SURGE CONTROL SYSTEMS

FOR CENTRIFUGAL COMPRESSORS
AN APPLICATION GUIDELINE: PART |

BY KLAUS BRUN, MARYBETH MCBAIN, AND RAINER KURZ

First published in 2008, in cooperation with the
Gas Machinery Research Council (GMRC),' the “Ap-
plication Guideline for Centrifugal Compressor Surge
Control Systems” has been revised and updated by
the original authors and will be presented in sections
in upcoming issues of Gas Compression Magazine.

This guideline is a reference for users, designers,
and operators who need to understand surge control
system functionality in different operating environ-
ments, as well as methods of evaluating surge con-
trol system performance against design criteria. A
better understanding of surge control system design
will enable enhanced protection of the compressor,
permit cost-effective selection of components, and
allow operators to determine if the existing or future
surge control system will meet expectations. Evalua-
tion against design criteria can help operators avoid
unexpected costs arising from design changes or un-
expected surges of the compressor.

The surge control system is an integral part of the
compressor station controls. Competing factors in
the design of the compressor station means that it
is not always possible to choose the optimum pip-
ing arrangement, check valve, recycle valve, or con-
trol algorithm. Different centrifugal compressors
and various piping layouts perform differently under
surge. In addition, the surge control system designer
may not have decision-making authority for the com-
pressor station layout and component selection. To
overcome these challenges, they must design against
the limitations of the compressor station. Operat-
ing companies, in cooperation with the compres-
sor manufacturer, can apply the concepts presented
in this guideline to design a risk-based approach to
compressor station design and evaluation to reduce
the possibility of unexpected surge, which could re-
duce mechanical integrity, reduce operational flex-
ibility, and/or cause the compressor to fail.
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Surge control systems are an integral part of centrifu-
gal compressor station controls. There are various ap-
proaches to surge control system design, including design-
ing for surge prevention, limited surge occurrence under
specific conditions, and risk-based evaluation of surge
control systems. Each of these approaches has distinct
advantages and disadvantages. This series of articles will
provide a reference for surge control system functional-
ity; selection, installation, and operation of surge control
systems; surge control system components; their impact
on the performance of surge control systems; and methods
of evaluating and optimizing surge control system perfor-
mance, regardless of the selected design approach.

| SURGE CONTROL SYSTEM DESIGN

Surge control systems protect the compressor over a
range of high-risk conditions, which may encompass the
entire operating range of the compressor, or only a sub-
set of the operating range. System functionality develops
from its operating environment, of which there are three:
startup, normal process control, and emergency shutdown.

Methods of evaluating surge control system performance
vary depending on the system design philosophy selected
by the operating company in collaboration with the com-
pressor manufacturer. The following design philosophies
will be discussed:

* Surge Avoidance: A calculated allowable discharge vol-
ume dictates the design in this philosophy. Simple or
more complex transient models of the compressor sys-
tem are used to determine the discharge piping volume.
Permit Surge Under Specified Conditions: This design
philosophy is based on the idea that the compressor
may not be fully protected because of operational
changes or cost-based decisions. However, the surge
control system will still guard against surge at “high-
risk” or “high-energy” conditions. A simple transient
model is used to evaluate and assess the occurrence of
surge against the surge control system design criteria.
* Risk Assessment: This design philosophy uses custom-
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Figure I. Typical compressor surge line is displayed on a perfor-
mance map. P, is total (stagnation) pressure of gas at discharge side;
P_is total (stagnation) pressure of gas at discharge side at suction.

ized economic- and risk-based analysis models to
evaluate the surge control system in relation to a
set of risk factors for a particular compressor. In
this case, dynamic simulation is not required. Eco-
nomic- and risk-based analysis models are based on
known risk probabilities, safety requirements, and
equipment repair/replacement costs to determine
the overall design and operational risks associated
with the surge control system.

I.1 DESCRIPTION OF SURGE

Surge is defined as the operating point at which the
compressor peak head capability and the minimum flow
limit are reached. When surge occurs, the compres-
sor cannot maintain the peak head, and the system
becomes unstable. Under normal conditions, the com-
pressor operates to the right of the surge line. Howev-
er, as the flow rate fluctuates, or under startup/emer-
gency shutdown, the operating point moves closer to
the surge line because of reduced flow. If the operating
point approaches the surge line, the impeller and dif-
fuser begin to operate in stall, and flow recirculation
occurs. Flow separation eventually causes a decrease
in the discharge pressure and flow from suction to
discharge resumes. This is known as the compressor’s
surge cycle, as shown in Figure .

The surge cycle will continue to repeat unless con-
trol systems are installed or operational changes are
made to bring the compressor out of the surge cycle.
Depending on the discharge gas volume and the pres-
sure ratio, the surge cycle may cause a small or large
flow reversal period. Chronic surge is characterized by
intermittent periods of small flow reversal that may not

cause severe damage to the compressor. Acute surge
is more pronounced, usually due to a rapid transition
across the surge line. Any surge event can cause severe
damage to the thrust bearings, seals, and impellers. The
extent of the damage caused by surge occurrence is re-
lated to the compressor design.

