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Abstract: Compressor installations in the oil and gas industry are subject to continuously changing
operating conditions. While centrifugal compressors, especially when driven by gas turbines, provide a
tremendous flexibility, it is often economic to restage the equipment to optimize for new process conditions.
Restaging considerations are not only driven by gains in compressor efficiency, flow capability or
improvements in fuel efficiency. Important considerations also include the ease of restaging, downtime and
cost. This paper discusses the design principles and solutions for centrifugal compressors with a low
life-cycle cost. The criteria for restage and case studies are also presented.
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0 Introduction

S

Although most turbomachinery OEMs are using similar
design tools like CFD, FEA, and CAD, manufacturing
technologies as well as development testing in their design
process, gas compressor products are distinctly different due
to different design philosophies. For example, some OEMs
design compressors with high efficiency within a narrow
range by using low solidity airfoil ( LSA ) vaned diffusers,
while other OEMs design the compressors that can be
operated in a wider flow range with decent efficiency.
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It is important to offer high efficiency gas compressors
to meet the initial conditions: pressure, temperature, gas
composition, flow, etc. However, the changing of operating
conditions, such as gas field depletion and natural gas
demand increasing, is the nature for either production or
pipeline compressor applications. It is equally important that
the gas compressors can be restaged easily to reduce life-
cycle costs and minimize downtime costs.
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1 Principles of Gas Compressor Restage
[EgEtiERIRE
1.1 Gas Compressor Performance
EEM A ERERFIE
In reality, gas conditions always change in either
pipeline or production compressors. If conditions oscillate
around the design point, for a typical wide range
compressor, no restaging is needed. But when conditions

change in one direction away from the design point,
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compressor restaging should be considered.
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Essentially, six

key parameters define the gas

compressor  performance: Inlet /discharge temperature /
pressure, flow, and speed for a given gas composition. Gas
properties such as specific gravity, specific heat ratio,

specific heat and compressibility also affect the compressor
performance. Changes of above mentioned parameters may
require speed and power change.
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Where, Cp is specific heat ratio at constant pressure; H,_ is

isen

isentropic head; H,,, is actual head; k is specific heat

ratio; p,/p, is inlet /discharge pressure; T,/T, is inlet/

discharge temperature; SG is specific gravity; Z s
compressibility factor; 7, is isentropic efficiency.
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The temperature, pressure, and gas properties are
combined into two terms: isentropic head and isentropic
efficiency as shown in equations 1 to 3. The two combined
parameters plus flow and speed are the four key parameters
to evaluate the compressor performance as shown in a
Head-Flow map( Figure 1).
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The effect of temperature, pressure, and gas
composition mainly move the operating point inthe T ( speed
Topping) or D ( speed Decreasing ) direction as these

parameter mainly affect head as shown in Equation 1.
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Figure 1 A Typical Multistage Compressor Flow-Head Map
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When suction temperature is increased from original
design point, more head will be created for the same
pressure ratio and higher speed will be required to move the
new flow point to T direction. The temperature also changes
the map slightly. Higher temperature tends to tilt the map in
counter-clockwise direction.
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Suction pressure moves the point in the T or D direction
also. For a typical declining gas field, the suction pressure
reduces over time. To reach the same discharge pressure,
more pressure ratio requires higher speed. More flow will
pass through the compressor as gas density reduces. Thus,
the operating point moves in the T direction. There are also
cases where the suction pressure is increased. In this case,
the design point moves to the D direction, as the required
head reduces. Same principle applies to discharge pressure;
when it increases, the pressure ratio increases with the same
suction pressure. More head is needed and the point moves
in the T direction. If pressure ratio decreases, the point
moves in the D direction.
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Sometimes, gas composition changes over time,
especially for production applications. Heavier gas ( larger
Specific Gravity ) requires less power to reach the same
pressure ratio, thus decreases the speed requirements. Since
the flow does not change much, the flow point moves
vertically down. Heavier gas also tilts the map in clockwise
direction. Therefore, the flow point moves in the D
direction. Lighter gas behaves opposite and the flow point
moves in the T direction.
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The flow change effect is easier to explain. If more flow
is needed, the flow point will move in the C direction to the
Choke side of the map. If more flow is needed at constant
power consumption, the flow point moves downward to the
Choke side in the C and D direction. If more flow is required
at constant head, the flow point moves horizontally to the
choke side.
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Compressor efficiency is mainly a function of flow.
When more flow is needed, the flow point moves to the
choke side. The efficiency drops fast from the best efficiency
point. At lower efficiency, the discharge temperature
increases quickly. More power is lost due to a less efficient
compressor. If less flow is needed, the flow point moves to
the Surge side of the map. The efficiency reduction is less
rapid in the S direction. But insufficient flow may put the
operating point to the left of the surge line, requiring the
anti-surge valve to open to protect the compressor from

