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ABSTRACT

More and more often, oil ficlds need to handle wet sour gases
which contain high propertions of carbon dioxide and hydrogen
sulphide. Furthermore, the Lquid phase contains water with
chlorides. Therefore, pitting corrosion and stress corrosion ¢racking
may occur. Centrifugal compressors used on oil fields for increasing
the pressure levels, require components which must be resistant to
be efficient, but neventheless cheap for an industrial solution. A
corrosion resistant material with high mechanical characteristics is
necessary. Duplex stainless steels which have been widely
developed and experimented on off-shore applications, are a good
way to achieve this challenge. Thev must be solution annealed to
withstand severe corrosion conditions. This paper deals with the
metallurgical aspects and the major mfluence of heat treatments, and
with the manufecturing process of two major components : the
casing and the rotor. This new centrifugal corpressor, designed for
a highly sour gas service, with 87% of acid compoaents, is dedicated
10 a process of sulphur elimination from the flare gas for
environmental protection reasons. It has been operating since the
beginning of 1995 by GASCO m Abu Dhabi.

NOMENCLATURE

CISCC chloride stress corrosion cracking
FCAW flux cored arc welding

GMAW gas metal arc welding

GTAW gas tungsten arc welding

HAZ  heat affected zone

HRC  hardness Rockwell C

HV Vickers hardness

KCV  toughness

PREN pitting ratio equivalent number
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SAW  submerged arc welding

SCC  stress corrosion cracking

SMAW shielded metal arc welding

SSCC  sulphide stress corrosion cracking
UTS  ulumate tensile strength

YS vield strength

INTRODUCTION

The design of a centrifugal compressor is determinated by
DUmMETous process parameters such as the suction and discharge
conditions, and the nature of the gas to be compressed. The volume
flow, the pressure ratio, and the rotational speed range allowed by
the selected type of driver lead to the machine selection. The nature
of the compressed gas is also a mejor parameter, not only by its
molecular weight and thermodynamical properties which are taken
into account in the aerodynamical selection, but by its chemical
analysis which is a very important criterion in choosing suitable
materials.

The elements to be considered are the percentages of carbon
dioxide, hydrogen sulphide, water as a liquid, and of other
components such as chlorides. Many of the guidelines and specific
requirements for using materials in severe corrosion conditions with
sulphides and wet carbon dioxide are clearly defined by the
recommendations of NACE MR0175 stapdard. But, according to
this standard, suitable materials must not bave too high mechanical
characteristics because of low threshold stress levels.

Thrrmodyn has extensive experience in acid and sour gas
environments, and in using materials with high mechasical
charzacteristics, such as martensitic 16-4 stainless steels without
agemng. This experience was also used in the choice of an austenitic-
ferritic stainless steel of the UNS S39550 type which is suitable for
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a corrosive service with sulphides according to the NACE standard,
and also with a high chloride rate (above 100ppm), for a flare gas
Tecovery compression station on a gas field in ABU DHABI. This
choice of material allowed the manufacture of a standard centrifugal
COTIPTESSOT.

The specific application of this machine is to recompress acid
flare gas in order to desulphurize this gas before being burned, and
thus to substantially reduce the emission into the atmosphere of
sulphurized components, which have a considerable impact on the
environment by their acidity.

COMPRESSOR DESIGN AND REQUIREMENTS

Centrifugal compresor

The main characteristics of the centrifugal compressor are :

- 6 impellers of 700 mm in diameter

- 2 aerodynamical sections arranged "back-to-back” with
intermediate cooling,

- suction pressure 1.5 bar a.

- suction temperature 60 °C

- discharge pressure 9 bar a.

- nominal rotational speed 6735 rpm

- power 2080 kW

- flow 33530 kg/h

- molecular weight of the gas 37 kg/kmol

- driven by a fixed speed electric motor through a gear.

The chemical analysis of the handled process gas is as follows :
- 51% carbon dioxide,
- 36% hydrogen sulphide,
- hydrocarbons,
- water saturated with more than 100 ppm chlorides.

According to the aerodynamic service requirements, in particular
with a discharge pressure of about 9 bar abs., the centrifugal
compressor would have been manufactured with a horizontally split
casing.

In the case of severe corrosion conditions, as for highly volatile
gases compression, a barrel type compressor s preferred, with a
cylindrical vertically split casing. The cross section of the
compressor can be seen in Fig. 1. The machine is large because of
the high flow rate of 20000 m’/h. The casing is composed of a shell
closed at both ends by covers, retained by shearing rings. The casing
tightness s ensured by O-rings located between the shell and the
covers.