A surge control system continuously monitors com-
pressor operation. When it detects the approach to
surge, it opens the recycle valve, providing more flow to
the compressor to avoid the potentially damaging flow
reversal period and surge cycling. The surge control
system should be designed for the three surge environ-
ments (which may have competing demands), the com-
pressor operating parameters, and the manufacturer’s
specifications.

.2 FUNCTION OF SURGE CONTROL SYSTEMS
Surge is a relatively common yet costly phenomenon
in centrifugal compressors. The surge control system
protects the compressor from surge over the range of
compressor operations. Investment in a surge control
system is necessary to avoid more costly compressor
repairs or overhauls resulting from damaging surge
conditions. While there are a variety of methods and
Continued on page 30
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philosophies for implementing a surge control system, the primary
objective is to predict and prevent the occurrence of surge to re-
duce the risk of damage to the compressor and to assure a safe
working environment.

The main function of a centrifugal compressor control system is
to maintain flow through the compressor at or above a minimum
flow limit at a specific head. The most common surge control tech-
niques restrict compressor operation to flow rates above a defined
surge control line, based on the surge margin for a particular com-
pressor. However, restricting the compressor operating window to
avoid surge due to mistakes in surge control system design should
be avoided. A properly designed surge control system can enable an
extended compressor operational range based on the response of
the surge control system.

At a minimum, the surge control system should actively measure
the compressor head and flow through the compressor system con-
trols to determine the resulting operating point. The recycle valve
should open in a specified time to a valve set point determined by the
surge control system. The signal to the valve is based on the compres-
sor operation and its proximity and movement (rate) relevant to the
surge control line. When the recycle valve opens in the surge control
system, it increases flow and reduces compressor head to move the
compressor away from its surge point, effectively avoiding surge.

.3 VIEWS OF SURGE

There are three ways to view the surge region of an operating
centrifugal compressor: flow, head, or speed. These three views il-
lustrate how the surge region responds to changes in gas composi-
tion. If the surge line is represented by variables that are calculated
based on gas properties (enthalpy, density, or entropy), the surge
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line will change based on gas composition. Each
of these views is advantageous to particular
operating environments.

Three views of the surge line are shown in
Figure 2. Viewing the surge line in terms of
speed versus flow rate provides an estimate
of proximity to surge within a flow rate range
or surge margin. As the compressor speed
increases, the surge margin may be reduced.
Flow rate changes based on changes in the gas
composition (density effects) affect the surge
margin and surge line in this view. The surge
margin is useful during normal process opera-
tion when the flow must be reduced because
of pipeline requirements.

Viewing the surge line in terms of compres-
sor head versus speed provides an estimate of
the head rise to surge. The head rise to surge
tells the operator how quickly surge will occur
during shutdown operation. If the surge line is
flatter, the head rise to surge will be smaller
and surge can occur more quickly in an emer-
gency shutdown event.

Viewing the surge line in terms of head ver-
sus flow illustrates the compressor turndown
or operational window. At a constant head,
the compressor will operate within the opera-
tional region to the right of the surge line. The
allowable operational flow range determines
the turndown of the compressor. The surge
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limit model is best shown on a head versus flow map
because this representation normalizes the surge
line. The compressor head for the performance map
is calculated using the measured temperature, pres-
sure ratio, and flow across the compressor, as well as
the gas properties.

P,\"
p )|
(1-1) H=222  xTxSGxZ

where H_ is compressor head, polytropic condition;
P, is total (stagnation) pressure of gas at discharge;
P. is total (stagnation) pressure of gas at suction; np
= (n-1)/n, where n is the polytropic exponent; T is
temperature of gas; SG is specific gravity; and Z is
compressibility of gas.

The reduced head versus reduced flow equation
should be used to simplify the equations because the
temperature, specific gravity, and compressibility
cancel out in both the head and flow equations. The
reduced head is only a function of pressure ratio and
flow, calculated as follows:

(1-2)

Hreoucen =

where Hyipucep is reduced head.

Reducing the head and flow to these variables al-
lows the surge limit model to be used at all speeds
and gas compositional variations, with minimal shifts
in the surge line location on the performance map.
The reduced head view is the best representation for
the surge control system because the density effects
cannot affect the uncertainty in the surge control

line. This provides more precision in the surge prediction
within the control system algorithm.

.4 SURGE CONTROL SYSTEM ENVIRONMENTS
Surge control system design is more challenging than other
station control systems because of the high speed of distur-
Continued on page 32
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Table |. Summary Of Surge Control Environments And Component Functionality Requirements

bances and the dynamic nature of surge. Required con-
trol system responses vary depending on the operating
environment and the selected system components. The
three primary operating environments, startup, normal
process control, and emergency shutdown, are described
subsequently.

[.4.1 STARTUP ENVIRONMENT

In the startup environment, the challenge for the surge
control system is to bring the compressor up to design
speed quickly, without overheating the discharge gas. For
steam turbine or single-shaft gas turbines, the startup pe-
riod is longer and the recycle gas may need to be cooled.
Typically, the gas is continually recycled in startup mode to
bring the compressor online. However, operating in con-
tinuous recycle will cause the temperature of the process
gas to increase until new gas is supplied from upstream.
When the recycle valve is fully open and the downstream
check valve is closed, all compression horsepower serves
as heat input to the recycled gas.

