg wear and tear on BOP components and
pumping equipmeant

e Making better use of metoceanic conditions while
favorable for drilimg

Digital BOP Testing Algorithm

A Digital BOP Testicg Algorithm was developed o erable
real time interpretation of subsea blowout preventer tests. The
algorithm takes great care to obtain accurate gressure
forecasts. An appropriste mathematical fuaction with good
predictive capability is fit to the observed pressure datz, the
pressure trend is extrapolated and a stringent test is applied to
check for confidence in the pressure forecast.

Pumyp 1ate, volume pumped and pump pressure data are
received in ca. l-second intervals. These measurements are
typically made at cementing vnits by cementing services
providers. The end of pumping and beginning of shut-in est
periods are detected.

During shut-in periods a function of the form

............. TR |
cHt™ ®

is regressed to the eatire time and pressure data set whenever
fresh data are received. The values of 4, 5, ¢ and m that

provide the best fit of the function to the data are computed

Pit)=A+

Given that Eq 1 expresses shut-in test pressure as a function
of tirae, the pressure declne rate i3 the 1st derivative of Eq. 1

- bmt™™
P' 1) ST emrmmren + 3
® (c+t™)y

and for 2 pasticular value of the dervatuve such as P the
time at which that value occurs is stated by Eg. 3.

=B+ ) ™!
bm

An jterative tachnique i3 emploved to solve Eq. 3 for the ume
at which 2 certain value of Pr occurs. Eq 1 is then used to
predict the associated pressure.

t

Within each computation cvcle the time at stabslizaticn 4
{when PT = -3 psinun) i3 predicted with Eq. 3 using the
current best fit of the Eq. 1 function then the pressusre at
stabilization Py is predicted with Eq. 1. This i3 compared with
previous Py forecasts and a test for converzence 10 a stable
solution 1s applied. “Stable solution” means the forecast does
not change appreciably as more data are added whereupon we
are confident the sclution correctiv represents the pressure
trend and can be used to interpret the subject BOP test

BP-HZN-2179MDL03122744
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COur chosen “test for convergence to a stable solution™ requires
a minirmum of 60 consecutive Py predictions tc be within 3 ps3
of one another. There are many possible tests with attendant
trade-offs of sclvuon time (elapsed shut-in time to obtain the
I¥ stable solutico) apd pressure forecasting acceracy. We
investigated a range of these and found the combination of 60
samples and 3 psi to be an appropriate criterion in the subject
Digital BOP Testing Algorithm.

Whean a stable solution is obtained, the predicted value of Py is
compared tc the sequired test pressure Py, If Py 1y greater
than or equal to Pyy, the test is declared successful (pasitive)
and, given confidence m the interpretation, can be ended in
order to proceed to the next fest. If Py 1s leas than Ppy, the test
is declared unsuccessful (negative) and, given confidence in
the interpretation, can be “'pumped vp” or repeated.

Digital BOP Testing nterpretations have been and will for
some time continue to be compared with chart recorder results
where the chart method is presumed correct and the digital
raethod may or may not coacur. [t is therefore necessary to
calibrate the digital methed to the chart method to facilitate
comparnisens. The digital algorithm s therefore focused on
predicting the pressure Py at which 2 test done by chart method
13 likely to be ended and interpreted. i.e., the shut-in pressure
at which the pressere decline rate is -3 psi‘min.

Digital Algorithm Performance Study

We quantified the Py prediction accuracy of the Digital BOP
Testing Algorithm when spplied to a stdy group of 98 kigh
pressure subsea BOP tests obtained from 17 fortnightly test
suites all conducted on the same floatirg drilling rig 10 U.S.
Gulf of Mexico. This group is sigrificant in that all fests were
Feld shut-in to prezsure decline eates of -3 psi'min o1 less thus
enabling direct comparison of Py pregend 363 Py aniat

There iz a posiuve relation berween &; (elapsed shut-in time at
which the pressure decline rate is predicted to be -3 psimin)
and Digital BOP Testing Algonthm solution times (see Fig.
4). The average sclution time in the 98-test study group was
07:37 with a maximum of 20:29 and a minimum of 01:14,

The potential time savings via Digital BOP Testing for a given
test series are a linear fuanction cf the total shut-in time
required to complete the series by chast recorder method.
Digstat BOP Testing can consistently reduce the required shut-
in time of the chart recorder method by ca. 68% {see Fig. §).

Figure 6 shows the cumulative distribution of P, prediction
errors in the study group. The error range is -0.33% to 0.81%%
with a mean of 0.11% and standard dewviation of 0.24%.
Hence, if a chart recorder test starts at 8,850 pzi and the actual
P, value is 8,020 pai we conclude that the Digital BOP
Testing forecast will be within the range 8,010 psi to 8,048 put
with the most likely valve being §,029 psi.