The rotor consists of a shaft on which are assembled the
shrouded impellers, their positioning sleeves, the balancing piston,
the thrust collar, the shaft end seals, and the coupling. The radial
bearings, and the thrust bearing are of the tilting pad type.

With a barrel arrangement, the rotor and the diaphragms are
assembled together into an aerodynamical bundle (Fig. 2) which, for
maintenance, can easily be installed into, or extracted from the
casing without it being necessary to remove either the casing, or the

gas piping.

The impellers are installed in a two sections back to back
arrangement. The suction nozzles are located at each casing end, and
the two discharge nozzles at the middle, which brings the advantage
that the stator sealing between the casing and the covers is only
submitted to the maximum suction temperature of 60 °C, instead of
the discharge temperature of 200°C which will be met in a
compound arrangement. This is quite beneficial to the O-ring safety
margin regarding the corrosion resistance aspects, and the casing
tightness and therefore the leakage risk reduction.

The shaft end sealing is ensured by John Crane 28 AT dry gas
seals in a tandem arrangement. For this application, a dry, sweet gas
was available as a buffer gas.

Incidentally, this centrifugal compressor thus equipped,
represents a perfectly closed and sealed vessel without any risk of
external leakage regardmg eavironmental contamination, and human
protection, taking into account the letkal nature of the handled gas.
Another consequence is the possible use of standard components
made of usual materials for the hydrodynamic radial and thrust
bearmgs, the coupling, and all other equipment which is not in
contact with the process gas.

Corrosion requirements

When the compresser is in operation, SSCC or CISCC can occur
only on the first impellers of each aerodynamical section, but not on
the other impellers, because the compressed gas is hotter, and
therefore not water saturated. During standstill periods, the gas
condensales and very acid water droplets appear with a very high
concentration of hydrogen sulphide, carbon dioxide and chlorides,
and a general pitting corrosion s possible with also SSCC and
CISCC risks because the impellers are shrunk on the shaft. Ip order
to prevent the corrosion relevant to this phenomenon, the
compressor is supposed to be vented when stopped, using a dry inert
or natural gas. So there is no rematning risk of high corrosion in the
aerodynamic channels of the gas path. But in the case of this
particular application, it was not possible to install such a venting
system.

With the above mentioned nature of the process gas, various
corrosion forms do exist :

- sulphide stress corrosion cracking - NACE TM0177 acceptance

tests (Fig. 3),

- chloride stress corrosion cracking (Fig. 4},
- choride pitting corrosion (ASTM G48 specification) (Fig. 5).

Therefore the choice of suitable materials, according to the
requirements of the NACE MRO175 standard, must offer a good
resistance to chloride corrosion, and meet a specific criterton given
by the pitting corrosion index :

PREN = Cr + 3.3 Mo + 16 N (1)
where Cr, Mo and N are respectively the percentages of

chromivm, molybdenum and nitrogen in the material. To be
chloride resistant means a high PREN, greater thaz 40.
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Typical chemical analysis

Standard tExzmp]es ;:: PREN
rade mar Cr Ni Mo. | N Others
Il UNS S$39304 - W Nr 1.4362
X3 Cr NiN23.4 SAF 2304 - UR 35N 23 4 02 | o1 25
UNS $39803 - W Nr 1.4462 UR 45 N - SAF 2205
X 3 CrNiMoN22.5 223FAL-AS22-V§22 | 22 33 30k 3
UNS $39550 UR 52
X 3 Cr Ni Mo Cu N 25.7 FERRALIUM 255 25 1651 3 |08 16 Cu 38
UNS $39760 ZERON 100 25 7 36 | 025 | 07C07W } a1 ||
UNS $39550
X 3 Cr Ni Mo Cu N 25.6.3 UR 52 N+ 25 6 38 | 026 1.5Cu £
f UNS $39750 SAF 2507 25 7 38. | 0.27 42

Table 1 : Tyvpical chemical analvsis of some wrought duplex stainless steels

Selected material for the compressor application

Among the usual matenals (Schofield, 1991) which comply

SSCC and CISCC, some are well known, such as :

- AISI 316.