Compressor startup is initiated by equalizing compres-
sor pressure with the pipeline. This is accomplished by
opening the upstream loading (charge) valve. Once the
pressure equalizes, the upstream and downstream iso-
lation valves open, causing the downstream check valve
to close. The isolation prevents flow from entering from
the discharge side. Upon startup, the recycle valve is fully
open. As the compressor begins to gain speed and flow
increases, the recycle valve gradually closes. At this point,
the compressor downstream check valve may be opened.

If the compressor cannot reach design speed in suf-
ficient time, in the worst case, the process gas will cause
the compressor to shut down due to high discharge tem-
perature. The surge control system must function to
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gradually close the recycle valve according to the startup
controls. Three strategies to avoid overheating are used
in the design of the compressor station:

I. Minimize recycle time for startup.

2. Increase the mass of gas in the recycle loop to allow
for more heat storage. (This will have adverse effects
on the surge protection for emergency shutdown.)

3. Add cooling to recycled gas.

* Use a discharge system cooler or add a suction
gas cooler on the downstream side of the recycle
valve. (Layout options will be discussed in Section
2, Alternative System Layouts.)

Since the second and third strategies may increase dis-
charge piping volume by reducing the surge control sys-
tem response time in the shutdown environment, the first
strategy is preferred. The surge control system should
gradually close the recycle valve as the compressor speed
increases.

If the recycle valve is not closed to some extent, the
compressor will not be capable of coming up to full design
speed (Figure 3). This relationship between the recycle
valve characteristics and the compressor operating map
is typical. The surge control system must act to close the
recycle valve in sufficient time and with sufficient preci-
sion to attain the full design speed of the compressor.
Control signal precision is required because closing the
recycle valve should not cause the compressor to surge
from a corresponding decrease in flow.

Note: Figure 3 provides an example of a 70% valve
opening percentage used for the maximum design speed.
However, more conservative criteria may be used at 40%
to 50% valve opening to provide additional valve capacity
at the surge line.

Continued on page 34



Typically, the response time for the compressor to come
online is designed for normal ambient temperatures. At
higher ambient temperatures, however, the process gas
heats up more quickly, reducing the available recycle time.
To avoid this, the allowable recycle time should have a
sufficient safety margin to permit compressor startup at
higher ambient temperatures.

This also applies to restarting the compressor after
shutdown. Restart may involve higher operating tempera-
tures, especially if the compressor is shut down because
of high discharge temperature. An additional starter mo-
tor should be considered for compressors with severely
limited startup capability. The motor can also provide
additional power for the compressor under normal pro-
cess control operation. Adding a discharge cooler to the
recycle loop is another viable alternative; although, this
may have other implications for the surge control system
in the shutdown environment due to the added discharge
volume that must be relieved through the recycle valve.

.42 NORMAL PROCESS
CONTROL ENVIRONMENT

Surge control system operation is distinctly different
under normal process operation. In this environment,
the surge control system should not limit the operational
range of the compressor; that is, the surge control sys-
tem should function over the entire operating range. The
shape of the surge control line determines the response
characteristics of the surge control system. A relatively
flat surge line equates to higher surge sensitivity to chang-
es in compressor head. A steeper surge line indicates that
the compressor is more sensitive to flow rate changes or
uncertainties near the surge line. The surge control sys-
tem must provide for smooth operation of the compres-
sor in either case.

The challenge for the surge control system in process
control is to match the transition into surge (across the
surge margin). This transition is typically gradual during
normal process control, with a gradual increase in flow
through the recycle valve. This requires precision control
of the valve motion.

Because the control signal and recycle valve response
for normal process control differs from the shutdown en-
vironment, different control system gains are used for the
different surge operating environments. The control al-
gorithm must be capable of distinguishing between start-
up operation, normal process control operation, and an
emergency shutdown operation. During normal process
control operation, lower gain signals should be used to
adjust the flow by opening or closing the valve in a con-
trolled manner.

The allowable response time for the recycle valve in
the process control environment is longer and typically
not critical. Both functionalities are required to provide
adequate process control during normal operation and
quick response during an emergency shutdown.

Controlled shutdown of the compressor also falls un-
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der the process control environment. In a controlled shut-
down, the surge control system maintains a steady flow to
the compressor as power is removed from the unit. As the
compressor gradually decelerates, the surge control sys-
tem maintains flow in proportion to the surge control line
so the surge margin is not crossed.

In the controlled shutdown environment, the challenge
is to prevent the compressor from overheating due to op-
erating in continuous recycle. This would happen only if
a discharge or suction cooler is not present, or if the af-
tercooler cannot sufficiently cool the recycled gas (due to
improper sizing).

[.4.3 EMERGENCY SHUTDOWN ENVIRONMENT

The two types of compressor shutdown are defined
as follows:

Controlled Shutdown — The compressor is shut down un-
der controlled conditions in which speed and power are
gradually decreased. Surge control system functionality for
controlled shutdown falls under the requirements for the
normal process control environment, previously discussed.

