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Figure 36 ‘HPC NDE vibration signature during APl mechanical test run in May 2009."

The APl mechanical test run of the HPC was performed on May 29, 2007. The waterfall
plot in Figure 36 shows that frequency content of the vibrations at the NDE bearing.

There is sign of sub-synchronous vibration activity at approximately 70% speed. This is

consistent with the expected frequency of an impeller rotat ng stall excitation, but consid
ering the low pressure test conditions of an APl mechanica test run, it is considered more

likely that the cause for this vibration component is lube oil flow in the NDE bearing as-

sembly (radial and thrust).
Similar vibrations have been observed on another STC supplied compressor to a facility
with significant AP Mgller-Maersk involvement, and the amplitude of the sub-synchronous

was found to depend on the lube oil supply temperature and pressure.
During the APl mechanical test run on May 29, 2007 the lube oil temperature and pres-

sure was varied as per the test protocol.
The class Il performance test was also performed on May 29, 2007 from about 19:15 to

01:15 at night on May 30. The NDE vibration amplitude during the test is seen in Figure
37, and by comparing total (direct) vibration amplitude with the unbalance (1X) vibration
amplitude, it is concluded that no aerodynamic excitation of any significance occurred

during surge line testing in the performance test.
Based on the PTC10 class Il performance test STC conc uded that the contractual per-
formance was met with P, ../P, ... = 1.02 (API 617 I'mt ,1.04). Furthermore, 5TC
noted that the surge capacity of section 3 (HP) is better than predicted.

It has not been possible to determ ne if the HCP DGS seal gas supply was taken

from impeller 4 during the class Il performance test, or if it was provided from an-

other source (e.g., nitrogen or unfiltered performance test gas). It is, however,
given that the test did not include seal gas take off to supply the LP/IPC and Com-
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pressor Train ‘B*. This may explain the “better than predicted” surge capacity, sin
ce the flow to impellers 5 to 7 was proportionally larger in the ASME PTC10 class Il
performance test than for operation on the Ngujima Yin FPSO.

E .
) A e e e e ) T ‘«‘Ju}""-'r'”"*

Figure 37 ‘HPC NDE vibration signature during class Il performance test in May 2009.’

« Bearings and seals were fitted in Thailand. The missing bearing bolt tightening
procedure is of course of concern and it is therefore recommended that a proper
QC QA procedure is put in place.

Report: 09.2838 rev 03.1 Page 66



LLOYD'S REGISTER ODS

4.9 April 13, 2009 versus Commissioning

There was no formal surge line verification during the commissioning of the M60 Com-
pressor Module. 1t is therefore possible that,

« The surge protection setting in the Solar control system may not be fuly in accor-
dance with STC performance testing. STC and Solar have checked the ASC set-
tings in the Solar control system and found them to be correct.

From October 2008 to mid December 2008 the HP compressors were operated with water
wet gas because the glycol contactor was either not working or bypassed due to missing
contactor interna s. There is no evidence of significant liquid carry-over into the HPC-A in
Apri 2009.

From Sections 4.4 and 4.5 we know that a significant difference between operating con
d tions in April 2009 and commissioning is the offset in HPC-A suction flow and strainer
DP transmtters. As the HPC-A suction flow transmitter offset increased since January 18,
2009 the actual operating point moved to lower flow even if the ASC system did not per-
ceive it.
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Figure 38 ‘HPC-A temperature rise as function of operating speed.’

It is conjectured that this explains why the typical relationship between temperature rise
and operating speed changed in April. On April 13, 2009 the temperature rise was sud-
denly very low, and knowing there was no forward flow and the ASV was closed, this is
taken to confirm that

e On Aprl 13, 2009 there was no flow through the HPC-A discharge nozzle to the
discharge temperature transmitter. Instead, the measured discharge temperature is
due to conductive heat transfer.

4.10 April 13, 2009 versus April 5, 2009

As mention in Section 2.4.1 there was increase in HPC-A NDE radial vibration in the days
prior to the incident.
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There is no frequency analysis capability in the Ngujima Yin, so it is not possible to readily
determine the cause of the vibration increase. However, it is noticed that the unsteady
vibration component seems superimposed the vibration level from before April 5.

HP-A DE-X Vi atlon Level HP.AOE-Y Vibraton Level
00 o
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Figure 39 "Start-Up HPC-A vibration from April 9 to April 13, 2009."

Comparing start-up/shut-down bearing vibrations on HPC-A during critical speed (nc1)
passage in the period April 9 to 13, 2009, Figure 39, it is seen that the compressor shaft
unbalance has lower unbalance at start-up (nci response approximately 12 pm pp) than
during shut-down(nc1 response approximately 22 pm pp). This was also the case in the
last start-up before the gas release. A very similar behaviour was observed in the APl Me-
chanical Test of the HPC. This suggests that the balance condition of the HPC-A has not
changed significantly since the API mechanical test run in May 2007.
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Figure 40 ‘HPC-A NDE vibration and ASV activity on April 5 6, 2009."
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A review of the ICSS data reveals that the initial change in HPC-A NDE vibration signature
occurred after a trip of the Compression Train ‘B’ in an operating condition where the
HPC-A was backed down towards the surge protection line. The increased in vibration
level at the same time as the ASV becomes active.

The Solar control system retains high resolution data when triggered by certain alarm or
trip signals. On April 6, 2009 the data in Figure 41 was recorded. It can be seen that there
is a high level of correlation between higher vibration and the proximity of the operating
point to the surge line (i.e., high pressure ratio and low suction flow DP).

pril 6 Trip Event
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Figure 41 ‘a) Detail of HPC-A NDE vibration and ASV activity on April 6, 2009. b) Operat-
ing point at time of higher vibrations.”

It is also noticed that the NDE vibration increase precedes opening of ASV, which is consis-
tent with operation to the close to the actual onset of surge/rotating stall.
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The correlation between vibration increase and low flowshigh pressure ratio does not sug-
gest that the vibrations are related to ingestion of liquid carried-over from the glycol con-
tactor, which would tend to reduce the pressure ratio.

Detail April 6 Trip Event
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Figure 42 “Axial shaft position for HPC-A during NDE vibration events on April 6, 2009."

Many compressor systems will react with both radial and axial motion when subject to full
surge. Figure 42 shows that there is very little axial motion during the period of intermit-
tent increase in rad'al vibrations on Apri 6, 2009.

According to Solar there has been no surge activity recorded in their ASC system. It is as-
sumed this statement includes April 6, 2009 but confirmation has been sought.

4.11 April 13, 2009 versus April 9, 2009

On April 9, 2009 the HPC-A tripped and the Solar control system logged a trigger file, see
Figure 43. Similarly to the data from April 6, 2009 it can be seen that there is a high level
of correlation between higher vibration and the proximity of the operating point to the
surge line (i.e., high pressure ratio and low suction flow DP).

The correlation between vibration increase and low flowshigh pressure ratio does not sug-
gest that the vibrations are related to ingestion of liquid carried-over from the glycol con-
tactor, which would tend to reduce the pressure ratio.

As the vibration level increases sharply, the ASV is opened rapidly and Figure 44 shows the
shaft moving axially. These events are all consistent with classical compressor surge.
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Detail April 8 Trip Event
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Figure 43 ‘a) Detail of HPC A NDE vibration and ASV activity on April 9, 2009. b) Operat-
ing point at time of higher vibrations.’

owever, according to Solar there has been no surge activ ty recorded in their ASC sys-
m.
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Detail April 9 Trip Event
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Figure 44 ‘Axial shaft position for HPC-A during NDE vibration events on April 9, 2009."

In an email dated October 8, 2009 Solar states that this is indeed a surge control event
where the ASC requests the ASV to open to increase flow to the surge protection line.
The email does not clarify whether the surge detection algerithm (suction flow var ation)
captured this as a surge event, nor why it was associated with increased NDE vibration
when this was not the case in surge control events prior to April 6, 2009.

4.12 April 13, 2009 versus April 10, 2009

On April 10, 2009 after the trip at 05:22, the Compressor Train ‘A’ was attempted re-
started within an hour. Having gone through the start-up procedures (leaving the glycol
contactor system pressurized), compressor ramp-up was initiated at 06:24.

W

Figure 45 "HPC-A operating parameters on April 10, 2009 *
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This start-up attempt is remarkable because, as on Aprii 13, the discharge pressure is be-
low injection pressure so no forward flow is produced, and yet the ASV is closed.

The HPC-A DE DGS seal gas cavity temperature ramps-up as fast during the April 10 start-
up attempt, and at the time of trip at 06:39 has reached 125°C, well above the usual
70°C.

In the 15 min of operation, the discharge temperature is constant. This is consistent with a
zero flow condition at the discharge nozzle when there is no forward flow and the ASV is
closed. At no point during the 15 minute did the IP discharge pressure reach the HP suc-
tion pressure, indicating that there was no forward flow from the LP/IPC-A to the HPC-A.

As the compressor trips and the ASV opens, there is a surge in discharge temperature.
This is consistent with the hot gas in the compressor casing being distributed in the AS
loop during settle out.

At present it is not clear what cause the trip at 06.39 (daily report from April 10 lists
ESD2.2, ESD2.1, ESD2.43 - 0641-0835 Comms lost due to faulty card D-0880, which
does not appear to relate to compressors), but in the subsequent attempt to start up at
10:28, the ASV open correctly and no abnormal HPC-A DGS seal gas cavity temperature is
observed. Quite quickly the IP discharge pressure and the HP suction pressure match, and
forward flow is established from the LP/IPC-A to the HPC-A.

Comparing the HPC-A suction flow transmitter offset before and after the attempted
start-up at 06:24 on April 10 shows that the offset has increased, which would make the
ASC system more prone to keeping the ASV closed for the start-up at 10:28. Yet, this was
evidently not the case.

o alE

Figure 46 "HPC-A seal gas operating parameters showing that the HPC-B provided seal gas
on April 10, 2009."