surge. In this situation, power is wasted by recycling the gas

through the compressor.
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1.2 Gas Compressor Restage Principles and Value
Proposition
EHVARRIEFIZFHESH

The energy balance of the whole power train from
engine (or other drivers)to the compressor can be expressed
in Equation 4. The standard flow is a function of actual flow
under standard conditions. The power needed to produce the
head is also affected by the engine efficiency and mechanical
efficiency. Mechanical efficiency is relatively constant and
engine efficiency is mainly a function of the speed.
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Power = C X LH.
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Where, Power is driver ( engine ) output power; C is a

= FuelEnergyn .. (4)

constant; SQ is standard flow; mechanical

Moeeh 18
efficiency; 7,18 engine efficiency.
3 Power S UK Bl A5 (4 %l H 215 € D9 8 SQ AR iR
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At the design point, the efficiency terms are optimized
so that the compressor can produce the required flow and
head with minimum power. When the flow point stays away
from design point for an extended time, the compressor or
engine are running less efficient. The purpose of a gas
compressor restage is to reoptimize the compressor staging in
order to maximize efficiency at the new conditions to minimize
the power consumption or maximize flow, head, or both.
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CASE 1. Compressor /Engine Running too Fast
BI N ERENEEKIR

The two typical scenarios in which the flow point moves
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in the T direction are increasing discharge pressure for gas
injection and decreasing suction pressure for gas gathering.
The compressor has to be rotated faster to keep up with the
increasing pressure ratio until eventually power turbine or
compressor itself reaches maximum speed. This is a typical
speed toping case. By adding additional stages to the
compressor, the required speeds can be reduced to generate
the required pressure ratio, or the speed can remain the
same in order to generate higher pressure ratio. For gas
gathering in a declining field, that means extended field
life. For gas injection, higher pressure means more oil
production. These are two cases where the investment for
restaging can be recovered quickly.
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CASE 2. Engine Running too Slow
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When theoperating point moves in the D direction, the
compressor is running at much slower speed. Normally, the
compressor speed is designed to require the power turbine to
run over 90 % of max speed, in order to reach highest
efficiency levels. The engine efficiency drops as speed
reduces. When the operating point consistently requires
engine speeds lower than optimum levels, removing one or
two stages will increase the required compressor speed and
improve engine efficiency.
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CASE 3. Choked Compressor
155 3 EIEIT

During seasons of high flow demand, it is normal
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torequire maximum flow from a compressor. In this scenario
the running point moves in the C direction, where efficiency
Although the

physically choked, the available power can limit the capacity

drops quickly. compressor may not be
throughput. In some instances, a package may not be able to
deliver the required flow. For this case, typically, smaller
flow stages are replaced by larger flow stages.
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CASE 4. Compressor Running in Recycle Mode
BFA 4 iR AP BREINERET

Opposite toa choke situation, when there is not enough

When the

compressor cannot get enough flow, the anti-surge valve

gas, the point moves in the S direction.