Emergency Shutdown (ESD) — The compressor suddenly
shuts down and driver power is removed. Surge control
system functionality for this environment is designed to
protect the compressor.

During an ESD event, delaying shutdown or slowly de-
creasing speed is not possible because ESDs provide im-
mediate shutdown of the compressor for safety reasons.
The surge control system must function quickly to open
the recycle valve fully because the station operator does
not control the coastdown path. In this scenario, the coast-
down path is controlled only by the deceleration of the
compressor based on the power train inertia and any re-
sidual power in the system. The emergency shutdown re-
quires more demanding control system response and may
alter the surge control system design because a single re-
cycle valve may not provide sufficient flow quickly enough.
Additional system evaluation may also be required.

The worst-case ESD scenario occurs when the compres-
sor is operating at maximum head at the lowest allowable
surge margin. This is the operating point that should govern
the design of the surge control system, as the maximum
possible differential that must be overcome by the recycle
valve flow.

Further discussion of the evaluation of the surge control
system is provided in Section 6, System Design Criteria.
The three surge control system environments present dif-
fering demands on the control system components. The re-
quirements for surge control system components are dis-
cussed in Section 3 (Surge Control System Components)
and in the operational description in Section 5 (Operation
of Surge Control System).

.5 SUMMARY OF SURGE CONTROL
SYSTEM ENVIRONMENTS

Table | summarizes the requirements for each of the pri-
mary surge control system components in the various surge



operations, based on the differences in the surge control en-
vironments. This summary serves as the guideline reference
for further discussion of component requirements. @
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SURGE CONTROL SYSTEMS

FOR CENTRIFUGAL COMPRESSORS
AN APPLICATION GUIDELINE: PART 2

BY KLAUS BRUN, MARYBETH MCBAIN, AND RAINER KURZ

EDITOR'S NOTE: First published in 2008 in cooperation with the Gas Machinery Research Council
(GMRC), the "Application Guideline for Centrifugal Compressor Surge Control Systems” has been
revised and updated by the original authors and will be presented in sections in ubcoming issues of
Gas Compression Magazine. Part | is published in the September 2021 issue of Gas Compres-
sion Magazine, p. 28. Figures and references follow consecutively from Part |.

2 SURGE CONTROL SYSTEM APPLICATIONS
AND LAYOUTS
To better understand surge control system oper-
ating environments, descriptions of typical appli-
cations requiring the use of surge control systems
are summarized in this section. The primary factors
to consider in layout design provide the background
for decisions concerning piping volume and place-
ment of key elements in the compressor station. A
typical surge control system layout is outlined in Sec-
tion 2.2. Alternative layout options are provided in
Section 2.3. Due to competing operational demands
on the surge control systems, with any choice of pip-
ing layout, some disadvantages arise.

2.1 SURGE CONTROL APPLICATIONS

A number of applications exist for surge control
systems. A brief description of functionality and vari-
ations in the primary applications is provided below.

2.1.1 Pipeline Compression Application

Pipeline compression is a typical application for
centrifugal compressor surge systems. These instal-
lations have a fluctuating pressure ratio across the
compressor based on the pipeline. In pipeline appli-
cations, surge events will occur due to flow reduc-
tions governed by the pipeline. These will occur over
the entire surge line (i.e., over the range of the com-
pressor’s given pressure ratio). Changes in the gas
composition and operating temperature will affect
when surge occurs. The surge margin should take
these uncertainties into account.

Gas temperature is fairly steady for a given daily
period, but fluctuations can occur on a seasonal ba-
sis. The gas compositions in this type of application
are predominately methane (75% to 95%) with ad-
ditional heavier hydrocarbons and diluents such as
nitrogen and carbon dioxide. Variations in pressure
and composition occur more slowly, over a period

gascompressionmagazine.com | OCTOBER 2021

of several hours or more, due to the large volume of gas
in the pipeline system, unless multiple machines are used
in parallel.

2.1.2 Re-Injection Application

In re-injection applications, the compressor injects gas
back into a potential production field. These applications
require a varying discharge pressure based on the gas field
pressure requirements (with field pressure changes over
time). The composition of the gas can vary widely due to
many sources of gas, which requires a representation of
the surge line in reduced head and flow (composition in-
dependent) form. Liquid slugs of gas that would cause flow
disturbances may be common — and surge control systems
may be used to mitigate the disturbances. The pressure
ratio is significantly larger in this type of application be-
cause the discharge gas pressure can be excessively high
(greater than 3000 psig [206.8 bar]) and typically involves
multiple bodies. Excessive temperature fluctuations are
not as common in this type of application but can vary
on a seasonal basis as well. Suction flow changes can be
sudden due to required valve operations and process dis-
turbances at certain conditions.