- ALLOY 825,

-ALLOY 28 (Cr=27, Ni= 31, Mo = 3.5, N approx. 0.05 to 0.25),
- Super-austenitic stainless steels 6 Mo,

- ALLOY 625.

These materials are suitable for corrosion, but have medium
mechanical characteristics, with a Yield Strength (YS) lower than
400 MPa.

In a conventional compressor design , the centrifugal effects lead
to stress levels of about 600 MPa during overspeed tests. So these
matenials are not compatible with conventional impeller peripheral
speeds. Using them would lead to oversizing the compressor in
dimensions, and in impeller pumber.

Superduplex stainless steels with a PREN higher than 40, and
high mechanical characteristics (YS > 600 MPa, UTS > 750 MPa),
such as UNS 839550, provided the solution in the compressor
design by alowing the nse of standard and qualified compounents,
with acceptable material costs.

In spite of the relatively high proportions of alloying elements,
the cost of such a material remains reasonable due to the low level
(< 5%) of nickel which is the most expensive alloying element.

SUPERDUPLEX MATERIAL

Metallurgical structure and chemical analvsis

"Duplex” stamless steels are so-called because of their dual-
phased microstructure of austenite and ferrite (Charles, 1991).

In the early nineties, developments have been performed for
wrought and forged products, in order to optimize these materials
and in particular to improve their mechanical properties, and their
corrosion resistance. These new materials were consequently called
"superduplex”, with grades such as UNS 839550, $39750 and
539760 (table 1) which are now well known, and which have a wide
application range (table 2 - Fruytier, 1991, and Charles, 1991).

Thus, UR 52 N+ type of the UNS §39550 superduplex family
with a typical chemical analysis (X 3 Cr Ni Mo Cu N 25.6.3) 1s
characterized by high proportions of chromium, nitrogen and
copper, and a slight increase of molybdenum and nickel. Its duplex
microstructure results both from its chemical analysis and from
annealing in the 1050-1150°C temperature range. Elements such as
nickel, manganese, carbon and nitrogen are austenite stabilizers, but
chromium, molyhdepum and silicon are promoting ferrite-phase.
These elements have to be adjusted in order to reach a sufficient, but
limited femte content, lower than 55% (Duret-Thual and Moiron,
1991). Among alloying elements, nitrogen plays a particular part
because it is a very strong austenite stabilizer at high temperature,
which will be shown in the paragraph on welding.

Qualitv heat-treatment

In order to obtain the above characteristics, the metaliurgical .
structure must be austenite-ferrite balanced. This is also achieved by
a good temperature range during the quality heat-treatment which
consists in a solution annealing followed by a water-quenching (Fig.
6). The temperature does not exceed 1150°C because, when the
temperature is too high, the austenite tends to revert into fernte, and
the consequence is poor ductility and toughness in a similar way as
can be seen in a weld HAZ with for instance insufficient added
nitrogen.
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Steel grades
- Industrial
segment 23%Cr Mo-free 22% Cr duplex 25% Cr duplex 25% Cr superduplex
PREN 25 PREN 30-35 PREN 32-40 PREN > 40
Chemical pumps, fans,'éenuifuges, urea strippers and salt evap.,tubing, pumps,
indust piping sulphur melting coils, reactors, agitators, amine equipment,
tndustry chemical tankers heat exchangers seewater cooling systems
Petrochemical tubular reactors desalting, desulphuriza- dusulphurization equip- tubes and pipes
industry with C steel shell tion and distillation units ments, pump casings CI or HCl environment
sour gas transportation sea water cooling systemn
Oil & gas coolers, pipiog, flare boom, frame work fm sa?esswater ’ piping proc.equipment :
{on-shore and flow lines tensioning slotted oil liners props, pumps, separators,
injection pumps, s
off-shore) systems (H,S and CO,) Yivime bells. pressure vesseis,
g christmas trec

Table 2 : Duplex and superduplex stainless steel applications in various industry segments

Other heat treatments at temperatures lower than 1050°C

Machining and welding induce remaining stresses which have to
be eliminated by relieving heat-treatments, at temperatures lower
than the quality treatment one, and for which a lot of care must be
taken to keep the dual-phase equilibrium.