opens to avoid surge and the compressor runs in recycle
mode. A portion of compressed gas will be cooled to feed
back to the compressor to keep the compressor out of surge.
Surge can cause violent vibration and catastrophic damage to
the compressor. The energy consumed by recycling gas is
wasted and also extra energy is needed at site to pump
cooling water or drive fans for gas cooling. This is equivalent
to a drop in the compressor efficiency. Restaging can solve
this problem by replacing higher flow stages with smaller
stages to accommodate the lower volumetric flows.
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Besides economic reasons, running in recycle mode
could cause high discharge temperatures if insufficient
cooling is supplied in deep recycle mode. Dry gas seals,
balance piston Babbitt and Anti Surge Valves can be
damaged in periods of extended recycling. In summary, the
main benefits for restaging are: more oil /gas production,

less fuel consumption, and better equipment health.
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1.3 Restage Criteria

ERENE R AR

A restage is generally recommended at the time of
overhaul if the investment can be recovered within 5 years.
If the restage investment can be paid off less than 1 year,
restage should be considered immediately.

TR ATLATE S AR Il RA, — Ml IR TR 4 LK
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The economic study of payback period requires
interaction between the user and the OEMs. A study based
on 379 recently sold compressor restages by Solar Turbines is

described below.

indicators for

Four parameters stood out as good

restaging: inlet flow coefficient ( @ ),
isentropic head coefficient (%), inlet pressure ( P, ), and
the required power. The changes between the conditions just
before restaging and the original design were calculated. The
detailed criteria for each parameter are shown in Table 1
below. The <25 %,25 % —50 % and >50 % ranges identify
the percentages of the 379 compressors restaged. For
example, less than 25 % of compressors were restaged when
Suction Pressure changed by less than 5 %, but more than 50 %
of the compressors were restaged when suction pressure
changed by 15 % or more. These variation change regions
established  the
recommendations. Generally, for power, suction pressure,

and head

consideration ( Yellow warning ) for next overhaul is when the

thus “ trigger points 7 for restage

coefficient, the trigger point for restage
parameter drifted 5 % to 15 %. If they drifted more than 15 %,
that is the trigger ( Red warning ) for immediate restage
consideration. The flow coefficient trigger points are 25 % for
next overhaul and 50 % for immediate consideration. If any
of the Red Warning is triggered, the compressor should be
restaged. If all four Yellow Warning are triggered, the
compressor should also be restaged.
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The other general rule is that a compressor restage is
recommended when the efficiency is less than 6 % of peak
efficiency and power is a limiting factor. Regaining this 6 %
efficiency with a restage typically results in 8 % or more flow
gain.
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Table 1  Trigger Points for Restage Parameters

=1 ARSEIRE

Percent Change

D, <15% 15%=-31% >31%
v, <5% 5%-19%  >19%
P <5% S%—=15% >15%
HP <3% 3%—-13% >13 %
D, = “— is the inlet flow coefficient, for
(D,)"N

compressors, using the first compressor inlet flow coefficient.
JE AN R E N T2 6 R R4 HLA, R
RSN ANEE L IWN BRI N - &

V.. = ———is the isentropic head coefficient for

single body compressor.

R ML Sk R A

. = Cp L[ (&)T - 1] for compressors
isen (D2N> 2 P1

using the total pressure ratio and the first compressor speed

and impeller tip diameter.
TR SR LR E &% R4 LEE o - fe 2 i
TR AR L

2 Case Studies

E S
Case 1. Extra Capacity for Pipeline Application
O —  RASEEBEMHLEEM

Two identical packages were commissioned in 1994 for

#35% H4Hl

a pipeline application in US. The maximum power from the
engine with the given conditions onsite was 11 910 hp. The
original design point parameters are listed in the first column
of Table 2 and marked as point 1 on the performance map in
Figure 2.