Figure 7 shows the data of Fig. 6 in hictogram format with a
“bell curve” supenmposed. This indicates an approximately
porma) distribution of error values. Assuming the rules of
rormal  distributions apply to  these data, statistically
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significant conclusions can be drawn from an errors analvsis’

e The mean P, prediction error of a subset (the study group
of 98 high-pressure subsea BOP tests held skutm w0
pressure declire rates of -3 psrmin or less) of the total
population (all subsea BOP tests of which the study group
is representative) falls within the range 0.11% = 0.03%
95%; of the time {or 19 times out of 20).

s The error term falls within the range -0.62% to 0.73%
99 5% of the time with 95% confidence

o The upper bonnd error will be less than 0.69%% 199 times
out of 200 (99.520 of the time)

The practical result of this errors analysis is that

s The Digital BOP Testing Algonthm is shown 10 be highly
accurate, on par with or beter than measurement
accuracies of the electronic pressure transducers and
mechanical chart recorders tvpically in use on cementing
vnits where subsea BOP tests are interpreted

o The condition for a test to be deemed positive (stated
previously as P; presmgd = Pry) can incorporate cur
knowledge of the 99.5% upper bound error so is
implemented in Digital BOP Tesung soffware as Ps (1-
Gipar 5350 2 Prog Where & yper 355 = 0 0069,

Digital BOP Testing Software

Digital BOP Testing 13 impiemented in joftware with iatent cf
supporting the current workflow of subsea BOP testing. The
software is therefore designed to be seen and used at
cemerting vaits by cementirg umt operators.

Figure 8 depicts the displays seen during inutiation of high
pressure subsea BOP tests. A pump-in graph obtained dunag
pressurizauce shows the lmear relanon of pressure vs.
volume, computed in this exaniple to be 1,782 psi bbl. Once
pumping ends. a graph of shut-in pressure vs. time i3 updated
with each new pre:sure measurement. A yvellow “light”
displayed while Digital BOP Testing softivare analyzes the
data and seeks a stable pressure forecast.

A pressure forecast is displayed when the 1% stable solution is
obtained (see Fig. 9) and the test is interpreted a3 either
positive or negative. The test is positive in this example to the
“lLight” is green. The “light” would be red in the event of 2
regative test interpretation. Pending regulatery approval of
Digital BOP Testing, the intent 15 for a test to end soon vpon
receipt of a conclusive interpretation. The test in this example
was shot-in for 51 minutes additioral time because 1t was
interpreted by chart recorder method. This enables us to see
how well the observed data overlay the pressure forecast.

Figure 9 shows Digital BOP Testing software obtamned a
stable solution 15.9 min post shut-in and Py prediees Was 9,629
pst occurring at 23:19:38. The test continued to a pressure
decline rate of -3 psirmin from which Py aeqar was 9,661 pai
occurring at 23:13:12. The -32 pai difference between P,
protized 808 Py gemar i3 3 forecasting error of -0.33%. Digital
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BOP Testing software correctly interpreted the test as posstive
but did 20 31 minutes ahead of the chart recorder result.

Figure 10 shows a zimilar result from the subea BOP tent
conducted subsequent to the example of Fig. 9. The test was
teld shut-in for 65 minntes to a pressure dechne rate of -3
psirmin, Digital BOP Testing scftware cobtained a stable
sofutson 17.3 minutes post skut-in and P, was predicted a3
©.577 pai oceurming at 00:48:22. Py g Was recorded as 9,608
psi occurring at 00:42:01. Py prudioged was 31 pst less than Py
aca? Tepresenting 3 -0.32% forecasting error  Digital BOP
Testing correctly interpreted the test as positive but did so 48
minutes it advance of the chart recorder result.

Digital BOP Testing software performs similarly when applied
to high pressure surfice manifold tests. Surface magifold
testing 15 not necessarily a “critical path” rig time expenditure
where Digstal BOP Testing cen reduce well cost. However,
surface manifold testing is required along with subsea BOP
testing so there is safety benefit to reduced persornel exposure
to pressurized lines, work benefit to completing tasks more
efficiently, reliability benefit to objectivelv interpreting each
test plus it 15 preferable that subsea BOP and surface mansfold
tests are conducted and documented i the same manger.

Figure 11 states results from a series of 10 surface marifcld
tests held shut-in to pressure decline rates of -3 psi‘mum or less
thus enabling quantfication of P, prediction accuragies and
potertial time savings obtamable through use of Digital BOP
Testing scftware  The average solution time was 6 ¢ minutes
with a mean error of -0.08%¢0 =0.04%% vielding a potential 50%
raduction of the total shutin time required by the chart
recorder methed of interpreting surface manifold tests.

Implementation Status

The Dignal BOP Testng Algorithm has been thoroughly
evaluated through retrospective analysis of huadreds of
digitally recorded subsea BOP tests conducted in U.S. Gulf of
Mexico. Digital BOP Testing scftware has been rua in 1eal
time at everv opportumty 112 remote live acquisition of subsea
BOP testing data.