Apart from the level of offset on the HPC-A suction flow transmitter, the main difference
between April 10 and April 13 conditions is that
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o On April 10, 2009 the HPC-B was operating and provided seal gas to the HPC-A
seal gas panel throughout the day.

4.13 Drive End Bearing Cap Failure

The failure of the DE bearing was due to the release of the bearing cap in the horizontal

split radial bearing housing. The bearing housing halves have been held together by 4
bolts, 2 in each side.

Although only two bolts have been recovered, they are assumed to be equal to Unbrako
M12 socket head cap screws with a length of 60 mm and an pitch of 1.75 mm

Figure 47 'HPC-A DE bearing (left column)} vs NDE bearing."
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Figure 48 "HPC A DE bearing bolts, only 2 out of the 4 were found after the failure.’

All 4 bolts have been ripped out of the bearing housing. This is also called “Thread Strip-
ping” of the threads in the bearing housing material. Stripped thread depth seems to be
in the order of 4-5 threads.

Bolts have been hardness tested, see STORK report.

Straight: HVY=297, which is similar to 6=1005 N/mm2
Deformed HY=278, which is similar to o= 940 N/mm2

This fits property class 10.9 : Strength level 1040 MPa, which is a normally used class of
bolts for this purpose

Bearing housing has been hardness tested, see STORK report.

Position 1: Average HV = 130 HV, which is similar to o= 415 N/mm2
Position 2: Average HV = 153, which is similar to o= 490 N/mm2
Position 3: Average HV = 127, which is similar to o= 425 N/mm2
Position 4: Average HV = 149, which is similar to o= 500 N/mm2
Position 5: Average HV= 141, which is similar to o= 475 N/mm2

This could match st44 = Fe430 = 1.0044 / 1.0144, which is a reasonable material for this
purpose.

The tension force the break a bolt can be calculated by the use of the effective cross sec
tion area between the threads. For a M12 bolt this is 84.3 mma2. For a class 10.9 bolt the
minimum tensile strength is 900 N/mm2. To break the bolt in tension a minimum force
can be calculated as: 900 x 84.3 N = 75870 N = approximately 7 tons per bolt.

In Unbrako own design handbook, Figure 49 can be found. This indicates the critical
length of thread engagement.
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Figure 49 ‘Critical length of thread engagement.”

For a 10.9 bolt the tensile stress is 150 kpsi = 150000 psi. To equal critica stripping length
of 0.65 to 0.82 times the bolt diameter is needed for the 3 steel types shown in the fig-
ure. For stripping lengths longer than this, the bolt must be expected to break before the
threads in the materials to where it is fastened.

Thread depth seems to be in the order of 4-5 threads = 4-5x 1.75 mm =7 - 8.75mm =
0.58 — 0.73 times the diameter of the bolt (12mm). If it takes 7 tons to break the bolt,
then it will require in the order of 5-7 tons to strip the threads in the bearing housing.

For the present design thread stripping in the bearing housing material therefore in most
cases will occur before bolt itself fails. However, by increasing the thread engagement it is
entirely feasible to obtain a connection where the less expensive bolt fails before the more
costly bearing housing. Normal “rule of thumb* suggests that the thread engagement
should be in the order of 1 to 1.25 times the diameter of the bolt.

The strength of the bolts indicates that a relative high force has been playing part in the
present failure, but some strength reducing effects could play a role.

There are possibilities for reduced failure strength for the bearing housing assembly:

¢ Missing bolts — only 2 found. This can be ruled out thread stripping was found in
all 4 threaded holes in the bearing housing.

¢ Incorrectly tightened bolts. STC have admitted that there is no QC recording made
of the bearing bolt pre-load. However, considering that the bearing functioned
from October 2008 to April 2009, it would appear that some of the bolts must
have been adequately tightened. The increased vibration level after April 6 was at
the NDE, hence not likely to have had an impact on the DE assembly.

¢ Over-tightening of bolts will normally result in yield in the first thread, which then
looses its tensioning capacity and the second thread then is overloaded and ex-
periences yield. From the operators point of view this is felt as a sudden obvious
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lost torque resistance. The bolt will in practice have no tensioning capacity and
behave as an un-tightened bolt.

* In case of increased temperature both the strength and the E-modulus w de-
crease. Unbrako’s design handbook recommends to avoid temperatures above
290°C. Even if the bearing temperature did not show s gn of elevated tempera-
tures in the pad, it is possible that the bearing housing was exposed to conductive
heat from the compressor bundle.

The FORCE material analysis supports the theory that the two bolts on one side of the DE
bearing were stripped out first, then the remaining two bolts.

On HPC-B compressor it was noted during disassembly that the retaining bolts of the
bearing bracket were not as per drawing, M12 x 60 is correct but M12 x 55 bolts were
insta led. This adds to the suspicion that proper care may not have been given to the

t ghtening of the DE bearing cap bolts on HPC-A.

4.14 Non-Drive End Bearing Housing Damage

Upon closer inspection of the HPC-A NDE bearing housing, it was found that all bo ts had

yielded by an amount corresponding to approximately % turn {approx. 0.45 mm), which is
considerable.
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Figure 50 'HPC-A temperature rise as function of operating speed.’

The deformation of the bolts could be due to the following main forcing mechanisms:

» [ncrease of the equalizing pressure on the balance drum due to wear of the hal-
ance piston labyrinths.

« Cantilever torque on NDE bearing (radial and thrust) as the DE bearing failure re-
leased the full whirl energy and left it to be contained by the NDE bearing ar-
rangement.

« Axial thrust from gas explosion causing simultaneous yield of all NDE bearing
housing bolts.

Once the bolts have yielded, the NDE bearing housing would be free to move lateral y,
allowing the rotor to whirl around the compressor bundle dearance.

In Section 4.13 it was seen that the NDE bearings assembly was in good condition, even if
there is some white metal damage on both radial and thrust bearing pads. The differences
between DE and NDE bearing design that could explain the difference in performance are

e The NDE bearing is integrated with the axial bearing and has therefore a sturdier
housing with 8 bolts clamping the bearing cap onto the bottom bearing.

e The STC bearing assembly procedure does not include a QC of the bolt pre-load. It
is therefore possible that the assembly bolt pre-load was different at the DE than
at the NDE.

4.15 HPC-A Axial Shaft Motion

From start-up at 11:49, the axial position reading for HPC-A shaft shows a slow change of
about 125 um over 50 min towards the outboard. This is indicative of a slow loading of
the axial bearing, combined with thermal expansion of the NDE bearing housing changing
slightly the distance from the proximity probe to the thrust disk. The temperature differ-
ence between loaded and unloaded thrust bearing pads shows that the thrust is indeed
increasing towards the outboard.
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Figure 51 ‘Schematic of HPC-A NDE shaft arrangement.’

During the last 2 min. prior to the trip on April 13, the HPC-A shaft experienced significant
axial motion, see Figure 52.

fortina ko m N ol [ RSO Py i Ay

Figure 52 ‘HPC-A shaft axial motion on April 13, 2009. *

At approximately 12:48 the thrust begins to reduce, which can be seen from the move-
ment of the shaft to the inboard and a reduction in outboard thrust bearing temperature,
see Figure 53. At 12:49, the radial bearing vibration signature changes, but the level re-
main low for another 20 sec, see Figure 54.
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Figure 53 'HPC-A shaft axial bearing temperature on April 13, 2009."

At approximately 12:49:40 the trust shaft starts to move outboard, indicating that the
thrust direction has reversed. At the same time the NDE-X radial vibrations increase signifi-
cantly. In about 20 sec the shaft travels outboard by about 0.5 mm, which is more than
the thrust bearing clearance.
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Figure 54 ‘HPC-A shaft radial bearing vibrations on April 13, 2009."

Although the inspect on of the NDE bearing revealed white metal damage on both in-
board and outboard bearing pads, see Figure 55 and Figure 56. It therefore appears that
the heaviest thrust was on the inboard pads. However, considering the moderate inboard
thrust bearing pad temperature until 12:50:31, it concluded that

¢ The inboard thrust bearing pad white metal was predominantly damaged after the
trip at 12:50:31 on April 13, 2009.

Report: 09.2838 rev 03.1 Page 80



LLOYD'S REGISTER ODS

Figure 55 ‘HPC-A inboard thrust bearing pads.’

outsje

Figure 56 'HPC A outboard thrust bearing pads.'

Is should be noted that the axia proximity probes are mounted on the NDE bearing hous-
ing and therefore should measure the same relative motion between shaft and casing.

At 12:50:48, when the shaft speed has been reduced to almost standstill, the gap meas-
ured by the two axia proximity probes suddenly starts to differ. It is conjectured that the
split in gap measurement between the two axial bearing proximity probes is due to mis-
alignment of the NDE bearing housing. This suggests that

» The NDE bearing housing bolts are likely to have yielded at 12:50:48 for reasons
yet unknown, just as the shaft speed was reduced to standstill.
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4.16 Impeller 7 Cracked and Loose

The HPC-A rotor has been rubbing heavily against the bundle. The extent of damage is
particularly pronounced on impeller 7, see Figure 57 and Figure 58.

—

Figure 57 ‘Damage on HPC-A impeller 7, which has become loose on the shaft.’

Inspection of the balance piston did not show any sign of axial relocation. The balance
piston would therefore have constituted the outboard axial datum for impeller 7.

Figure 58 ‘Damage on HPC-A impeller 7, which is worn through the hub plate.’
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Impeller 7 has been in so severe contact with the bundle on the outboard side that the
balancing groove is gone and the balance piston swirl brakes have worn through the im-
peller hub plate.