1994 4F 1 £ AH W] i 48 HLHLZH JT 4 76 56 [ ) — 2 K
R E BB, R ILE RoR TR
11910 By, 255 1 513 T 40 AT TS,
K2 P PERE IR X BT ORI A A 1o

Over the years, both downstream flow demand and the
suction pressure were increased. In the year 2000, the
compressor could only deliver 426. 1 mmscfd using the full
engine power (the 2™ column in the table). The operating
point drifted from point 1 to the choke side to point 2 in
Figure 2. The efficiency dropped to 76. 3 %. The 3 of the 4
key parameter changes were in the red zone indicating a
restage opportunity.

FI MG B IR LB AT RR X S AL T i
FCRAA LR34 B n. 27 2000 4, JE4i LA
Bt 426 mmscfd(1 mmsefd =1 116.3 Nm® /h) (& &
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Table 2 Change in Operation
x2 ROI-SHEU

Original Staging Restaged

Changes
DD B o Dot

Point Perf. Map 1 2 3
® 0.0623 0.076 6 0.0813
v 4.06 3.1980 2.9920
p, (psia) 725.0 752.6
Power total(hp) 9 086.0 11 910.0
Efficiency (%) 81.2 76.3 83.7 5%
p, (psia) 1216 1207.6 -0.7%
SQ( mmscfd) 312.0 4261 467.2 36.6 %
Flow ( acfm) 4136.7 5400.1 5921.0 30.5%
'y 1.68 1. 60 -4.3%

In 2000, the compressors were restaged to higher flow
staging. Meanwhile the stage number is reduced from 4
stages to 3 stages to increase the speed, efficiency and flow
capability. To reduce the restage cost, one stage was
reused. The restaged compressors were 7.4 % more efficient

than the off design efficiency and the maximum flow was
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increased by 9.6 % from 426. 1 mmscfd to 467.2 mmscfd.
The same 3 points are shown on the restaged compressor
performance maps ( Figure 3 ). As can be seen, the
maximum flow point was positioned in the area of peak

isentropic efficiency.
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Figure 2 Existing Staging Performance Map for Case 1
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Figure 3 Restaged Performance Map for Case 1
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Based on the well head gas price, the increased
revenue due to restage is about $ 150, 000 /day. This is a
typical pipeline application restage. A compressor restage
can be paid back in weeks if not days if the customer owns
the gas.
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Case 2: QOil Production Increase
E ST Ve Yl

A turbine drivinga two body compressor package was
commissioned in 1997 on a platform in the Gulf of Mexico.
This is a typical application for offshore oil production. The
7 600 hp)
which

package includes a gas turbine ( ISO power:
driving six stage Low Pressure ( LP) Compressor,
through a Gear Box ( speed increaser) drives an eight stage
High Pressure ( HP) compressor.

1997 48,1 SRR HLIK 3 2 T &5 I 15 T 46 WL 7E 56
Pl A5 VU RHS ) — B B B SRAEE R Al E
7R AR AL YA A0 SR R PLEY 1SO TRy
7600 hp(1 hp =0.75 kW) , ELIZIK S IR B B 45 HL(LP) ,
ORI 3 3k 1A e 8 SR 2l v R R AR ML (HP) AR R4 Bl
6 GIR4s , = R IEAi Pl 8 HE4A .

The condition changes are shown in Figure 4. Initially,
the field pressure was stable after the compressor was
commissioned in 1997. Then gas production was increased to
move the original design point(red dot) to the choke side( C
direction ) and speed topping side ( T direction ). The
required running point eventually moved out of the range the
original compressor staging can handle.

54 BoR T HRAA G A HLEE DI T O
W, 7E 1997 AR TR ML | il F A RAR U I E {E'
JEBEE TR IN, T 00 (20 5) B sh B34 2 X B (C U7y
li) , F E AW (T J7 ), F 4 BIL G B A2 3850 13 <
R, TP

In 2000, both the LP and HP compressors were
The LP

restaged to larger flow staging combinations.
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Figure 4 Restage Maps for Case 2
B4 Z=BIZHIERETEERE MR 2

compressor was restaged to 7 stages with 4 stages being
reused in the new configuration. The HP compressor was
kept at 8 stages, 3 of which were from the original
compressor. The performance map is shown in the middle of
Figure 12 with the new design point ( black square ) in the
middle of the staging operating range. Due to the restage,
the production was increased from 30 mmscfd to 44 mmsecfd.
The increased production correlated to net incremental
revenue of $51 520 /day based on $ 3. 68 /kscf ( averaged
well head price of 2000 from EIA).