In the 300-1050°C temperature range (Fig. 7), two main areas
are to be considered :

1/ The first one, located between 650 and 1000°C is centred
around 200°C and concerns higher temperatures. Intermetallic
phases, precipitations, and carbide or chromivm nitrides appear.
This phenomenon is typical of alloys rich in molybdenwm, Particular
attention must also be paid 1o the sigma phase promoning elements,
such as manganese, silicon or phosphorus. These elements are
prohibited and affect SSCC and CISCC resistance. The first
consequence of such a metallurgical specificity is that all the
procurements of forged components are solution annealed at a
temperature of about 1100°C and water quenched. A high cooling
rate is required in all the volume, along ail the wall thickness which
can be up to 250 - 300 mm.

2/ The second one is centered around 450 °C, from 300 to
600°C. It is an area where a material ageing phenomenon occurs,
and also phases appear hecause the presence of copper. Hardening
can be accelerated for temperatures higher than 400°C by addition
of copper. In this temperature range, high chromivm and
molybdenym contents can also lead to a ferrite hardening, m
particular in heavy section parts. Ageing can be searched for higher
mechanical characteristics (YS, and UTS), but is prohibited for
toughness (KCV decrease) and hardness (HRC mcrease), except for
corrosion resistance. the corrosion resistance is also affected. These
phenomena give the continuous operating limits of such a material
(below 300°C).

The main consequence of all these cousiderations is that, in order
to prove the material reliability, micrographic examinations are
performed and the ferrite percentage is checked to be lower than

55% as the compliance of a corrosion criterion, as shown in table 3.

ii'f:f,fs 42% 48% 65% | 72%
. no ruptore no rupture
ruTltl:rZ t?h ) no crack cracks after | 93 63
P affer 2400 h 1500 h
Average 0.15
potential 0.15 then 0.53 0.51 | 0.52
—_—

Table 3 : Influence of ferrite contents
on the 23% Cr duplex SCC resistance
under NACE TM0177 standard condition

with a 90% vield strength applied stress
Procurement specifications for components

For all the components of the centrifugal compressor,
specifications cover the requirements to be satisfied by the material
after solution anneahing and water quenching, including :

- chemical analysis according to UNS 839550 grade,

- metallurgical structure without carbides and intermetallic phases,
- mechanical characteristics,

- reliability of the forged pieces to satisfy the service.

In order to achieve these requirements, inspections are
performed both on the material, and on the pieces. The general
inspections consider :

- chemical analysis on a test specimen from ¢ach lot,
- mechanical tests : tensile and impact tests,

- structure examination by micrographucs,

- corroston tests according to NACE TMO177,

4
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and other specific mspections are performed on the forged pieces to
check the absence of :

- surface defects on 100% coverage by penetrant examinations,

- internal defects by ultrasonic examinations in 100% volume.

CASING MANUFACTURE

The casing is mainly composed of a cylindrical shell, four
nozzles, and two covers.

Forging thick components such as the nozzles and the covers
does not need specific procedures or particular processes. In the
case of thick forged procurements (250 to 300 mm), care must be
taken with the sohition annealing to have an uniform temperature all
along the wall thickness. The most important operation during this
heat treatment is the water-quench, and more specifically the
cooling rate control so that the center of the component is not kept
for too long at high temperature levels from 1000°C to 600°C. The
risk is the formation of sigina phases, and brittle areas in the middle
of the metal.

The case of the shell is more difficult and is therefore presented
with more details as follows.

Forging of the casing shell

.The casing shell (1.6 m in diameter, 2 m in length and 100 mm
in thickness) has been forged out of an ingot of 25 tons. This ingot
was the biggest one ever used at the Tecphy plant for the duplex
TINS $39550 grade. The weight of the initial ingot may appear high
compared to the finished casing shelt weight (approx. 10 tons), but
this is justified by discarding metal during forging and core removal
to forge the hollow shell.

Table 4 shows the chemical analysis of the UR 52 N+ (UNS
$32950) superduplex stainless steel used to manufaciure the casing
and nozzles. As explained above, a thorough control of the chemical
colnposition is necessary 10 achieve a 50% austenite / 50% ferrite
balance for the forgings. The pitting index calculated from formula
(1) is greater than 40. It has to be pointed out that residual elements
such as sulphur and oxygen are kept as low as possible in order to
achieve a good steel cleanliness, and a better pitting corrosion
resistance,

e = = = —— ——————
C I S T Mn_-r Cr Mo Ni N,
i 0.020 10.002 | 1.160 | 250 | 3.55

Table 4 : Chemical composition of forgings
used for casing shell manufacture

0.203

6.30

The manufacturing sequence of the casing shell is presented on
Fig. 8. This is complex due mainly to the metallurgy of duplex
stainless steel. As shown above, precipitation of intermetallic
compounds or carbo-nitrides may occur during cooling from
1000°C 1o 350°C. This may result in embrittlement during cooling
to room temperature prior to rough machining. Thus a lot of

5

attention has to be paid when cooling after forging to avoid
precipitates and a preliminary anncaling heat treatment, followed by
water quenching was performed.