The temperature during the rub was in excess of the melting point of the impeller steel
(X3CrNiMo 13-4).

Figure 59 ‘Damage on HPC-A impeller 7; left photo: front, right photo: hub.”

Furthermore, the impeller is cracked through on the front plate and possibly also on the
hub disk above the worn penetration of the hub disk.

There is no crack observed in the impeller hub ring. This suggests that impeller 7 did not
become loose on the shaft due to loss of shrink fit from a crack opening at high speed
induced hoop stresses.

The gear pinion shaft position can be a very useful indicator of changes in shaft power.
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Figure 60 ‘Compressor Train ‘A’ gear pinion radial bearing position on April 13, 2009 *
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As can be seen from Figure 60, there is no sign of any significant change in high speed
shaft torque in the minutes prior to the fa lure. The sensitivity of this measurement is not
sufficient to make the observation conclusive of the amount of shaft/bundle rubbing prior
to trip at 12:50:31.

The damage on impeller 7 raises the following issues:

Differential thermal growth of the stator (compressor head) compared to the rotor
could explain that the clearance between swirl brake vanes and impeller disap-
peared and rub occurred. However, the mean body temperature difference be-
tween the stator and the rotor would have had to be in excess of 500°C to ac-
count for the entire wearing out of the impeller hub disk. While it has been con-
cluded that gas temperature in the bundle was extreme, it is considered likely that
the discharge end of rotor would assume a similar temperature as the compressor
head. However, given the considerably different masses and consequent thermal
inertia, substantial temperature differences may be obtained over short periods of
time.

The outboard motion of impeller 7 must have been larger than the gap between
impeller hub disk and the balance piston swirl brakes (approximately 3 mm when
disregarding differential thermal growth of the compressor head relative to the ro-
tor). This could have been caused by axial shaft motion as the other 6 impellers in
the HPC-A have an axial hub-to-diaphragm clearance of 5-6 mm.

The axial motion of impeller 7 against the balance piston swirl brakes must have
continued to include the hub disk thickness of approximately 5 mm. This implies
that the total outboard axial motion of impeller 7 must have been 8 mm or more.
It is difficult to correlate this with the outboard axial motion (0.5 mm just prior to
trip) and the yielding of the NDE bearing housing bolts (0.5 mm), which is argued
in Section 4.15 to have taken place at 12:50:48.

The thrust force between impeller 7 and the balance piston swirl brakes has been
significant, and significant torque was required to sustain rotating motion of the
impeller against the vanes to cut off the full thickness of the hub cover. It is
unlikely that this torque was available if the impeller shrink fit interference was re-
duced due to excessive gas temperature. This implies that the impeller must have
come loose on the shaft after the swirl brake vanes had cut through the impeller
hub disk.

The temperature developed in impeller 7 from the cutting and rubbing action will
have created significant heating that could eventually have caused the shrink fit to
loosen, and slip to arise between impeller hub and shaft. STC estimate that it re-
quired a temperature difference between impeller and shaft of approximately
90°C to release the shrink fit.

FORCE have determined that the impeller cover crack was caused by hoop stresses ex-
ceeding the yield strength of the impeller, which was significantly reduced due to very
high metal temperature. There was no evidence of significant material defect, inclusions
or fatigue crack propagation.
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4.17 Impeller 6 Swash

Inspection in Henge o of the HPC-A rotor in the lower bundle half showed significant
swash of impeller 6, as illustrated in Figure 61 by the strong misalignment with the diffuse
on one side.

[}

Figure 61 ‘Misaligned impeller 6 in lower HPC-A bundle.*

Although STC have not measured the HPC-A shaft bow, they have stated that at least 4
impellers, (1%, 2, 5" and 6™ were bent over by approximately 5 mm towards the DE side
of the compressor (inboard in Figure 51) at the point of peripheral contact with the bun-
dle.

As the rotor rub was synchronous, the impeller only rubbed the diaphragm on a limited
arc. This damaged arc section where the impeller contacted the diaphragm bore shows
clearly that the impel er hub disk protruded into the diaphragm opening during the coast
down following the vibration trip.

Wear patterns found in the diaphragm bores near the diffuser entry demonstrates the ten-
dency of the back plate to slip into the diffuser during the coast down period following
the trip. STC note that the diffusers inlet edges are symmetrically shaped with a 3 mm ra-
dius at the diffuser entry.

Figure 62 'Tip wear on HPC-A impellers 1, 2, 5 and 6.’
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Figure 63 'HPC A diffuser entry wear of impeller 6.

In Reference [21] STC therefore considers it likely that the impeller swash was caused by
the impellers being forced into the diffusers along the peripheral arc of contact, while the
rotor shaft was forced the opposite direction - or at least maintained in place by the thrust
bearing. This implies that

¢ The swash of HPC-A impellers 1, 2, 5 and 6 arose subsequently to the axial shaft
motion from 12:48 and are considered consequential damage of the DE bearing
cap came off at 12:50:31 on April 13, 2009.

+ The impeller protrusion into the diffusers would have led to a significant increase
in inboard axial thrust on the thrust bearing, which is consistent with the heavy
wear on the inboard thrust bearing pad white metal.

4.18 Labyrinth Wear

The eye and hub labyrinths on impellers 1 to 5 are alumin um, while they are steel on im-
pellers 6 and 7.

Inspection of the damage on the labyrinths revealed that the extent of damage on the
aluminium labyrinths increases impeller 1 towards impeller 5. On impeller 5, the alumin-
ium hub [abyrinth gland is virtually gone, while the teeth on adjacent impeller 6 eye laby-
rinth made of steel are significantly worn. As the gland of the impeller 6 eye labyrinth pro-
trudes by almost its full dimension, the rotor would not have been able to contact as
deeply on the impeller 5 hub [abyrinth.
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Figure 64 "HPC-A temperature rise as function of operating speed.’

This suggests that the hub labyrinth aluminium on impeller 5 has melted away due to gas
temperature rather than from friction heating during rubbing after the DE bearing failure.

Figure 65 'HPC B eye labyrinths (left) and balance piston labyrinth {right).”’

For reference, Figure 65 shows the condition of the steel eye and balance piston labyrinths
on HPC-B. It is clear that the extent of wear on these steel labyrinth is significant in HPC-
A. There is little doubt that these labyrinths acted as landing surfaces for the shaft during
the coast-down.

The damage on the balance piston swirl brakes is consistent with these cutting through
the impeller 7 hub d sk.

.19 DE DGS Cavity Temperature

he increase in HPC-A DGS seal cavity temperature (DE) was one of the lead indicators
described in Section 2.4.4.

By extrapolating the temperature trend linearly to the time of the trip at 12:50:31, itis
estimated that the DGS seal cavity reached 320°C.

Comparing the DGS seal cavity temperature with process gas temperature it has been
found that there historically was a high level of correlation between this temperature and
the HPC-A suction temperature.

On April 13, this correlation is not found, and it is concluded that the DGS seal cavity tem-
perature increase was due to one of the following heat sources:

» Friction contact between primary or secondary DGS SiC rings. LR-ODS has experi-
ence from measurement of heat generation in contacting DGS's. These were an
order of magnitude less than would be required to give the temperature rise
measured on the HPC-A. Furthermore, the extent of DGS ring contact involved
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would have failed the rings much faster than the 60 m'nutes it took before trip on
April 13.

* Recyce of process gas to the HPC-A suction end without the gas passing by the
suction temperature transmitter.

The fact that the DGS seal cavity temperature rose wel above 200°C and the condition of
the compressor internals are evidence to suggest that the compressor internals were very
hot at the time of the trip. It has, however, not been possible to find evidence of this high
temperature in any other temperature reading on the HPC-A unit. For instance,

s Itis surprising that the radial bearing pad temperature did not rise above usual
levels on April 13, 2009, despite the compressor shaft being a very efficient heat
conductor. It is conjectured that the cooling from the lube oil and from the nitro-
gen in the barrier seals was sufficient to limit heat conduction from the compres-
sor bundle to the bearing pads.

4.20 Seal Gas Coalescing Filter DP (LP/IP and HP)

During normal operation the primary sea gas supply is taken from the 4th impeller inter-
mediate stage of the HPC body. The gas passes through the primary seal gas filter and
fixed orifice directly to the primary seal at both ends of the HPC. In the arrangement on
Maersk Ngujima-Yin, the HPC primary seal gas branches off upstream of the seal gas filter
to also supply the LP/IPC through the LPAPC primary seal gas filter. The seal gas line is
heated via electric trace heating all the way from compressor bleed through to primary
seal gas supply.

The increase in pressure differential over the seal gas coalescing filters of LP/IPC-A and
HPC-A gave the first alarms in the failure sequence.

The following causes for high filter DP have been considered:

¢ Blockage due to HPC-A labyrinths in aluminium melting and particles being carried
out through the impeller 4 seal gas take-off to the seal gas coalescing filters sus-
pended in the gas. The melting temperature of AIMg4.5Mn0.7 is 577 - 638°C,
and it is unlikely that the gas would have reached this temperature range on im-
pellers 1-4 at 12:30 when the seal gas filter DP started rising.

» Blockage due to carbon particles (probably from high temperature cracking of gly
col) being carried out through the impeller 4 seal gas take-off to the seal gas coa-
lescing filters suspended in the gas. This would be cons stent with the solid carbon
contamination found in the discharge volute, see Section 4.22. It is estimated that
glycol decomposes above 250°C but it has not been possible to find firm evidence
of the cracking temperature for Glycol in natural gas.

¢ Collapse of the coalesc'ng filter matrix due to excessive seal gas temperature. John
Crane has stated that this mechanism will not lead to higher flow resistance
through the fi ter.
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Figure 66 "HPC-A seal gas coalescing fifter.”