2 BIRGAHLARTE 2000 4F 58 AL 1 I 2K Tl 2 B R Y
TR EEAEALH 6 FEAE SR T 7 Fk4s, A
FOHTEH] T IRET 4 DA SRR 2 8
QR4 IR T IHGET Y 3 R IR, X R AR
K EFHLA IR R RFRAR T RAS . [ 4 pipih TIH95
O EARHLPERE 22, F B 2 37, BT 0 00 s R (07
WeoR o VA5 B AE AR B LA it i A 30 mmscfd 1Y
JNE) 44 mmsefd, XU ZERCRAE R B3, K0
AR AR T 5.1 T2 %70,

After several years of operating with these restaged
compressors, the field pressure started declining. As
pressure dropped to 89. 7 psia in 2012, the gas density was
reduced by 45.6 %. For the same mass flow or standard
flow, the actual inlet flow was almost doubled. The
compressors were chocked at the maximum speed of 14 300 rpm
and flow of 3 750 acfm(29. 7mmscfd) .

X G RGP LS B HLA B AL, il
JIOT 46 T B, B T 2012 4R, Ik Sy [ 2 89.7 psia (1 psia =
6. 895 kPa) , il BEREAR T 45.6 %, A HLIIIRE Ay
I R ) 14 J5 k3 e S0 o O e R Bl A L i TR
JIFNEE FEFRAR, A A ARG L4 T — 1. TR4RHL
1E 14 300 r /m {3 F1 3 750 acfm (29. 7Tmmscfd ) (137 3

LTI E

#35% H4Hl

conditions, the two
Although the

compressors could meet the flow requirement, they could not

To accommodate the new

compressors underwent restage analysis.
meet the required discharge pressure due to the low suction
pressure associated with the depletion of the well. In order to

higher head

package was

meet the requirements, another tandem

compressor relocated to add additional
compression ability, while the two existing compressors were
designed as a booster package. The restage solution with
both packages in series not only met the current
requirements , but also left room to allow the field pressure to
drop another 10 psi and still deliver the required standard
flow and discharge pressure.

h T SE R AR A R 2 AN IR AR LK
PEAT TR 4 B4 M SE e MR O = 5 o WG
F18) A8 AL T i R O 7 oK AR TR T B SR R, (HR R T
MIFREAME I, A, 98 905 B9 PLEH A BE 6 2 i 5
AU g0 S 7 R B TR R 1 R A
[F)BILZH A R4 DL B 08 95 ST I T BB IR AE X &5 A %
JE AL T, 2 — P TR o AR R 5 TR 4 B AL
A R T 2 ™ A 5K 38 il U T ik — 2
IR ERA Ah , BE S DRAE AR S SRS 10 psi 1977901

The outgoing gas in this case was used for oil lift
application. The restage solution increased oil production by
about 300 barrels a day. The entire project including restaging
both packages(4 compressors)and expensive piping changes
was paid back within a year’s operation. It also added
flexibility in operation and margins for future field depletion.