2.1.3 Storage And Withdrawal Application
In storage and withdrawal applications, the compressor
injects or withdraws gas from a storage field or reservoir.
The pressure of the suction gas varies with time (initially
fairly high but declining quickly over time for withdrawal
applications, or initially fairly low and increasing gradu-
ally in injection applications). Pressure ratio is also based
on the storage field initial pressure. The gas composition
variations are due to changes in the storage gas. These
applications can be particularly challenging for a surge
control system, requiring fast response for the normal
process control operation, but a more gradual response
as the pressure ratio falls. For this reason, the control
signals for the recycle valve may need to be more diverse
than a typical pipeline application.
Continued on page 40



2.1.4 Gas Gathering Application

Gas gathering installations collect production-type gas
mixtures to prepare the gas for processing or transmis-
sion pipeline applications. This application may have wide
swings in gas composition caused by the types of gas be-
ing treated and the level of dehydration, separation, and
filtration used at one particular installation. These instal-
lations may require more extensive modeling or design
efforts to minimize piping volumes. Gas mixture varia-
tions due to various production fields will cause changes
in the characteristic head vs. speed curves for the com-
pressor. The pressure ratios are typically lower than re-
injection and storage applications, with discharge pres-
sures maintained below 3000 psig because the discharge
gas is typically fed into a pipeline system. Gas tempera-
tures are fairly stable in this application.

2.1.5 High-Pressure/Process Compression Application

High-pressure compressors vary broadly in the pres-
sure ratios and gas compositions used, depending on the
specific application. Higher pressures are typically on the
order of 3000 to 5000 psi (344.7 bar) in these applica-
tions. The processing plant compressor will experience
changes in pressure, head, and operating conditions,
depending on the type of process (liquefied natural gas
[LNG] facilities, refineries, hydrocarbon processing, and
natural gas liquid [NGL] removal processes). Gas com-
position and temperature will vary based on the process
requirements as well. Surge control systems should be
designed to completely avoid surge during normal opera-
tion since the higher pressures will introduce additional
risk of compressor damage due to surge.

2.2 SURGE CONTROL SYSTEM LAYOUT

The basic elements of a compressor surge control sys-
tem are the flow measurement (typically on the suction
side of the compressor), the pressure measurement, the
discharge check valve, the recycle valve and its actuation
system, and the surge control system controller. The re-
cycle line should be connected immediately upstream of
the discharge check valve and upstream of the compres-
sor flow measurement device on the suction side. The
recycle line will typically be upstream of the compressor
suction scrubber if the recycle loop is cooled to avoid
condensed liquids in the recycle flow. The boundaries for
the discharge gas volume are set by the discharge check
valve (downstream of the recycle line take off point), the
compressor, and the recycle valve.

Key issues to address in designing the surge control
system layout are as follows:

a. Minimize downstream piping volume: The vol-
ume of gas contained between the compressor discharge
flange, the downstream check valve, and the recycle valve
should be minimized as much as possible. This volume is
the mass inventory of the system. The volume deter-
mines the rate of relief of the downstream pressure and
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the requirements for the recycle valve (size, speed, and
characteristic). The downstream piping volume directly
relates to surge control system performance in the shut-
down environment.

b. Use multiple recycle loops as needed: Compres-
sor trains or compressor systems with multiple sections
may require independent or separate recycle loops. The
surge controller for each compressor section should en-
sure that adequate surge control is provided for every
operating scenario (shutdown of individual units and sta-
tion as a whole).

c. Downstream check valve placement near the
compressor discharge flange: Proximity of the down-
stream check valve to the compressor outlet will limit
the downstream volume and increase the required sys-
tem response time of the surge control system. Place-
ment of the downstream check valves for each compres-
sor section, return lines, and recycle take-off lines must
be carefully reviewed to ensure that separate compres-
sion loops operate independently.

d. Use of independent check valves: Parallel com-
pressor units should have check valves installed to en-
sure effective surge control of each compressor. Isola-
tion valves are also recommended.

e. If the startup period requires considerable time
to bring the compressor up to speed, consider add-
ing cooling of recycle gas: The recycle gas, or a por-
tion of the gas in the recycle loop, should be cooled to
facilitate operation in continuous recycle. Incorporation
of hot and cool gas recycle loops will help to reduce
the possibility of overheating upon startup or controlled
shutdown. Upstream pre-coolers (downstream of the
recycle valve) are an option to consider that helps keep
discharge system volumes small (see Item a). Installation
of the system should consider where the cooler is to be
placed and how much flow will be required to be cooled.
Suction coolers will minimize discharge piping volume,
but the hydrocarbon and water dew points should be a
design parameter for the suction pressure and cooling
expected to avoid two-phase flow.

f. Keep separation vessels upstream: Liquid separa-
tion vessels should be located upstream of the compres-
sor and downstream of cooling elements in the system.
Placing these on the suction side will also help minimize
discharge system volume (see Item a).

g. Ensure recycled flow reaches the compressor
quickly: Recycle piping should enter the suction flow
downstream of any throttling valves to ensure that the
flow reaches the compressor entrance quickly. Pressure
relief systems should be limited on the compressor suc-
tion side because suction-mounted relief systems can
cause substantial flow reduction. Alternatively, recycle
lines that return upstream of the throttling valve may be
considered to help unload the motor upon startup of the
compressor.
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Figure 4. Typical Compressor Surge Control System Layout With Single Recycle Valve

2.3 ALTERNATIVE SYSTEM LAYOUTS

The basic cooled recycle loop (Figure 4) provides a large operating
range for the compressor. However, use of a non-cooled recycle loop
has some advantages over other arrangements because it minimizes
the system discharge volume and allows for a faster response time dur-
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ing shutdown, as shown in Figure 5. Other
common arrangements that may be used for
more than one compressor unit or for pro-
viding more flexibility in operation are given
subsequently. These layouts may be neces-
sary due to the operation of other units at
the station or the need to increase the re-
cycle valve flow capacity.