The forging sequence began by blooming of the ingot in order to
get sufficient reduction ratio to refine the solidification structure. At
this stage top and bottom discarding was performed to remove the
dirty ingot parts and segregated areas. This was followed by
piercing to remove the ingot core. These operations are carried out
with a 4000 ton press and a lot of care was taken to avoid cracking
during forging of super stainless steel containing high amount of
molybdenum, nitrogen and nickel, compared with conventional low
alloy steels. The pierced blank was then drawn on a mandrel to get
the length of the casing shell including an over-leagth for material
testing. The last operation consisted in honing (expanding inner
diameter).

Though conventional, this forging sequence applied to
superduplex stainless steel is difficult due to the metallurgical
properties of the steel, and the difficulties 10 apply a considerable
deformation under the press.

After annealing. pre-machining was performed, before the
quality heat treatment, 1n order to remove the oxide scale and to
reduce the thickness as close as possible to the finished product
dimension. This point is essential to have a cooling rate as high as
possible during quenching in water in order to prevent amy
precipitation (mainly carbo-nitrides). Special care has to be taken to
avoid deformation during quenching of the thin hollow forging.
Thus, sufficient over-thickuess, and preferably vertical heat
treatrnent have to be chosen.

Control of forging after the quality heat treatment pave
satisfactory results for mechanical properties (table 5). Test
specimens were removed from a 170 mm diameter test coupon
representing the maximum forging thickuess, heat treated in the
same heat treatment batch. Results were quite consistent with other
mechanical tests performed with trepammed specimens removed
from the forging itself.

Forging YS UTsS ASd KV
(MPa) | (MPa) (%) (-20°C)

shell 620 814 29 m=32
18" nozzle 1 599 797 30 m=96
14" nozzle 2 579 787 28 m=98
14" nozzle 3 559 776 29 m= 80
10" nozzle 4 600 795 32 m=96

Table 5 : Mechanical tests results

The microstructure shows a mixed 50% ferrite - 50% austenite
structwre. This structure was homogeneous whatever the
longitudinal or transversal direction, resulting in homogeneous
mechanical properties.

Corrosion properties according to NACE TMO0177 tests, and
ASTM G48-A tests were quite satisfying : the oritical pitting
lemperature was higher than 50°C, and no rupture occurs during
SCC testmg at 20°C and 60°C with a stress level of 80% of yield
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strength.

After final external machining, dimensional and ultrasenic
mspections were carried out. U.S examination at 2 MHz did not
reveal any defect after 100% coverage control.

Machining and welding of the casing shell and nozzles

During the manufacturing process of the casing, the second
major operation 1s the welding of the four nozzles (two compression
sections) on the forged cylindrical shell.

For this operation, the optimal welding process was chosen, and
a welding procedure qualification was performed to ensure the
mechanical and metallurgical quality of the weld joints, specifically
for the filler metal in the butt weld configuration. Another test with
a corner jomt was performed to check the faisability, the ferrite
contents and the hardness map according to NACE MRO175
requirements.

Welding metallurgy and procedure qualification

The weldability of duplex or superduplex steels has been
extensively studied (Duplex Stainless Steels'?1,1991 and Duplex
Stamless Steels'94,1994). Unlike the austenitic steels, they are very
hot cracking resistant but the welding cycles can modify the
micrestructure of the welding area. In fact, the duplex grades
solidify in the fernte field and it is only during cooling in solid state
that a part of the ferrite transforms to austenite.

A welding thermal cycle normally increases the ferrite content
because the cooling rate is too high to allow a complete ferrite to
-austenite transformation of the high temperature fully ferritic
structure (Bonnefois €t al, 1991). Thus, duplex welds exhibit higher
ferrite contents than base materials in the HAZ, and in the weld
metal if the filler material exactly matches the base material
composition.