The visual impression of the material found inside the HPC-A HP seal gas coalescing filter

is similar to the grey fine granular material analysed by SVT and STC, see Sections 3.3 and
3.4.3. These analyses concluded that the material had a high content of Aluminium, most
probably from the labyrinth seals. However, it is not known at present when this Alumin-

ium powder contam'nation occurred in the failure sequence.

FORCE have established that the HP DGS filter is contaminated with molten aluminium.

4.21 HPC-A Brake Time

The coast-down t'me from trip to standsti | was significantly shorter on April 13, 2009
than on previous shut-downs. This is illustrated in Figure 67 by comparing the two trips of
HPC-A on April 13.
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Figure 67 "HPC-A coast-down time on April 13, 2009.'

The equation of motion of the coast down is assumed to take the form
.. . .
16= b0O-b0"-uN,

where @ is the rotational speed of the rotor, the first term on the right hand side repre-
sents torques arising from viscous damping mechanisms, the second from torques associ-
ated with aerodynamic mechanisms {windage) and the final from torques arising from
Coulomb friction forces.

We fit the equation of mation to the measured curves by minimizing the squared residual
of the equation of motion integrated aver the coast-down part of the curves. This ap-
proach gives best-fit values for the constants 4, 4, and uNin terms of the integral mo-
ments of the speed curve (thus avoiding numerical differentiation).

By fitting the two curves, we find that on 13 April the coefficient of the aerodynamic term
is reduced relative to a normal coast-down, probably due to gas release with correspond-
ingly lower pressures and densities, whereas the coefficient of the viscous term is dramati-
cally increased, which we believe to be associated to viscous metal working.

The energy associated with the increase in the coefficient of the viscous term may be
found by integrating the equation of motion. Assuming the moment of inertia is domi-
nated by the turbine, we work with a value of / based on data from SOLAR and taking
into account the intermediate gearing to give / = 35 kgm’, seen from the high speed end.
The dissipated energy is then 6.6 x 10° ).

Using an approximate expression for the amount of material removed during the working
process in terms of the applied energy, we find that this energy dissipated through a vis-
cous working process corresponds to the removal of 4,400 mm’ of steel. The only ob-
served instance of the removal of this much material is at the 7" stage impeller.
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4.22 HPC-A versus HPC-B Solid Contamination

On April 13 the HPC-A has experienced significant damage to internals, bearings and aux-
iliary systems, while the HPC-B suffered only moderate externa damage from the jet fire
out of the split HPC-A DE bearing.

As described in previous sections, inspection of compressor parts and the associated pip-
ing and instrumentation revealed a range of contaminants.

Generally speaking, the HPC-A had contaminants that were consistent with the damage
to seals (DGS and abyrinths), impellers and bearings, e.g., Figure 68. Two exceptions are
worth noting:

« Significant amount of black granular in the HPC-A scrolt (70% carbon content).
There is no direct source of carbon in the HP compression loop. The most I'kely
source is considered to be deteriorated glycol.

Figure 68 “Grey fine granular material found in high pressure end during inspection of
HPC-A in Hengelo’

» Significant amount of granular material with high content of ferrous oxide in the
LPAPC-B and HPC-B bundles. The contamination material is seen to be d stributed
equally on rotor and stator surfaces, see Figure 69. The level of contaminat on is
reducing from suction to discharge in the HPC-B unit.
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Figure 69 "LP/IPC B (left) and HPC-B (right) bundle and rotor in Hengelo workshop.”

After cleaning, the LP/IPC B-train compressor didn‘t show signs of corrosion. It is therefore
believed that the source of the corrosion products was from upstream the compressor,
possibly in relation to a distribution of gas in the piping system after the fire on HPC-A,
since the particles were distributed on both static and rotating surfaces alike.

4.23 HPC-A versus HPC-B Liquid Contamination

The inspection of the DGS, the compressor bundles and the associated piping (offshore)
has revealed evidence of liquid contam nation of both compressor trains in the M60 Mod-
ule.

While much of the internal contamination can be ascribed ngress of the sea water
through vent ports while the support vessels and fire monitors flooded the M60 Module
to extinguish the fire, there is evidence of other sources of | quid contamination.

A glycol contactor provides de-hydration of the gas between the IP and the HP compres-
sor. As glycol losses cannot be avoided the observed sample analysis containing glycol
with some water makes sense. For a glyco p ant of this type (contactor with regeneration
package) the overall losses assumed during the design was 0.1 US gallon/mmscf. At pre-
sent no records have been found of the actual loss during normal operation.

This corresponds to 19 litre/50 mmscfd. where 50 mmscfd is the approx throughput when
running only one compression train {to be doubled when running two trains). Some of the
loss will be with the gas outlet from contactor with some drop out in HP stage suction
scrubber, but a fraction will be carried all through the compressor i.e. with a bit trapped at
the strainer and DP sensing lines.

The observed corrosion in the suction mild steel piping will also be from running the com-
pressor with water wet gas during the period October 2008 to mid December 2008 when
the contactor was either not working or bypassed due to missing contactor internals.
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5 POSSIBLE SCENARIOS IDENTIFIED

The STC root cause investigation has considered a range of possible causes, and other par-
ties have also contributed with some suggestions. This Section presents the most pertinent
candidates as root cause. The Kepner Tregoe approach was used to test the candidates
against facts that would make them improbable, and in this way qualify the most likely
root cause.

5.1 Off-Design Low Flow Operation

It has been confirmed that the HPC-A suction flow transmitter has had an increasing off-
set from January 18, 2009 to the incident on April 13, 2009.

There are two surge protection mechanisms in the Solar Anti-Surge Control (ASC) system,
one for surge prevention and one for surge detection:

+ Monitoring of the margin to the surge protect line. The predicted surge line was
found to be conservative in ASME PTC10 class Il testing in Hengelo, but not veri-
fied during commissioning of the M60 compression module on the Ngujima Yin
FPSO.

+ The surge detection consists in counting any brief suction flow transmitter DP ex-
cursion of more the 25% of the instantaneous mean suction flow transmitter DP.
This function was not part of the Hengelo performance testing, nor was it verified
as appropriate for the particular installation during commissioning.

The consequence of the offset is that the suction flow to the HPC-A is overestimated in
the Solar Anti-Surge Control (ASC) system, and that consequently the compressor can be
operated with closed anti-surge valve (ASV) to the left of the predicted surge line. Fur-
thermore, the HPC-A suction flow transmitter offset also implies that the ratio between a
measured suction flow transmitter DP excursion and the instantaneous DP values is re-
duced by the offset.

The behaviour of compressors at off-design low flow differs, and there is still work being
done by the AP! organisation to improve the definition of the various types of aerody-
namic excitation and thermal stability issues occurring at low flow, as well as to establish
the guidelines to protect against, see Reference [19].

For the purpose of this investigation, WEL (Brian Dadd) and LR-ODS (Claus Myllerup) ex-
changed experiences of different types of low-flow off-design compressor operating is-
sues, see Reference [20].

It is well known that compression systems experience different types of flow disturbances
as the flow is reduced and the head rise increases. The three definitions for typical low
flow disturbances are commonly used: ‘Classic Surge’, ‘Incipient Surge’ and ‘Rotating
Stall’. These three types of flow disturbances are associated with very different system re-
actions.

s Classic Surge for the purposes of the RCA is a gross oscillation of the total flow in
the compressor and its associated pipe work, vessels and coolers. The flow oscilla-
tions are significant, exhibiting periodic flow reversal at the compressor flanges at
a frequency typically well below 10 Hz. Another important feature is the associ-
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ated reversal in pressure ratio across the compressor, leading to axial and radial vi-
brations at the surge frequency.

« Incipient Surge for the purposes of the RCA is the area of operation where small
flow or pressure fluctuations may be detected but without the gross oscillations of
classic surge. For compression systems with significant internal leakage (e.g., from
stage to stage, or in the balance line), a partial surge condition can arise where the
compressor flanges still experience forward flow, but an internal stage is experi-
encing net flow oscillations in the recycling flow path. Due to the smaller volumes
of gas involved, the frequency of the periodic oscillation will be significantly higher
than for classic surge and may therefore remain undetected at the suction f ow-
meter. The increased dissipation from the recycling gas will cause an increase in
discharge temperature and a reduction in head.

» Rotating Stall for the purposes of the RCA is when rotating stall cells form and
may amalgamate, in the extreme case to complete stall of the rotor. When a com-
pressor operates stalled the integrated flow through the compressor is steady in
time and may be positive but in the extreme case will be zero. Rotating stall is a
local phenomenon in an impeller, a diffuser or a return channel. The frequency of
cell rotation is sub-synchronous and proportional to speed (typically 70-85% for
impeller rotating stail and 15-30% for diffuser/return channel rotating stall). The
rotor is subject to radial excitation at the rotating stall frequency and a slight in-
crease in discharge temperature can be expected. In all cases we have dealt with,
the rotating stall excitation was noticeable in the shaft vibration. LR-ODS have no
evidence that simultaneous rotat ng stall in multiple stages will reduce vibrations,
and it is conjectured that even if this was the case, there should be a transient op-
erating condition where only one passage experiences rotating stall.

As described in Section 4 there are numerous facts that indicate the HPC-A was subject to
numerous surge events from April 6, 2009 to the incident on April 13, 2009.

On April 13, 2009 the HPC-A suction flow transmitter DP offset led the ASC system to
believe that the compressor operated at flow rates above the surge protection line, and
the anti-surge valve was therefore kept close. In reality, the HP compressor was operating
with insufficient discharge pressure to inject and a closed anti-surge valve (i.e., no flow
through the discharge nozzle) causing significant internal heat generation. It must be em-
phasised that operating a compressor at speeds in the usual operating range with no for-
ward flow and the ASV closed is a condition where the above surge definitions fall some-
what short.