Multiple valves may be used in the surge
control system to meet the demands of both
the process control operation and the emer-
gency shutdown event because the valve
characteristic curves/control signals can dif-
fer. This will allow for both gradual and rapid
changes in the valve coefficient. Multiple
valves will add complexity to the control sys-
tem and any transient modeling efforts, but
are often required based on the necessary
response time or the flow rate requirements
for system discharge pressure relief.

2.3.1 HOT GAS BYPASS WITH

SECONDARY COOLED LOOP
One alternative design to the basic cooled
recycle loop is the hot gas bypass with a sec-
ondary cooled loop as shown in Figure 6.
Continued on page 42
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Figure 5. Single Recycle Loop With Minimal Discharge
Volume

HOT AND COOLED RECYCLE VALVES

Figure 6. Hot And Cool Recycle Valves In Surge Control
System
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Figure 7. Recycle Loop With Suction Gas Cooling

Without an overall cooling loop, the compres-
sor cannot run in the recycle mode for a lengthy
period. The hot gas bypass and secondary cooled
loop arrangement provides a means to operate
in hot gas recycle with a cooled gas recycle loop
as a backup. The suction temperature can help
adjust the operation if inlet suction temperatures
are low enough. By removing the cooler from the
inner recycle loop, the surge control system can
more quickly respond to operational changes.

For the hot and cool two-valve arrangement,
the cooled outer loop valve is typically a modu-
lating type, while the hot inner loop valve is a
quick opening type of valve. The cooled valve in
the outer loop can be sized independently of the
hot valve. In addition, the capacity of the cooled
valve can be considered with the shutdown valve,
allowing the shutdown valve downstream of the
compressor to be smaller.
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Figure 9. Use Of Multiple Valves In Parallel Arrangement
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Figure 10. Recycle Valve For Second Compressor With Overall System
Surge Control Valve

2.3.2 SUCTION GAS COOLER FOR
COOLED RECYCLE

Another alternative configuration utilizes a suction gas cooler
downstream of the recycle valve to cool the recycled gas only,
as shown in Figure 7. For installations where the delivered gas
must be cooled, this configuration may require two coolers, with
a larger secondary cooler downstream of the check valve. How-
ever, the recycle gas cooler can be sized fairly small to only cool
the bypass loop gas. The advantage of this layout is in its small
discharge volume and ability to operate continuously in recycle
because of the added cooler.

2.3.3 OVERALL COOLED RECYCLE WITH
HOT GAS RECYCLE LOOPS

A modification that is possible for multiple units in series is the
layout shown in Figure 8 in which individual hot gas bypass loops
are used inside of an overall cooled loop. This configuration alter-
native provides good modulating surge control and fast shutdown
of the units through the check valve proximity to the discharge



side of the compressor. Some redundancy is built into
this design to provide secondary surge control in the
event of a valve failure, but not necessarily at the same
flow capacity. The additional components will increase
the overall system cost.

Using multiple hot and cool recycle loops is advan-
tageous to the startup operation of the surge control
system by adding cooling to the recycle gas. The hot
gas loop has advantages for the emergency shutdown
operation because the recycle valve (if sized properly)
can quickly open to relieve discharge pressure.

2.3.4 PARALLEL VALVE ARRANGEMENT

An alternative arrangement of multiple valves is to
use the valves in parallel in the recycle loop as shown
in Figure 9. The two valves can be set up in the surge
control system to open at different surge margins (the
first with a higher surge margin setpoint than the sec-
ond). If the progression into surge is slow, only the first
valve will open. If the progression into surge occurs
suddenly, both valves will open. The parallel arrange-
ment may provide redundancy in the event that one
valve becomes fouled or its actuator is not functioning
correctly. This requires that both valves can individu-
ally relieve the system discharge pressure, which may
mean collectively that they are oversized.

The parallel valve arrangement allows for one valve
to be a linear characteristic type and one to be a quick
opening characteristic (globe or ball valve) type. This
provides versatility to the surge control system, en-
abling it to respond to both operating environments
—controlled recycling for normal process control or
surge avoidance for quick shutdown. When two valves
are used for throttling, the valves are typically oper-
ated in cascade or split range.

2.3.5 MULTIPLE SURGE CONTROL VALVES

Additional surge valves are necessary for multiple
compressor units. Using an overall recycle valve with
specific valves for each unit may provide more redundan-
cy for the control system. Another alternative for mul-
tiple units is to use one overall recycle loop and a second
recycle loop for a larger downstream unit. This configu-
ration, shown in Figure 10, provides less redundancy but
allows for a large second compressor to be controlled
independently of the smaller first compressor.