The chemical analysis of UR 52 N+ is adjusted for weldability
improvement. The molybdenum content is maintained at an
optimum value in order to avoid high sensitivity to intermetallic

phase precipitation. The nitrogen level is increased in order to avoid
an excessive ferrite content i the HAZ after welding (Bonnefois et
al, 1991). As shown in Fig 9, higher cooling rates can be accepted
and lower heat inputs can be used to weld UR 52 N+ grades.
Typical heat mputs and welding conditions used to obtain a
maximum ferrite content in the HAZ less than 73% and to avoid
mtermetallic phase precipitation in the weld metal are mdicated in
table 6.

The selection of appropriate filler materials is another aspect of
the welding metallurgy of duplex and superduplex grades. Two
techniques are used :

- nitrogen addition in the welding gas for plasma, GTAW or
GMAW, to avoid the nitrogen losses, and the risk of excessive
ferrite content and low pitting corrosion resistance in the weld metal
(Bonnefois, 1991) ; _

- using a filler material with a high nickel content in order to obtain
a weld metal ferrite content from 20 1o 40% (SMAW, FCAW or
SAW).

As mndicated m table 6, these two methods have been used to
weld the casing nozzles. High nickel] content superduplex wire or
electrodes have been used and the root pass in GTAW have been
deposited under a 4% N, + Ar shielding gas. The chemical analyses
of the filler materials are given in table 7. It can be seen that the
pitting corrosion parameter is higher than that of the parent metal
(PREN > 40).

The results of the welding procedure qualification tests are
summarized i table 8 for two types of representative jomts (butt
and corner joints). All the weld properties are in accordance with the
requirements. Regarding compactness, these high nitrogen weld
metals do not present unacceptable porosities and all the welds were
approved. The results of the bend tests show that, due to the low
ferrite content, the welds are not affected by a loss of ductility. The
impact energy of the weld metal is not very high, hut this is quite
normal for SMAW in relation to its oxygen content (Bonnefois et al,
1991).

Hardness has also been checked both in the HAZ and filler metal.

Beds Welding Filler Shielding Heat input Pre-heating Interpass tem-
; process material gas (kJ/mm) (°C) perature (°C)
Root GTAW SANDVIK 25.104L Ar+4% N, 22 No <130
Filler SMAW |__ SANDVIK 25.104LR / 10 No <130
Table 6 : Tvpical welding conditions for UR 52 N+ superduplex stainless steel
{thickness > 20mm and welds in as welded conditions)
Filler material (%) C Si Mn Ni Cr Mo N PREN
GTAW wire 25.10.4L 0.014 0.29 0.39 958 25.24 4.0 0.24 423
SMAW electrode 25.10.4LR 0030 | 057 0.64 9.80 25.60 3.9 0.25 425

Table 7 : Chemical analvsis of filler materials (welds in as welded condition)
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|| Property Requirements Results
I Compactness ASME IX Approved
X ray examination
Bending test No defect Conform -
D=4h >32mm approved
. 879 to 895
Tranverse tensile test :
Rm (MPa) at +20°C > 760 wpture I
Charpy impact weld
metal CVN at -20°C mini > 40 48-50-46
I
Charpy impact HAZ .. T
CVN at -20°C (J) mini > 40 66-70-52
Ferrite content of
weld metal (%) <33 24104l

Table 8 : Weld properties in as welded condition

The ohtained values satisfy the NACE MRO175 requirements and
are lower than or equal 10 HRC 28 (table 9), limits for annealed
and quenched material.

Weld type Butt joint Corner joint !
Hardness HVS HRC
HAZ 310-311 27-27
Weld metal | 326 -305 28-26

Tahle 9 : Measured hardness in the welds

The conclusion considers the correlation between HVS and
HRC, according to Woolin (1993), (Fig.10), in the case of a dual-
phased material. In fact, HVS gives a very poor indication of what
can occur either on austenitic or on ferritic grain.

Casing control and machining

Once all the requirements of the welding procedure qualification
had been satisfied, the subcontractor (specialized in stainless steel
welding) performed the welding of the casing shell (Fig. 11).

Assembly began by machining grooves between the nozzles and
the shell to obtain satisfactory corner joints.

Another requirement was accurate nozzle positioning. This was
performed by specific tools that ensure the precise location of the
four flanges, and the cylindrical tolerances of the shell. The resulting
deformation did not exceed 0.5 mm.

No defect of the weld joint were found by both dye penetrant
examinations {external defects), and ultrasonics (internal defects).