The off-design low flow operating condition was maintained for about an hour without
the protection system or operators realising the problem. Eventually, the internal tempera-
ture rise of the compressor led to a full catastrophic failure. The exact sequence of events
in the last phase up to the gas release is not yet fully understood, but inspection suggests
that gas release was poss ble due to the simultaneous failure of all gas barriers (primary
and secondary dry gas seal stages as well as tertiary seals). This simultaneous failure was a
consequence of the DE bearing cap bolts being stripped out of the bearing housing, al-
low'ng the shaft mot on to exceed all internal sealing clearances.

The facts that may be seen to contradict this root cause are

o There has been no surge events logged by the Solar ASC system in April 2009.
Perforance testing of HPC-B in Hengelo has confirmed that 25% set po'nt for the
suction flow excursion is too high for this compressor design
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¢ The extremely high bundle temperature required to melt the Aluminium labyrinths
did not propagate by heat conduction to the compressor bearings, where the pad
temperatures remained normal. This suggests that the bearing temperature is
dominated by the lube oil inlet temperature. The oil temperature rise over the
bearing may have shown that a significant amount of heat was removed at the
bearing, but this instrumentation was not available.

5.2 DGS Failure

The failure modes of DGS have been considered in the design, and protections in terms of
alarm and trip functioned were duly Hazop'ed.

Briefly stated, the control system provides the following protections:

» High seal gas flow and primary vent pressure high alarms to indicate failure of the
inboard (primary) DGS stage. The primary vent would see the full sealing pressure
(i.e., the compressor suction pressure) in case of inboard (primary) DGS failure.

» Primary vent pressure low alarm indicating failure of the outboard (secondary) DGS
stage. There is no direct sensing pressure or flow device on the individual or com-
mon secondary seal gas vent lines to detect high gas flow to vent. All compressor
vendors use different means to attempt to detect premature secondary seal fail-
ure. For this compressor installation Siemens utilise a low pressure alarm and shut-
down on the primary seal gas vent line to flare (36-PT4241A & 4242A) to monitor
the condition of the secondary seal. The theory behind this approach is that sec-
ondary seal failure would result in a flow of gas from the primary seal vent cavity
across inner labyrinth seal and out through secondary seal vent, instead of the out
through the primary seal gas vent line; a path of least resistance.

» Nitrogen supply pressure low alarm indicating failure of the barrier seal. If the seal
fails, the resistance to flow reduces and the back pressure in the supply line drops.

DGS Operating Condltions
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Figure 70 "HPC-A seal operating parameters on Aprif 13, 2009."
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All these indicators were triggered simultaneously on the HPC-A DGS and barrier seal sys-
tem at 12:50:31 on April 13, 2009. This indicated that both inboard and outboard DGS
and barrier seals failed simultaneously on DE and NDE.

The level of damage on the HP-A DGS and Barrier seals was such that it is not possible to
identify any precursors to failure.

Actual hydrate curve plus 10°C safety margin is implemented in the Solar logic. The actual
logic has been implemented to prevent hydrate forming in the area of the DGS. The pres-
sure in the seal gas supply line is the input. If the calculated temperature falls below the
set point in case of a stand still, the complete unit will be depressurised.

It has been speculated that the integrity of the DGS's could have jeopardised by the lack
of compliance the operating procedure in relation to the de-pressurisation of the glycol
contactor prior to start up. If the glycol contactor has a pressure above the nitrogen supply
pressure of 28 bar, then the intended nitrogen barrier to the process gas is not provided
at the DGS and dirty process gas enters the seal cavity of HP compressor. STC have also
indicated that hydrates could play a role if process gas leaks directly through the inboard
(primary) DGS stage at standstill.

This issue applies equally to both HPC-A and HPC-B. As the condition of the HPC-B DGS
was good it is concluded that the risk to the DGS’s of starting up with pressurized glycol
contactor is low. This being said, it is recommended to abide by the operating procedure
going forward.

The seal inspection revealed that some barrier seals had experience anomalous wear of
the gas side carbon segments. This was a relevant finding for the RCA, as a failure of the
barrier seals may lead to lubricating oil ingress into the DGS outboard (Secondary) DGS
and ultimately to outboard (Secondary) DGS failure. However, there was no evidence of
ubricating oil on any of the inspected outboard (Secondary) DGS.

It is concluded that the damage to the seals was consequential damage and not the root
cause of the failure.

5.3 Bearing Failure

The stripping of the DE bearing cap bolts is the most likely cause of the step change in
radial shaft vibration at 12:50:31 on April 13, 2009,

Even if there is some concern about the bearing assembly QC procedure, and the selection
of a bolt length that would make the casing thread to weakest link, t has been confirmed
by materials hardness testing that the bearing and bolts were as per design. Only 2 of the

4 bearing cap bolts were found, but the thread stripping on the bearing housing suggests

that all 4 were of correct length.

This implies that the lift force applied to the DE bearing was excessive to strip the thread
of all four bolts.

There is hardly any relationship between the change in NDE bearing vibration signature
from April 6, 2009 and the DE bearing assembly, considering that there is no change in
DE bearing vibration before the last minute prior to the trip on April 13, 2009. However, it
is conceivable that the proximity probes from DE and NDE bearings were crossed by mis-
take. This possibility is considered unlikely, but should be ruled out during re-commissio
ning.
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It is considered that the most likely cause for the excessive lift force is the reaction to the
cutting force between impeller 7 and the balance piston swirl brake vanes.

Any lack of DE bearing cap bolt pre load would only have had a marginal impact on the
failure scenario. However, it is recommended to improve the safety margin of this assem-
bly by introducing a pre-load torque measurement check in the QC procedure, and by se-
lecting longer bolts to make the bolt the weakest link in the assembly as per Unbrako rec-
ommendations.

5.4 Impeller 7 Failure

Several scenarios involving the failure of impeller 7 as the root cause, or a significant con-
tributor to the root cause scenario have been considered:

e Impeller 7 cover cracked on April 6, 2009, leading to NDE bearing vibration in
crease from changing unbalance as the crack opens and closes with varying speed,
pressure and temperature. The unbalance response during run-up and coast-down
does not support this hypothesis as critical speed passage is fully in line with the
original APl Mechanical testing in Hengelo.

¢ Impeller 7 looses its shrink fit due to high differential temperature between impel-
ler and shaft as a result of operating the compressor in incipient surge (low flow
off-design condition as described in Section 5.1). Once loose, the impeller relo-
cates axially to contact the bundle. This scenario is not considered likely because
the balance piston prevents the impeller from entering into contact with the bal-
ance piston swirl brake vanes, so an axial relocation would have increased the
clearance.

¢ Impeller 7 cover cracked on Apri 13 in the last minute(s) prior to trip. It is conjec-
tured that once the front plate of impeller 7 was fully cracked, the hoop stresses in
the impeller would have forced a deformation backwards. This is a possible expla-
nation for how impeller 7 could have entered in contact with the balance piston
swirl vanes despite the shaft being held in position by the thrust bearing. The most
likely reason for the crack in the impeller cover is the reduction in ultimate
strength of the steel material with increasing metal temperature during prolonged
operation in surge. Fatigue of the impeller cover due to unsteady discharge pres-
sure in surge was first considered as a possible cause, but has now been ruled out
by FORCE.

Because swirl brakes were not industry state-of-the-art before recently, it is expected that
a number of the STC reference compressors do not have steel balance swirl brakes in-
stalled.

The third scenario is considered likely, and it follows that if the labyrinths and swirl brake
vanes on stages 6 and 7 had been make of a softer material than steel, the contact be
tween impeller 7 and the stator would most likely not have generated enough brake force
to lift the shaft hard enough in the DE bearing to cause failure of its bearing cap bolts.
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5.5 Excessive Internal Recycle through DGS Supply Line

During the start up procedure on April 13 around 12:00, the HP compressor was left with
closed anti surge valve and to low discharge pressure compared to the required re injec-
tion pressure. This fact is documented on Figure 71. The seal cavity temperature 36-TT
5251A was increasing very fast and vent out of range at 205°C a period before the fai -
ure. This has been interpreted as a thermal instability in the compressor, which this section

will address.
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Figure 71 *Various pressures on 17,2 and 3" stage HP compressor. The discharge pres-
sure on 3" stage is 20bar below re injection header pressure also when anti surge valve is
closed position.’

The actual flow and pressure read ngs were believed by the control system to be safe re-
garding surge. An investigation of the flow meter resulted in a finding of a zero offset,
which has been increasing since January 2009 to a significant level compared to the actua
flow at the time of failure.

Based on the suction flow transmitter offset immediately prior to start-up, a correction of
1.5 kPa out of 4.5 kPa on the pressure transmitter reading was applied shifted the flow
from 30,000 kg/h to 20,000 kg/h leaves the compressor on the surge control line. Because
the discharge of the compressor was blocked, the 20000 kg/h has to leave the compressor
through the seal gas lines and eventua ly into the flare. The HPC was supplying itself
LP/IPC DGS gas from a seal gas take off located between impeller 4 and impeller 5. A
cross over line from Train “A’ to Train ‘B’ was under suspicion for providing seal gas even if
Compressor Train ‘B’ was stopped at the time of failure

The RCA therefore required an assessment of the seal system and the compressor opera-
tion before the time of failure, which happened on April 13 at 12:52.
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A numerical flow model of the dry gas seal system with connecting pipes has been estab-
lished by LR ODS according to P&ID’s for HPC-A compressor. The model is presented in
Appendix G.