The configuration poses some additional risks to
consider in the surge control. If both units are oper-
ating near the surge line, the discharge pressure will
not be sufficiently reduced downstream of the first
unit in this arrangement. The 2nd-stage compressor
will introduce an additional pressure and flow require-
ment. The arrangement should only be applied if the
outer recycle loop can sufficiently provide recycled
gas quickly and if the first unit is much smaller than
the second. @
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Council (GMRC), the “Application Guideline for Centrifugal Compressor Surge Control Sys-
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issue of Gas Compression Magazine, p. 28. Part 2 is published in the October 2021 issue,
p. 38. Figures, references, and tables follow in consecutive order from Part .

3 SURGE CONTROL SYSTEM COMPONENTS

urge control systems are typically sold as separate,

dedicated control systems that either operate with-
in the overall station control system or are used with
a dedicated compressor system controller. The rec-
ommended essential components of the surge control
system are described in this chapter. The accuracy of
the system’s ability to define the surge line, and the
location of the operating point relative to that line,
defines how well the surge control system monitors
for surge. Accurately monitoring the operation and the
method of controlling compressor operation (recycle
valve opening point, actuation speed, signal gain, etc.)
determines how effectively the surge control system
protects the compressor from surge. Required surge
control system components are:

* Surge Limit Model: Typically provided in the form
of a performance map, this model is a description of
the surge control line for the compressor. The surge
limit model should be based on experimental testing,
either in the factory test or from site verification.

* System Control Algorithm: The algorithm im-
plemented in the surge control system is used to de-
termine the signal sent to the recycle valve actuation
system based on the measured operating point of the
compressor relative to the surge limit line.

* Recycle Valve And Actuation System: The valve
and its actuation system are controlled by the algo-
rithm and must be selected to quickly respond to the
controller signal. The valve will increase the flow of gas
to the compressor suction side and reduce the down-
stream discharge pressure.
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* Compressor System Instrumentation (Pressure, Tempera-
ture, And Flow): This is required instrumentation for the mea-
surement of the compressor operating point. The flow must be
measured in addition to the compressor head to determine the
operation proximity to the surge line.

* Piping System (Including Suction And Discharge Volumes
And Recycle Loop Piping): The compressor system piping will
determine the response requirement for the recycle valve and the
amount of gas mass available in starting up the compressor. Piping
volume will also influence the process control operation (speed of
response and precision of control).

3.1 SURGE LIMIT MODEL (SURGE CONTROL LINE)

The surge limit model is required to accurately predict when
compressor surge will occur. The surge limit model is essentially
a look-up table or performance map showing the actual surge line
and the surge safety margin. The surge limit model defines the com-
pressor’s operation in relation to the surge line, using any two of
the following three parameters: compressor head, flow, and speed.

3.1.1 Implementation Of The Surge Limit Model
The surge limit model should be implemented in the control
system in a reduced head (or pressure ratio) against reduced flow
representation, because this view provides more accuracy in the
surge prediction (see Section 1.3, Views Of Surge, September
2021 Gas Compression Magazine, p. 30). This method also sim-
plifies the instrumentation required to measure surge and the
data reduction effort. The view of surge under the compressor
head vs. flow squared (H vs. Q?) representation will detect small
changes in the compressor operation until surge is reached. Gas
composition, which is not typically updated in the compressor
Continued on page 18



control system, will affect the flow representations of
the surge line. Gas composition effects will influence the
surge control line shape and position. Using the surge
limit model with reduced head and flow variables will
help to minimize the gas composition effects. The non-
dimensional head versus flow map allows the operation
and proximity to the surge line to be characterized in-
dependent of compositional changes.

Different manufacturers have different approaches for
determining the actual surge line. The use of a nonlinear
surge control line is an option to provide an expanded
operation of the compressor within an allowable region.
The nonlinear surge line should be implemented after
confirmation of the actual surge points in a factory test.
For best results, the actual surge line can be verified by a
site surge test (see Section 3.1.5).

3.1.2 Choice Of Surge Margin

The surge limit model is used in the surge control sys-
tem to determine the distance between the operating
point of the compressor and the surge limit. The model
should define a surge control line, which determines the
protection margin between the actual surge line (when
the compressor will surge) and the point at which the
control system should act to open the recycle valve. The
protection margin should be as accurate as possible to
minimize unnecessary recycle time and maximize oper-
ating flexibility and compressor efficiency. The margin
allowed between the actual surge line and the surge con-
trol line is based on operating company preference, the
operating range of the compressor, and the uncertainty
of the surge line measurement. The recommended mar-
gin is 6% to 10% of the actual flow surge limit.

Other characteristics of an installed system will af-
fect the selected surge margin. A system with large time
constants (slow overall response) may require additional
margin to ensure the machine is protected. Faster sys-
tems with small time constants will operate satisfactorily
with margins even less than 6% to 10%.

The surge margin choice should consider the amount
of uncertainty in the detection of surge within the con-
trol system. This includes the uncertainty in the pressure,
temperature, and flow rate measurements (see Section
4.0). The margin should also consider the imprecision of
the transmitters and the dynamic response of the con-
troller and actuator in the recycle valve.

Other parameters besides the direct head or flow
measurement may also be used to control the response
of the valve. The rate of change in flow is often used as
an additional control within the algorithm to determine
when the surge limit will be reached.