Digital BOP Testing software performed successfully 1w all
trials conducted onboard Tranzocean Deepwaier Horizon in
U.S. Gulf of Mexico during 2006. Digital analysis was
eriployed concurrent to the chart recorder method of test
interpretation which remained the deciding factor. Field trials
accomplished the not-trivial challenge to acquire sufficiently
kigh quality data flows and interface to existing signal
processing infrastructure onboard floating drilling operations.

We informed the U.S. Mirerals Management Service of status
and results throughout development and tials of Digital BOP
Testing. We proposed a period commencing January 2007
wherein a subset of subsea BOP tests will be interpreted via
digital analysis in lieu of the chart recorder method. An
application to MMS for approval to ute thiz new technology 1s
cusrently in process

Conclusions

1. Indmvidual subsea BOP tests can require upwards of an
hour for pressures (o stabilize acceptably when interpreted
by chart recorder method.

2. In a 98-test study, digital analaysis correctly interpreted
all tests in an average solutior time of 07:37 with 2
maxuoum cf 20:29 and a mintmum of 01:14.

3. In the same 98-test study, the digital pressure prediction
error range was -0.53% to 0.8132 with a mean cf 0.11%
and standard deviatior of § 24%.

4. Digital subsea BOP test mterpretation can consistertly
reduce the required shut-in time cf the as-practiced chart
recorder method by cz. 6§%.

5. Digital BOP Testing software performs simuilarly well
when applied to high pressure surface manifold tests.

Nomenclature

A4, b £, m= coefficients 1n pressure functicn
P = shut-in test pressure, psi

Prap= required test pressure, psi

P, = pressure at stab:lization. pai

F 7= pressure decline rate, psi’'mun

7= time stnce shut-in, sec

1. = ume at stabilization, sec
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Appendix
We list here further details of how Digital BOP Testing s
presently iraplemented i sofhware:

e Apreen“light” is assigned 10 a test when:

1. Pypredictions satisfy the (60,3) cniterion and
2. Pi(l-8) > Pry where &= 00069 and
3. (Py-P) Py Q123

o Ared “light” is assigned to a test when-

P; predsctions satsfy the (60,3} critenion and
Py(1 - 8) < Py where §=0.0069 or
(Py-P;) ‘P> 0.125.

Yh 1) b
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e The Digtral Algorithm sometimes obtains stable solutions
during analysis of subsea BOP tests in less than 3
minutes of shut-in time. When this happens, and the
interpretation is positive, Digital BOP Testing software
should not display a green “light” untl at least 5 min of
shut-in time have elapsed. This 13 necessary to comply
with the MMS requirement of “must hold the requued
pressure for $ minutes”

e [fshut-in pressure fall: below P, before a test 1s ended,
activate a red “hght™ if not already activated This rule
pertains to cases where the “light” was previously vellow
because a stable solution was not yet obtained

The green “light" requirement of (Py — P.) - Py £ 0.125 18
explained as follows:

P, 15 the pressure associated with prediction of the time &
whea P’r= .3 psi‘min. Similacly, P. is defined as the pressure
asscciated with prediction of the time ¢, when P 7= -1 psi min.
The purpose cf examining the pressure forecast at times f; and
r; i3 to discern if the modeled pressure decline tread
extrapolates to a relatively high pressure (indicative of no
leak) or a relatively low (possibly zero) pressure which would
be ndicatrve of a leak. The condiional value of 0.125 was
erapirically determined frem a swdy of 145 high pressure
subsea BOP tests to discern the range of normatl vs. ancmalous
valves cf the quantity {Py;~ P;) / P,.

The (P; — P.) - P, - 0.125 requirement addresses improbable,
but peeeible, instances cf tests with very zmall leaks iniuated
at suffictently tugh pressures to satisfy the Py (1 - &) > Py
requirement This use cf the Dig:tal BOP Testung pressure
forecast is meant to protide am appropriate safeguard, in
additicn to those already described, to assure Digital BOP
Testing meets or exceeds the capability cof the as-practced
ckart recorder method to correctly interpret sebsea BOP tests.

CONFIDENTIAL BP-HZN-2179MDL03122747
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data are displayed while being anatyzed {nght).
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Fig. 9 - A pressure forecast is displayed and the test data are interpreted once a stable solution is obtained (left). If the test remains shut-in
following the initial pressure forecast, the additional pressure data are displayed and we see the accuracy of the forecast (right). The Eq. 1
values of the pressure forecast are A=8,906.5 b=2.887E+5 ¢=2,246E+2 m=0.623.
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Fig. 10 - A solution was obtained 17 minutes post shut-in, £, was predicted with 99.7% accuracy 48 minutes ahead of the chart recorder
result and Digitat BOP Testing correctly interpreted the test ss positive. The Eq. 1 values of the pressure forecast are A=8,802.3 b=3.689E+5

¢=2.804E+2 m=0.635.
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Fig. 11 ~ Digital BOP Testing saftware performs well when applied to high pressure sutface manifold tests.
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