The model includes compressor internal parts, labyrinths seals, primary dry gas seal, com
pressor balancing line and dry gas seal peripherals such as orifices, seal gas coalescer and
inter connecting tubes. The model is based on elements which a described resistance to
flow. The flow elements are assembled into a grid representing the physical model. The
resistance in the tubes are according to NorSok. The orifices and filters are calculated ac
cording to standards such as 1ISO5167 and data sheets.

Three calculat ons are made based on data ICSS data at April 13, 2009:12:17 before the
failure at 12:52. The compressor is running according to data in Table 12.

1. Calculations are based on normal function of the DGS system.

Only small seal gas flows are observed by measurements and by calculations. A compari-

son between calculated and measured and calculated seal gas flow is done in Table 12. A
net discharge of 834 kg/h gas is leaving the HP compressor can be read from the bottom

line of Table 13 in Appendix H. The seal gas pressure is 6 kPag and the flow rate in to HP
is 746 kg/h of which only 155 kg/h leaves the DGS vent system in to the flare line.

During the running before failure an increased DP across the DGS filter has been ob-
served. The leads to calculation number 2,

2. In this calculation the resistance is increased and the influence on the pressure dis-
tribution and flow are assessed.

An increase in seal gas filter pressure to 53 kPag is observed and the seal gas flow is 737
kg/h. The large pressure drop across the downstream orifice 36-FO-4262A is the limiting
the flow rate in the fi ter system.

The large flow rate measured on the flow transmitter with the discharge blocked has lead
to an extensive search for leakage.

3. Calculation of seal gas system with a setting of 5200 kPa instead of 6400 kPa on
relief valve 36-P5V-3250 A. The pressure equals the pressure measured on 36-PT-
3249 A. The LP and IP compressor stages should hereby be supplied with seal gas.

Potential Leak Paths Observation

Relief Valve to Flare -TP43 has potentially a Calculation shows an increased flow rate up from 745kg/h

wrong setting to 5352kg/h from stage 3 to 1'st and 2'nd stage See Fig-
ure 12 for calculations. The relief valve setting should be
tested

Blow down valve36 BDV 4710 A is leaking in Can only be confirmed by pressurising the piping system.
closed position.
Cooling System 38-E-4000A has tube ruptures  Gas alarm in cooling system is not showing signs of in-

and gas entrance. truding gas. No alarm has been detected so far.
Cross over line to B machine is carrying seal No sign of seal gas consumption on the B-train is ob-
gas. served. Measurements on B-train included in Tabie 2 con-

firms no leakage through DGS system on B train.
High seal gas flows and 1'st and 2'nd stage on Normal seal gas flows are observed. Flow around 625kg/h

A train is observed and calculated. Data is included in Table 2.
Check commissioning TQs for potential leakage Thd (Commissioning TQ list not available at the time of
paths writing this status report)

Table 11 ‘Possibilities for major leaks".
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The calculations and measurements in the seal gas systems has not been able to identify a
condition, where large amount of gas such as 30,000 kg/h measured by the flow meter
and corrected to 20,000 kg/h can flow through the DGS system. On the contrary, the seal
gas flow rates are moderate around 1,000-1,500 kg/h. This implies that the DGS flow has
little impact on the surge protection margin for the HPC.

The internal heating of the compressor is a result of the balance of heat generated in the
compression process and the heat carried away through the discharge.

A simple calculation based on actual compressor data was performed. The fresh gas pass-
ing the compressor inlet at temperature t0 is mixed with gas flow going through the bal-
ancing line and the labyrinth at DGS to a mixed gas temperature of t1. The temperature
increases during compression to t2. Loss of heat or Joule Thomson effects is not included
in the calculation. Numbers used in the calculation can be verified by the script included
inAppendix H.

Heating by Recircu atwon of Compressed Gas

500

400

Temperatures(c)

200

100

%.0 0.1 0.2 03 04 05 06 o7 0.8 09
Recr watonrale x

’

Figure 72 “Low mixture ratio x indicates low recirculation of compressed gas. High mixing
ratio leads to high internal temperatures in the compressor.”

From the calculation presented in Figure 72, a recirculation rate X=0.8 are determined. At
this rate a temperatures between 400-500°C can be expected inside the compressor.

On this basis it is concluded that

¢ The flow rates in the dry gas seal system seem to be moderate and its effect on
surge protection margin is therefore moderate..
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e The dry gas seal system does not seem to have been compromised until the acci-
dent.

s The apparently large suction flow rate into the compressor must be a consequence
of DP transmitter error increasing significantly from standstill offset as there was
nowhere for such a quantity of gas to discharge. Leaks through the discharge
cooler would have been detected by a gas alarm located in the cooling system.

A calculation based on the 1'st law of thermodynamics, shows that gas temperature levels
between 400-500°C was realistic in the compressor bundle.

Time 13-04-2009 12:17  Compressor A discharge was blocked
Derived from

Measured Measurements Calculation Calculation
item Tag Data Fiow Pressure Flow

Solar/Maersk LR-0ODS LR-CDS
Comprerssor A- 36-K-4200A/3200A
Fliow Contro! Valve 36-PY-3240A 40%
Solencid Valve 36-XY-4280A q
Turbine Speed 36-ST-3512A 85.70%
3rd Stage Suction Flow 36-FT.4700A 4503kPad  (20000kg/h) 845kg/h
3rd Stage Inlet pressure 36-PT-4704A 5199kPag s19skPag  3742kgih
3'rd Stage Discharge Pressure 36-PT-4707A 9812kPag 9812kPag
3rd stage stage Coat. Filter Dp 36-PDT-4246A 6.41kPad 766kg/h 6.2kPad 745kgih
1'st and 2'nd stage Coal. Filter Dp 36-PDT-3246A 6.09kPad 625kg/h 690kgth
3'rd Stage P.Seal Gas Diff. Pressure 36-PDT-4254A 2296kPad 2548kPad
1'st and 2'nd Stage P. Seal Gas Diff. Pres-
sure 36-PDT-3248A 3095kPad
3'rd stage primary seal vent pressure 36-PT-4245A, 248kPag 248kPag 77kgh
3'rd stage NDE primary vent pressure 36-PT-4243 A 252kPag 276kPag 78kgh
3'rd stage DeDE primary vent pressure 36-PT-4241 A 251kPag 276kPag 159kafh
Estimated pressure at seal gas take off 8000kPag
Estimated pressure upstream 36-PCV
3249A 7950kPag
itemn Tag Vaiue State
Comprerssor B 36-K-42008/32008 Stand Still
Flow Control Valve 36-PY-32498B 100% Closed
Solenoid Valve 36-XY-4289 B 0 Closed
3rd stage stage Coal Filter Dp 36-PDT-4246B 0.0kPad
1'st and 2'nd stage Coal Filter Dp 36-PDT-32468 -0.06KPad
3'rd Stage P.Seal Gas Diff. Pressure 36-PDT-4254B 0.06kPad
1'st and 2'nd Stage P. Seal Gas Diff. Pres-
sure 36-PDT-3248B 0.00KPad

Table 12 ‘Includes measured pressures at a specific time. To verify the leakage in the DGS
system a flow model has been build. Blue vajues a pressures and red values a flow. At this
time the discharge was blocked due to a closed ASV and to low discharge pressure to go

online’.
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5.6 Liquid Slug

None of the observed parameters to suggest a liquid slug from the glycol contactor had
carried through to the suction scrubber vessel and then made it through to the compres-
sor with such volume and force as to create a hydraulic lock.

Depending upon the efficiency of the contactor and suction scrubber vessel it is likely that
aerosol or trace liquid carryover is occurring. That would need to be determined through
other means such as long term trending of glycol usage; online performance monitoring;
sampling and observation. Trace carryover of liquid to the compressor is very unlikely to
have caused the immediate failure effect as occurred on April 13, 2009.

it is recommended that these checks are performed during the re-commissioning team.
This should include inspection of the suction scrubber for corrosion product.
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7 CONCLUSIONS

The discussion in Section 5 of the potential causes and failure scenarios led to the likeli-
hood ranking described in the KT RCA document in Reference [15]. The process cansists in
determining which cause has the least opposing statements derived from the factual
analysis,

On this basis it was concluded by the RCA Team that while the primary reason for the HP
compressor failure on April 13, 2009 was a flow transmitter error, this error was com
pounded with other causes related to surge control, compressor design and operation to
allow escalation to the full extent of the incident.

The flow transmitter error consisted in an offset that was interpreted as a flow rate. As a
consequence the ant’-surge system was led to believe that the compressor operated at
flow rates above the surge protection line, and the anti-surge valve was therefore kept
closed. In reality, the HP compressor was operating with insufficient discharge pressure to
inject and a closed anti-surge valve (i.e., no flow through the d scharge nozzle) causing
significant internal heat generation.

On April 13, 2009 this off-design operating condition was maintained for about an hour
without the protection system or operators realising the problem. Eventually, the internal
temperature rise of the compressor led to a full catastrophic failure. The exact sequence of
events in the last phase up to the gas release is not positively understood, but evidence
suggests that sudden rubbing between impeller 7 and the balance pistan swirl brakes led
to a lift force that stripped the DE bearing cap bolts out. The failure of the DE bearing al-
lowed simultaneous failure of all gas barriers (primary and secondary dry gas seal stages as
well as tertiary seals) because the shaft motion to exceeded all internal sealing clearances.

Review of the compressor control system design has confirmed that it is fully in line with
industry standard. This means that per design the protection provided against off design
operation was as good as used for most AP compliant compression system in the world.
Furthermore, the site visit in August 2009 by Siemens, Solar, Aibel and Maersk FPSO con-
firmed that implementation of piping, instrumentation and controls was in accordance
with design, with some minor inconsequential exceptions. In spite of this, the following
precursors to failure were insufficient to initiate safe trip and/or corrective action:

e The flow transmitter offset grew over time starting in January 2009. in the weeks
before the failure this offset increased more rapidly. No corrective action was
taken because the offset was not automatically detected, and maintenance did
not notice the offset.