X i 5 A A i A KA N2 300 A, R
BIHALEE 2 BEILAY 4 B TR HL (445 IR S P2 /Y
90) MIEY 5T AY A T SE 4, B P R B AR T TR
XANTT SR IGIN T BRAE R R ARG T Il T
Table 3 Condition Changes for Case 2
*3 RHIZTRTEL(1997 ~2013 &)

1997 2000 2013

2000 2013

@ 0.0547 0.0746 0.089 7
¥ total 11.16  11.1583 9.457 5

p, (psia) 164.7 164.7  89.7

HP total(hp) 4 588.0 6591 4040

P, (psia) 1264.7 1264.7 5146 0.0% -59.3%
SQ(mmscfd) 30.0  44.1  30.0  47.1% -32.0%
Flow(acfm) 1973.7 2904.9 3794.8 47.2% 30.6 %
s /p, 7.68  7.68 574  0.0% -25.3%

Detailed conditions are shown in Table 3. Two key

indicators were in the red zones according the criteria for
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AB=S0E 2017 4 8
restages in 2000 and 2013. The payout period also fell into
the 1 year financial criteria.

PRANAY TOLAE AR UL 3. ARHE 2000 47 A 2013 451
PR R, e I OC B 45 K 2 A ZL @B R X, [
WL 1 A0 BRI
Case 3. Life Cycle Management for Declining Field
RO = mEREEGEHPER

This is another typical field depletion case.
in 1996 off

Indonesia. After initial commissioning, the field pressure

The
compressor was commissioned shore of
started to decrease as shown in Table 4. The compressor was
restaged twice to adapt to the changing conditions in 2002
and 2006. Each time, the restage criteria justified the
restage.

05—~ S 0 e S A o X B LA T
1996 AEALEENJe e LAV S 8= W 4 FroR, #l
AT G A A SR TT U6 AR TR 48 AL 20 i e
2002 F12006 AFHEAT 1 YH S LIE Y T . BRI AE T
G, AT IR B AR AL T AL BRI

Table 4 Well Condition Variation for Case 3
T4 RO=ZMHIRFZFETH(1996 ~2012 )

After several successful years of operation after the 2006
restage, the pressure and standard flow decreased rapidly
and the compressor could not perform with the low pressure
of the well. As a result, the Anti-Surge Valve( ASV ) opened
to increase suction pressure. To improve the conditions for the
compressor, some high pressure side stream gas was injected to
increase the suction pressure to 124.7 psi. By the end of 2012,
the compressor was running with the ASV approximately 80 %
open, resulting in 17. 9 mmscfd out of 25.9 mmsefd throughput
being recycled. The net though flow was only 8 mmscfd, or
31 % of the total flow.

2006 4R RIHLAH 20 I LAFI AT, Il TR AldR
YV AL i, R4 L 28 R AL IX AR 13 it
T2 T, PR (ASV) AGAFTHFRIAT RN 8 Tk
Lk — O, B AR B R L G A 280
HKACTEAEHLA LR S R E) 124.7 psio 2 1 2012 4RI,
FEAEHLAZ T I 50 M B 12 80 % e A5 T HF, X AR 3 T
17.9 mmscfd MR FEHPEIR, 5T 25.9 mmsefd JEZGHLA
kA 69 %, il AR i A B Y 31 %,

Staging 1996 2002 2006 2012 2012 2002 2006 2012
Before or after restage Design after after before after
D 0.0319 0.048 8 0.052 1 0.053 2 0.021 1
14 6.93 5. 806 4 6.0450 4.729 7.768
py (psia) 350. 0 285.0 84.7 124.7 124.7
HP 1otal (hp) 3471.5 3651.0 1836.8 2079.2 616.2
Efficiency (%) 70.7 75.5 67.3 60. 1 64.1
p, (psia) 1115 800 304.7 323.7 323.7 -28.3% -61.9% 0.0%
SQ (mmsefd) 40.0 49.9 17.0 25.9 8.0 24.8 % -65.9% -69.1%
Flow ( acfm) 1218.3 1912.8 2252.4 2 144.8 663.7 57.0 % 17.8 % -69.1%
P, /py 3.19 2.81 3.60 2.60 2.60 -11.9% 28.1% 0.0%
The compressor was restaged in 2013  with the 9000 : 1= :%421 888 g%
performance map at the new condition shown in Figure 5. 80 000 ! /_: - :%130088(12 %IK/IM
The restage saved about 12. 9 mmbtu /hr fuels by eliminating 5 70000 e | Egﬁ:ﬁg&yde Flow
recycling. With the price of natural gas significantly higher % 60000 3 /~/ _ \3 - -R(%tfé)g(f{gsisatgaeg 33?212
in this region of the world, the payback period with fuel cost g ig /: 3\ ‘} . \‘
savings resulted in a 9 month payback period. 2 30000 /QT ~ N 3 \ i
BCA TEARHLE 2013 AEHER T 9L, JUHEREMA L 200w RN |
So XY T RZ 13 mmbtu /hr (1 mmbtu /hr = 100005 000 1300 2000 2500