Machining of the different components (casing and both covers)
was not a particular problem. Only the hole drilling operation in the
covers needed some care and tool sharpening, as with austenitic
stainless steel machining,

The final verification of the barrel casing wall was the
hydrostatic test after assembly of the closed vessel. Because of the
high- toxicity of the sour gas to be handled, the leak ughtness was
checked using helium as the test gas.

ROTOR MANUFACTURE

The production of the main components of the rotor which are
the 12 impellers (6 normal and 6 spare omes), required the
development of specific, new processes.

Impeller manufacture

Shrouded impellers consist of two machined elementary parts,
the bladed hub, and the shroud, the assembly of these two parts
being obtained by welding.

With conventional materials such as carbon steels, or martensitic
stainless steels, the machining of acurate shapes is casy. The first
machining phase consists in lathing the forged blanks.

The particularity of superduplex stainless steels during the

.machining phases is to get both the characteristics of an austenitic

material and those of a fernitic steel with high mechanical properties.
In fact, austenitic materials are famous for their work hardening
during machining with a tendance of sticking cuttings. So thick
machining passes and high feeds are recommended. But care must
be taken to avoid high deflections for these pieces, and passes
alternatively on each side of the part must be performed to control
and compensate this deformation.

The conseguence is that, when machining a ferrite structural
material, the tools wear rapidly, and this is amplified in the case of
hard nitrogen alloyed material. Thus, the spindle speed must be
reduced, and rather resistant tools with optimized shapes must be
used,

Then, the slot grooves are drilled and milled in the shroud. and
the blades are milled in the hub, with the integration of all these
machining parameters resulting from a compromise for this dual-
phased material.

Impeller welding

A specific welding procedure has been established for slot
welding the impellers in UR 52 N+ grade. For these welds, a post-
weld heat treatment must be done to relieve the welding stresses
higher than YS, without causing any detcrioration of the
metallurgical properties or deformation of the aerodynamical
channels.

The slot welds have been performed according to the welding
conditions shown in table 10. The superduplex SM ARC 52 wire
with a matching chemical composition was selected to obtain
homogeneous properties in the weld and in the parent metal after
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post-weld heat treatment. Nitrogen was added to the welding gas to
maintain a sufficient nitrogen content in the weld metals (Bonnefois
etal, 1991). The main results of the procedure qualification tests are
shown in table 11.

S Heat Interpass
Welding Filler Shle:::mg input tempera-
g (kJ/mm) | ture °C)
Sprint
Manual Ar
metal 1.65 <130
GTAW | 2N | +3%N

Table 10 : Impeller welding conditions for UR 52 N+
superduplex stainless steel

f e e —e)
Weld property Requirement Resutts
Compactness .
X-ray examination ASME IX Approved
{ Bending test No defect \
D=4th >32mm Approved
Transverse tensile
test Rm (MPa) > 760 883 - 886
Il Charpy impact weld . )
metal at -20°C miai > 40 64-66-60
Mazimum hardness <28 HRC Base metal <279
HVS (<285 HVS) | Weld metal < 282
Weld metal Eerrite <55 3410 40
content (%

Table 11 : Properties after post-weld heat treatment

All the results obtained after the post-weld heat treatment were
in accordance with the requircments and the measurements of
residual stresses and showed that more than 60% welding siresses
were effectively relieved. This satisfies the service loads of these
impellers which are highly stressed and subject to fatigue inducing
conditions m operation. Two main inspections have been performed
on the welded shrouds to check the ferrite content and the hardness
required for sour gas application (table 12 and Fig. 12). '

Impeller finishing and control

The last machining operation of the impellers consists in lathing
to ¢liminate all the weld over-thicknesses and to achieve the final
mapeller contours and the bore.

The mam control which is performed according to AP 617, and
which qualifies the impellers, is an overspeed test at 7745 rpm (285
m/s in peripheral speed). Of course, these tests considered the

Location Ferrite content (%) ‘HRC hardness
(Fig- 12) mini | maxi | mini | max
1|
"shroud"
base metal 32 50 20 25
weld metal 30 53 24 28
]
"shroud”
base metal 38 51 21 24

Table 12 : Weld impeller inspection resulis

tensile test curve of such an austemitic-ferritic stainless steel.
Dimensional measurements were in accordance with the design
tolerances, and dye penetrant examinations disclosed no external
Imear defect on the shrouds.