« The HP NDE vibrations changed signature significantly on April 6, indicating in-
creased internal forcing from off-design aerodynamic forces. No corrective action
was taken because the vibration level remained significantly below alarm level and
the surge detection algorithm did not recognize the vibration events as surge re-
lated.

« Abnormal high rate of seal gas cavity temperature increase during aborted start-up
an April 10. In this case there was no forward flow either and the anti-surge valve
was also closed. No corrective action was taken because the instrument did not
have a high alarm.
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Abnormal high rate of seal gas cavity temperature increase during start up on
April 13. No corrective action was taken because the instrument did not have a
high alarm.

The compressor was left to operate off-design at low flow without triggering any
of the machinery protection systems {(surge flow transient detector, shaft vibra-
tions alarm/trip, bearing temperature alarm, low discharge pressure permissive)
and without informing the operator of the change in ASC system performance af
ter April 6, 2009. Performance testing in Hengelo confirmed that the HP compres-
sor has a benign surge footprint and that a standard machinery protection system
with standard control parameters therefore is inadequate.

The RCA has now reached a point where corrective actions have been identified based on
the above conclusion and identified precursors, but it must to be emphasised that the fol-
lowing issue remains open:

During HAZOP of recommended modifications, Vetco Aibel pointed out that they
had seen an unofficial operator log entry from February 2009 suggesting that a
transmitter offset had been noted. It remains unclear whether the transmitter in
question is part of this investigation and if any action was taken by the operator.
These entries have not been made to the SAP maintenance system. The unofficial
logs have been requested by the RCA team.

Welding seams from different welding machines have been found to be leaking
on the tested transmitters. This indicates either a generic quality control issue or
external factors (e.g. stress corrosion cracking). Further material investigations are
ongoing at E&H, Germany.

It rema ns to determine whether E&H seen a change in frequency of service re-
quests on the sensor element type in question? E&H have committed to provide
failure statistics on the sensors in question.
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8 MODIFICATIONS

8.1

Recommended modifications

The following corrective actions are therefore intended to provide protection over and
above industry standard against off-design operation.

1.

Seal gas take off temperature measurement with H and HH setting. 7his will pro-
vide a direct measure of the temperature increase in the compressor even if there
is no flow through the compressor discharge nozzle.

. Implement alarm and trip settings for the seal gas cavity thermocouple and set H

alarm and HH trip levels. This measurement has proven to be a precursor to falure
by exhibiting abnormal high temperature well before catastrophic bearing and seal
failure.

Add zero check for signals going into surge controller at zero speed (condition
monitoring of safety critical instruments). Had the flow transmitter offset at stand
still been detected in time, corrective action would have been possible as part of
scheduled maintenance.

Alternatively, a second DP transmitter over the same orifice can be used to com
pare.

Anti-surge system improvement to LP, iP & HP compression loops to prevent op-
eration with no forward flow and closed ASV. Flow pu sation detection on the suc-
tion side must be improved by adjusting for detection level and transmitter signal
filtration. For the HP, LP and IP compressors, discharge pressure pulsations should
be monitored and used for surge detection. 7his shall trip the unit safely in case of
incipient surge.

Include low flow trip function on 3rd stage seal gas supply (transmitter 36-PDT-
4254) which at present only has a pressure differential alarm (low). 7his would
have tripped the unit safely due to blocked DGS filter.

Revisit vibration alarms to prompt action in case of significant changes in vibration
signature. Furthermore, machinery protection system should be extended to dif-
ferentiate between monitoring of synchronous and asynchronous vibration com-
ponents. Alarm levels should be based on vibration levels at recommissioning. 7his
will enable proper flagging of the observed changed vibration signature in the
oays prior to the failure.

Recommiss oning procedure should be reviewed to ensure that all lessons learned
are taken into account.

a. Antisurge line setting
b. Vibration level

¢. Anti surge detection (suction flow fluctuations and all discharge pressure
fluctuation). Ensure feasibility with SOLAR anti-surge logic. Confirm that
flow measurement is consistent from probe to surge controller to ICSS sys-
tem.

d. Commission load sharing.
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9.

e. Verify consistency of data between SOLAR and ICSS systems. There was
evidence of a mismatch for the 2™ state suction flow.

f. Check installation of the minimum opening stopper on the discharge gas
cooler flow controller (36-TCV-4000A).

Relocate the PSD transmitters (with TAHH trip via the ICSS) on LP & IP compressor
discharge. This provides a means to detect a possible high temperature inside the
LP & IP compressors in situations with reduced or no forward flow.

Increase load capacity of bearing assembly. 7his will ensure that bolts are the
weakest element. We have been advised that STC has selected 70mm M12 bolts.

In addition, the RCA has identified certain improvements that should help contain the ex-
tent of damage in a surge control failure scenario. These are

1.

Change the balance piston swirl brake material to a low hardness alternative ma-
terial with adequate temperature resistance. The softer material will significantly

reduce the risk of a bearing cap failure as a consequence of unintended impeller

rub against the swirl brake vanes.

Implement QA/QC procedure for bolt tightness for bearing cap assembly. STC
have provided such a procedure.

Ensure that the operator is requested to close the manual valve, 36-VBGN-4372,
on nitrogen seal gas supply line upon successful start-up. This is to be performed
as an alarm prompt to the UCP and ICSS (‘close manual valve, 36-VBGN-4372, on
N2 supply skid to primary seals’). This has been included in the revised operating
procedure.

It has been discussed that the DC lube oil pump has manual operation only, which
entails that lube oil flow is maintained even in a fire. However, SOLAR do not sup-
port automatic or rapid manual stop because of the risk of running gas turbine
bearing 3 w thout lubricant.

Lube oil vent line to have a more rigid design instead of Straub couplings (welded
solution).

Barrier seal integrity will be improved if N2 dew point is managed as recom-
mended by STC and N2 is turned on before lube oil at every start up.

LR ODS conjectures that the apparent carburization on some of the bearing side
carbon ring segments could be due to lube oil ingress. It is not uncommon that
during commissioning the bearing oil system is pressurized prior to the barrier seal
Nitrogen supply. This would cause the damaged observed. It is recommended to
ensure that the start-up procedure prevents bearing oil flow prior to barrier seal
Nitrogen flow.

During the investigation, it was considered whether the connection between DGS systems
on train A and train B contributed to the surge event. Testing in Hengelo has established
that this is not the case. However, it is still recommended to disconnect train A and B dry
gas seal systems dur ng start up, when both units are at standstill. This will help ensure
adequate nitrogen supply to the starting train. Moreover, this will also allow the casing to
be blown down (setpoint; 500 kPa) prior to opening of casing drain valves.
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8.2 HAZOP of modifications

To ensure that the recommended changes would achieve the desired result, a HAZOP re-
view was conducted to identify any concerns with the engineering design and/or opera-
tion of the compression system as a result of implementing the RCA recommendations.
This HAZOP also serves as the foundation for the enhancement of the existing commis-
sioning and operating procedures for the M60 HP compression system.

The draft HAZOP report has been issued, see Reference [27]. HAZOP actions will be man-
aged in the Maersk FPSO action tracking system.
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AROQUA, Maersk Ngujima -Yin Investigation Status Report from Andy Oborne,
(Dated 090921)

SVT, NGUAMA YIN COMPRESSOR A -FOREIGN MATERIAL ANALYS/S, (Rpt01-
094037 Dated 090901}

API Standard 670, Machinery Protection Systems Fifth Edition Task Force Meeting
No. 17 (Dated 10 Nov 2008)

WEULR-ODS e-mail chain, 'Definitions of Surge used for Vincent RCA', dated Au-
gust 26, 2009.

Siemens, Action point 215 of RCA actionlist 2009 08 13, (Dated 2009-08-19).
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(22]

[23]

{24]
[25]
[26]

[27]

Lloyds Register QDS, Transmitter test at Endress & Hauser, Maulburg, week 44,
(Dated 2009-11-09)

Lloyds Register ODS, Dry gas seal system calculations, Performance of the Vincent
HPA Compressor and Other refevant issues, (Dated 2009-11-16)

Endress & Hauser, Meeting Protocol Maersk Investigation, Dated 2009-11-05
AROQUA, Anti-Surge test at ARCA premises 3 December 2009, Dated 2009-12-04.

Endress & Hauser, Protocol of Investigation Company Maersk 30.11.09 untif
04.12.09, Dated 2009-12-09.

Lloyd's Register ODS, Hazop M60 HP Compressor Train: Startup/Shutdown Froce-
dures, Process System, Seal Gas System, instrumentation Modlifications, DRAFT
Dated 16 December 2009.

10 ACRONYMS

ASC
ASV
DE
E&H
HP
HPC
IP
IPC
LP
NDE
PDT
RCA
STC
WEL

Anti-surge control

Anti-surge valve

Drive end

Endress & Hauser

High pressure

High pressure compressor
Intermediate pressure
Intermediate pressure compressor
Low pressure

Non drive end

Pressure differential transmitter
Root Cause Analysis

Siemens Industrial Turbomachinery B.V.
Woodside Energy Ltd
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APPENDIX F ‘COMPRESSOR MATERIALS’

Component LP/P-compressor HP-compressor

| Casing P355N P355N
Removable end head | StE355 StE355
Inner casing 8355J2G3 S355J2G3
Inlet diaphragm S§365J2G3 §355J2G3
Diaphragm/diffuser S355J2G3 S355J2G3
Shaft 42CrMo4 42CrMo4
Impellers X5CINICuNb16-4 X3CrNiMo13-4
Balance drum X5CINiCuNb16-4 X3CrNiMo13-4
Labyrinths AlMg4.5Mn0.7 AlMg4.5Mn0.7 (X20Cr13)

Compressor Materia s, Reference [12].
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APPENDIX G

‘COMPRESSOR CALCULATION MODEL

r@ @- %— B Aot J20 87 ..i
5. = = Wi =
o4 i Sl i ,._ I ..__f?
Y "3
W#’-* B @ﬁ“"”
M‘? x{@'@ B &, b4 5 |
—— T ?:.-2.:-; {'gl 3E
r 7 ll 'f-r?"’.—l‘f@ 8 S
. YO TV & ] i | R TERORNIT _H '; .
{;l(i%' ré.f—l FEe ?"m:ﬁ-'_ 17' - .\hnﬂfrthﬂu ) (:f:. ¢
a1 \! ._.'-.i:‘-_:_ oy £
T N WS O e

Ut

Flow model of Seal gas system. Numbers from 1 through 19 indicates nodal positions in

DGS system.
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Elements file are displayed.