3.73 X10° J/h) HhokE, HRRERUAS 15 48 R4S % 7 7 S e 1
9 A~ AW ml PR G AS

Volumetric Flow (ACFM)

Figure 5 Restage Map for Case 3
E5 EOI=pARMEREHLZE



OIL & GAS GATHERING, TRANSPORTATION AND TREATMENT

Case 4. Complex Project, Life Cycle and Inventory
Management
O £ FMEFENEE

The operational challenges associated with well
depletion are considerably more difficult for customers with

offshore

criticality, geographic location and harsh environments play

installations. ~ Space  limitations,  downtime
a major role in how compressor restages are executed.
Additionally, declining revenue recognition associated with
depleting wells require gas compressor restage projects to be
cost effective for the customer; making existing asset

reallocationand inventory consumption vital to project

success.

R S B T AL AL XS T P 5 B ok Ul
JEAH G RIERY o 2 TE] R A5 BILASE ™ B8 45 2k LB 3t PR
BRI S PR Dy R AL YA G 0 T AR JROME R A A2 2
JBE o BEA AEHLA O R R 40 BIL R 25 28 7 A 42 1)
AR 5 FEFR A R AF B TR 4 HLZEL X T8 90050 H /Y
RN E R ELEE,

Two successful complex projects involving depleting
wells have been recently executed in the North Sea, an area
which provides a significant portion of Europe’s natural gas
supply. The first project involved a two body tandem
compressor configuration operating in series. ( Turbine ISO
6100 HP-Speed Increasing GBX-LP  Compressor-HP
Compressor) As is typical with well depletion, over three
years of operation, falling suction pressure drove the as
designed compressor staging to speed topping as shown in
Figures 6 —7. Although standard gas volumes decreased by
approximately by 42 %, the decrease in suction pressures
caused a net increase in inlet gas flow, which drove the
operating points of both the LP and HP compressors to the
choke side of the compressor map. Projections of future gas
conditions confirmed that suction pressures would continue to
fall along with standard gas volumes over the course of the
following years. A comparison of original design data to
operations 3 years after can be seen in Tables 5 and 6. The
P1 and Power parameters exceeded the 50 % trigger points,
confirming the need for compressor restage to meet the new
operating duties.

AT A DO T AT A i B 4 52 24 3 2 0T Y
1), X 2 DI RO A 2 B R AR A X B — AT
H1 MRS 2 GREKIEAPIA, h 1 &
IS0 6100 5 Fy38 1 A A 4R 3 1 ZKAIRIR IR 4R HLAT 1 &5
I IEIESAL. W 6 ~ 7, 3k 1 5 i A 3 4F B0 I i)

#35% H4Hl

B T e AR A5 T A6 B4 T B R i, R
B ARG B> 1 2 42 9%, {ER i TR AR, A
ASRPARUR B AN T, (45 2 65 75 46 DL AE BH %€ DX
UTIBAT o AR B P X R R RS RO A B B A
TR ILAR Hh R g AR o R 2 AR 2T R
5 ~6 PR 3RS RRIEA L, A DR T R R
SRR I 50 %A ALY filk i, BRIN T RS ALIE 2Ry
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Figure 6 Existing LP Compressor Peformance Map
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Figure 7 Existing HP Compressor Peformance Map
7 RARESEEEVIERE &
Table 5 Changing Process Conditions for Case 4
x5 FHOIMMIR
Design Winter 2008