Rotor machining and assemblv

The shafts are about 2 meters in length and 250 mm in diameter,
and also made of superduplex stainless steel, Their lathing was as
rotors made of cooventional matenals, and all the dimensional
tolerances were met. Grinding and chromium coating of the bearing
locations did not need specific processes.

The use of eddy current probes for the rotor vibration monitoring
in operation, needs to shrink stee] sleeves because the dual-phase of
the material disturbs the magnetic response, under a customer
approved exception to the AP standard.

Heating was necessary lo shrmk the impellers and the
intermediate sleeves on the shafts, but the furnace temperature did
not exceed 300°C according to the phase diagram of UR 52 N+
The rotors were assembled with the shaft in a vertical position, and
dynamically balanced, firstly at low speed by using the API 617
procedure, and then at nominal speed under vacuum.

COMPRESSOR ASSEMBLY AND TESTING

The manufacturing of other components such as the diaphragms
did not need any specific process. Some solution-annealing heat
treatments and quenches were performed when necessary (for
example on the two volutes), without difficulty.

Then the assembly of the aerodynamical bundle needed some
care in relation with its dimeunsions and weight. Treated ALLOY
625 boltings were used for corrosion resistance, and with UR 52 N+
consistance ; normalized ALLOY 625 was used for the outs.

The mstallation of the aerodynamic bundle into the vertically
split casing was successfully performed by using specific tools.

Before been installed on the skid, the compressor was
successfully subjected to several acceptance shop-tests
- leak tests,

- mechanical tests up to the maximum continuous speed,
- similitude performance tests, according to ASME PTC 10 Class
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111, with an inent similitude gas.

It is also to be poticed that care was taken in selecting all the
environmental, safety and auxiliary equipments which would have
been in contact with the sour gas, such as the antisurge control
valve, or the aero-coolers, with the choice of appropriate materials
such as duplex UNS 839803,

The compressor is now operated by GASCO in an oil field in
Abu-Dhabi, and at this time (end of 1995}, it has cumulated 4000
running hours in sour condition, since its commissionning.

CONCLUSION

Until aow, the use of superduplex stainless steels was well
known for various applications mainty dedicated to off-shore
applications with marine corrosive environment, or to very sour
fluids for piping or vessels. _

In the case of centrifugal compressors handling highly sour gas,
saturated in liquid phase containing water and chlonides, it is
necessary 1o use a material suitable for corrosion resistance both in
operation and at standstill, and with high mechanical characteristics
due to the peripheral velocity of impellers required by the
COMPTEsSion process.

The challenge of choosing UR 52 N+ for manufacturing a
specific centrifugal compressor is to be successful for all operations
of procurements, machining, welding, assembling, and testing...,
following ndustrial processes and within a fequired contract
delivery time.

Never before had a cylindrical shell of 10 tons been forged out
of a25 ton ingot. This "all-ip-superduplex” centrifugal compressor
of 30 tons in weight seems to be the first one of this size
manufactured. The success in producing such a machine is based on
the experience of the compressor manufacturer and his
subcontractors, and good cooperation by the metallurgical properties
of the selected material. A lot of specific knowledge concerning
superduplex stainless steel metallurgy was involved at each
manufacturing phase, in order to epsure both good corrosion
resistance and high mechanical characteristics.

It must be poimed out that attention had also to be paid to all the
auxiliary and safety equipments necessary for the compressor
operation.

Safe operation of this compressor has now been proven with
more than 4000 nnning hours under particularly sour gas conditions
(87% acid components) by GASCQO in an oil field in Abu Dhabi.
There are many potential applications for such a centrifugal
compressor, designed for highly sour gas service handling wet
chlorides. Three main ones are :

- compression and reprocessing of flare gas for sulphur elimination
for environmental protection reasons,

- enhanced oil recovery by compression of more and more highly
sour gas on many oil fields,

- gas collection and recompression for treatment on sour gas fields.
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Figure 1 : Compressor cross section
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Figure 6 : Ferrite content vs temperature for 25 Cr duplex
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Figure 7 : Effects of heat treatments :
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Figure 12 : Hardness points in impeller slot weldin

Rockwaell "C* hardneaa (MHRC)
A0

""""""""" upper limit
——— mesn

acr] .
— == lowerimig .-~

30

20

i T T (] T T
200 300 400 600
Vickers hardness (HV)

Figure 10 : Hardness data for duplex stainless steel
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Figure 13 : Centrifugal compressor
during shop tests

Figure 11 : Casing shell
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