Elements geometry and resistances are displayed.

Boundary conditions at pipe ends are pressures of which some has been measured and
some has been estimated due to fack of measurements in the specific position.
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Simulation of compressor run on the 13-April 2009:12:17. Good agreements between
measured and calculated filter DP can be read from Table 2.
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Increased resistance across seal gas fifter is simulated. Only a Little affect on pressure dis-

tribution around filter is observed by compare with numbers in Figure 6.
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Table 13 ‘The relief valve 36 PSV 3250 to flare in the seal gas fine to 1'st and second stage
is simulated with setting of 5200 kPa instead of 6400 kPa. Here by an increased flow in
seal gas take off line is observed. The increase is from 1436 kg/h to 5962 kg/h.".

Report: 09.2838 rev 03.1 Page 123



LLOYD'S REGISTER ODS

APPENDIX H ‘RECIRCULATION , MIXING AND
COMPRESSION

from math import *

from numpy import *

from pylab import *

clf)

k=1.32

gam=kAk-1)

Rw=8317

mw=16

Rg=Rw/mw

10=40

pri2=1.9

cp=gam™*Rg
x=linspace(0.,0.85,86)
t0=40*(1-x)41-x)
hO=cp*(10+273.15)
eta=0.6
w12=Rg*gam*(t0+273.15)*((pr12)**(1/gam)-1)
ql12=w12/eta
h1=h0+q12*x/1-x)
t1=h1/cp-273.15
h2=h1+q12
2=h2/cp-273.15

txt= Heat ng by Recirculation of Compressed Gas'
ax s([0,400,0,3])

p ot(x,t0,label="t0 Suction’)
plot{x,t1, abe ="t1-In et')
plot(x,t2,label= 12-Outlet’)
1t e(txt)

legend()

grid()

xlabel('Redirculation rate-x ')
ylabel('Temperatures(c)’)
savefig(‘'mixing.png’)
show()
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APPENDIX | PTC10 CLASS Il PERFORMANCE TEST -
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Figure 73 Schematic test rig setup for performance testing. Flow measurements on suction
flow, balancing line and seal gas take off was performed. Flow rates through seals and
suction was controlled by throttle valves. Temperature and pressure was measured on suc-
tion side and discharge side of the compressor. Vibrations sensors and dynarnic pressure
probes was mounted on the rig as well. The shop motor facilitated variable speed on the

cOmMpressor.
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APPENDIX J

PTC10 CLASS Il PERFORMANCE TEST -
MEASURED BALANCE LINE FLOW

|1_'||'T1e: 11-06-2009 11:37.58

fnw '(glkmol

Speed  [B145  [om

Flow Dim  Hori(m)  [Beta C ps ke( ) po(kPa) Hp{Kpa) p2{Kpa)

IBalance

Line 00508 J.025 [0.48 0.6 0.995 183 997 19.1 977.9

Suction

Line 0.303 105 .35 0.6 0,995 139 1009 6.09 1002.9
appa [ROKkg(K)  [rolkg/m3}  de(Pa) akg’s) Qkah) NO(m3m)  [ulm/s)

Balance

\ine 0.95 1.24 189.02 12.2 1.01E+04  [1.97E-01  [7.10E402  [5.84E+01  [7.9986

Suction

Line 0.95 1.24 189.02 13.6 6.09E403  [.12E+00  [7.64E+03  I5.60E+02  [2.1585

Mixing

tio X(%) |9.305+oo 1.04E+01

Table 14 The %age x between balance line flow and suction flow is about 10 %.
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APPENDIX K REFURBISHED HPC-B API-MECHANICAL

APi-Mechanical Running Test -Compressor B-HP-Stage 3- 6-Nov-2009
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Figure 74 The vibration levels
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APPENDIX L PTC10 CLASS Il PERFORMANCE TEST -
COMPRESSOR EFFICIENCY

L I sy - SRR LD IR Y T L LR

i1 TESTDATA

TEST DATA FOR PERFORMANCE TEST

— YOEmMO: Tea1
Projact Vitcent Vo2 5_' iE.ﬁUi!iﬂ.Ii
Stage: HP | 3rd section
JOperation "Case 1: 1008¢°
De sctiption Units Specnied Test
ag2 of gperation & ign’
Gig Composibon Jesian qas 100% CO2
Volaoylalr Weight Gas Ny kg'kmol 17 48 44.01
lsentropic exponsnt n 1.41 1
[Potytropic exponent n 183 148
Iﬁﬁofsnmvdum Flow % & 13 865
[ass rate of flow m kol 39483 11972
hnlet pressire A bars, 500 10.0
[inet temperature 1 C 450 35,9
tht compressibifty factor Z) 403 0.95
E MELdensiy D kgs _ ] 1901
B Discharge pressure Pa bara 157.0 20.1
E [Discharge tempsrature t4 °C 186.0 1617
5 [Discharge compressibity factor 24 1.01 095
[} |Discharge density Pq kg 70.94 %77
b
H I N o T304 FIFE

Figure 75 Design point for evaluation of compressor efficiency.
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Properties 1
Temperature(Total) 35*°C
Pressura{Total) 10*[bar
Molecular Welght(Total) 44.009 |kg/kmol
|Mass Flow(Total) 11972*|kg/n
[Vapor Volumetric Flow{Total) 665.01 |m*3th

MPR-130

Properties 2
Temperature(Total) | 161.7 | C
Pressure(Totai) 28.1*|bar
Mass Density(Total)|36.822 |kg/m*3
[Mass Flow(Total), | 11972 [kg/h

Figure 76 Performance calculation based on design data as displayed in Figure 75.

Test Gas coz

Polytrophic Efficiency  |63.4 % Isentropic K 1.26482
Polytropic Head 7254.0 m Pressure Change 19.1
Polytrophic N 1.49271 Compression Ratio 2.97

| Adliabatic Efficiency 59.3 % Rotation Speed

Adlabatic Head 6787.6 m Gas Power 372.9

Table 15 The polytropic efficiency was expected to reach 63.4 %.
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CMPR.100

Pro erties 2
163.35*
Pressure Totai 28.4*
Mass Densit Totai 35.746 kK /m”3
Mass F ow Totai 11400 kg/h

Figure 77 Performance calculation based on measured data on the 06 Nov-2009:1059.

Test Gas coz

Polytropic Efficiency  |61.25 % |lsentropic K 1.264

Polytropic Head 7118.1 m  |Pressure Change 184171 bar
Polytropic N 1.519 % |Compress Ratio 2.842

Adiabatic Efficiency |57.03 % |Rotation Speed 8150 rom
lAdiabatic Head 6627.8 im  |Gas Power 1360.8 kW

Table 16 In the design point, he polytrophic efficiency was 61.3 %.
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APPENDIX M SURGE SIGNATURES IN PTC10 CLASS Il

Surge Test -Compressor B-HP-Stage 3- 06-Nov-2009
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: : st
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Figure 78 Trends of speed, axial positions ax1, discharge pressure fluctuations PP2 and
flow transmitter fluctuations PD3 are displayed during surge testing. Raw time signals of
two surge events at 8150 rpm and at 6400 rpm are displayed in Figure 25 and Figure 79.
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Surge Test -Compressor B-HP-Stage 3- 06-Nov-2009

-1390
axl Chb
400 e - .
-1410
£
2 40
-1430
-1440
1390 1385 1390 1395 12 1405 1410 1415 1420 1425 1430
2
PP2 Chib
1 M
.E 1]
K| .
-2
1380 1385 1390 1395 1400 1405 1410 145 1420 1425 1430
B0
PD3 Ch17
40 .
-
E 30
20 . -
10
1380 1385 1390 1395 1400 1405 1410 1415 1420 1425 1430
seconds
. 4B + . Ty
Timspenod 06-11-2009 16:48: [ 1360 : 1430 | sec Samplarate 5400Hz ZDE A5 dﬁ:l
C:\Documents and SettingsVroalaMy Documents\SageriMaarskiM t3\measU51109\bin\20091 106_164837 bin

Figure 79 Compressor is running at 6400 rpm and is forced in to a mild surge condition by
closing of the recycle valve. Axial vibration ax1, dynamic discharge PP2 pressure fluctua-
tions PP2 and flow transmitter PP3 fluctuations begins at the same time. The dynamic
pressure probe PP2 displays the clearest indication of mild surge.
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APPENDIX N SURGE SIGNATURES-WATERFALL PLOTS -8150RPM

T chib:PP2
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Figure 80 Discharge pressure pulsations show harmonics of the 2.5hz during the surge
event.
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Figure 81 Axial displacement probe reflects the pressure pulsations above.
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Figure 82 The ndex probe displays some increased peaks around the surge event. But vi-
bration the signature is not completely identical to the pressure pulsations on Figure 80.
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Figure 83 The dex- probe not display some increased peaks around the surge event.
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