Operation Winter 2011

WSEESME 45

Parameter
LP HP LP HP

p, (Bara) 35 65.5 16 35

P, (Bara) 66. 5 137 36 114

I(Szf;fj‘;glfne;‘d 7625 8352 9934 15153

SQ(nm3 /day3) 1410 1410  811.2  811.2

I(“rieg F/L‘::l) 1726 838 2190 979

T,(C) 30 27 21 26

Speed (RPM) 18524 18524 21879 21879

HP(KW) 2583 298 1505 2028
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Table 6 Parameter Change for Case 4
x6 ROIMMIRENIEE

Delta
Parameter
LP HP
p, (Bara)
HP(kW)
PHI
PSI 7%

In addition, suction pressures were expected to decline
from 16 Barg to levels as low as 4 Barg, while Standard Gas
flows were expected to drop from 800 Nm® /day-e3 down to
500 Nm’ /day-e3. As the existing compressors were fully
staged and near speed topping, the ability to drop P1 lower
while maintaining discharge pressure constant would require
the addition of a 3™ stage of compression. In addition,
increasing inlet flow volumes would require that the 3 “stage
of compression be a larger, higher volume compressor. This
created a particularly challenging situation because the
customer was on an extremely tight production schedule, and

also had budget and space constraints.

BEAh T S U 16 Barg(1 Barg =0. 1 MPa)
FEEIK 2 4 Barg (97K F, [A] B, b i3 & B0 N 4 %
800 x 10" m” fy itk A FI 45K 500 X 107 m” o BATH
O 84 TR A AL R SR Ve 3L, 1T LR 48 L C 28 38T 1
BEMGE 2 0] T 2D B AR R 0 T R 1
ARl BeAh, X 1 B HUIME Rl REAE Bk th T
TSI T 10 A (A AR o X AR SE BRI H 1 5 &R
FIERVERR AR HAT PR, DA 2 e i 2R ™ Bk 2 AR 5
sk, I ELid A B s ] R

The technical solution identified was a 3 — body tandem
skid operated in series. In order to keep project costs down,
the 3 = body tandem skid was designed to keep the two
existing compressors as is, for IP and HP duty. No restage of
the IP and HP compressors were needed. The added LP
compressor was designed to compress gas from 4 Barg to 12
Barg, with enough turndown percentage to handle the 800 —
500 Nm® /day-e3 flow decay. The driven equipment skid
was designed specifically to fit within the customer’s tight
space constraints, and has successfully been in operation for

the last year achieving the customer’s production goals.

Jr TR E R R TT SR I T 1 A SRR B IR T

AAHL, B HLAR IR T 3 MR IR PL, IR A 2 A4
FEG AUy b R g TR R 4R L. R 1 Bk — 20 B AR AR,
R e TR TR AR AL AN, AN R H T . I
IR TR AR AL AT UK i T 4Barg JR 46 12Barg, 1M HLALZH
FA 55800 TS R AT LAY A5 K 800 x 107 5] 500 X
10" m” MU0, # S HLAL S e E AR N, 2 T %
Jras Al /N AL E 2013 4 TR dRiadT, SE B T
B B

3 Conclusions
it
This paper

principles and restage fundamentals. A simple set of criteria

presents the gas compressor design
for the economic evaluation of restages are suggested and
evaluated through real case studies.

ARG T RGBT AN 2 ) B AR S5 8, 5 HL il
PR ROIBE TSR T — B AL A ] B

Four case studies represent 4 typical scenarios for
restage: increasing gas production and oil production, life
cycle management and inventory management for depletion
field. For all these cases, the investment to restage can be
paid back fast.

4 DROIFFACR M SIS T 4 Fh He 46 HL IR 2 1)
RUREHT : SN RAR iz i A v K0 i)™ AR
SV BRR AP B, ok TN 19 DL, s A LU 14 A
AW AR R
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