The model provided by a manufacturer should consider
the range of possible operating conditions and gas com-
positions. The model should be provided to the compres-
sor user in normalized variables as a head versus flow
characterization. If speed is used in conjunction with head
or flow to predict the surge line, the prediction will be
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dependent on the gas composition used to generate the surge
line. This approach will cause the surge limit model to be more
uncertain at other gas compositions.

3.1.3 Use Of Nonlinear Surge Line In Multistage Compressors

Multistage compressors may have a surge line that corre-
sponds to the product of the individual stage surge lines. Use
of a compensated surge line results in a nonlinear surge limit
model, which may be necessary to match the changes in the
surge operating point for each stage. Typically, the Ist-stage
surge dominates the surge control line because surge will occur
earlier in Stage | (at higher flow rates). When a later stage surg-
es earlier than the Ist stage (Figure 1), the surge line should
be adjusted to compensate for the later stage. This will also
prevent surge from occurring unexpectedly due to one stage
driving another into surge.

Surge Stage 1

Surge Stages —

44
&9—— Nonlinear Surge Line
i

Head

Linear Surge Line

Surge Stage 5

b
Flow

Figure I1. Surge Line Developed For A Multistage Compressor

3.1.4 Experimental Determination Of Surge Line

A factory test is often used to determine the actual surge
line, especially for the manufacturer’s purposes of verifying the
location of the surge line. The factory test can use natural gas
or air. In some cases, controlled hydrocarbon blends (mixed
gases) are used as an alternative to provide a close approxima-
tion to the gas properties expected in the field. Sometimes, air
is chosen because the surge condition is less risky in terms of
possible damage to the machine if the surge limit model is un-
derpredicting the occurrence of surge or if the control system
fails to adequately prevent surge. Any factory test performed
on a nonrepresentative gas mixture (i.e., a mixture that does
not closely mirror the field setting gas) should be viewed with
additional uncertainty because of the variation in the surge con-
trol line caused by gas composition changes. Representing the
surge control line in terms of reduced head versus reduced
flow will reduce gas composition uncertainties.

The factory test will provide a good measure of the surge line
for the compressor, but the installed field site condition may af-
fect the surge limit because of changes to system impedance at
the field site. Upstream and downstream piping, coolers, valves,



and other equipment (e.g., scrubbers, auxiliary coolers, added
volumes, etc.) will influence the measured surge limit. The
natural gas mixture will also change the surge control line
location (for gas composition-dependent surge lines) on the
performance map if the factory test was performed on air. In
this case, the reduced head and flow variables should be used
to eliminate the probable shift in the surge control line due to
gas composition.

3.1.5 Field Site Verification Of Surge Limit

The limit model can be verified using an actual test of the
compressor as the operating point moves toward the surge
condition. For certain compressors with sufficient operating
data, the performance map is well known, and field testing is
not warranted.

Verification at the field site allows the surge limit model to
be tested in its true operating environment and in its installed
configuration. As recommended in the GMRC Guideline for
Field Testing of Gas Turbine and Centrifugal Compressor Perfor-
mance, the surge limit model should be verified by testing for
the compressor surge point with extreme caution. For the
first test, it is best to select relatively low-pressure differ-
ential and operating pressure (i.e., “low-energy”) conditions.
If later tests must be performed at high-head conditions to
verify the surge limit model over the entire head/flow range,
these tests should be preceded by tests at low-energy con-
ditions to characterize the compressor behavior and instru-

ment outputs of incipient surge. Verification in the field entails
inherently more risk, and the decision on how to verify the
model should consider the possible consequences of damage
to the compressor.

The other purpose in surge site testing is to verify the ac-
tual surge line using the field instrumentation (with its unique
uncertainties). The testing should be performed by slowly re-
ducing the flow when the compressor is at or near the design
operating speed. The test should be stopped at the expected
surge flow or incipient surge point when the flow signal be-
comes unstable or when the vibrations increase considerably.
At this point, the recycle valve should be immediately opened
to 100%. For the initial test of the recycle valve, redundancy
(such as a surge detection system) is recommended to ensure
the safety of the field personnel.

Surge site testing is a decision left to the operator, based on
experience with a particular machine and its ability to with-
stand “low-energy” surge conditions. Benefits of surge testing
in the field include:

* Verification that the instrumentation is installed and op-

erating correctly

* Verification of control system function

* Verification and calibration of surge detection systems

* Determination that the surge point is not to the right of

the predicted surge point

* Determination if subsynchronous vibration levels exist to

the right of the surge limit. @
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3.2 CONTROL ALGORITHM

The control algorithm is needed to relate the surge
limit model predictions of the compressor operation
to the measured data from the compressor. The al-
gorithm develops the control signal to send to the re-
cycle valve. The value of the control signal is based on
the measured operating point of the compressor and
the surge limit (based on the model predictions). Typi-
cally, the pressure and temperature instrumentation is
used in combination with a flow meter to determine
the operating point (Figure 12).

The recycle valve opening/closing speed and its po-
sition (amount of opening or closing) are provided
by the control signal from the algorithm. When the
compressor flow rate is below the flow specified for
the protection margin at a given pressure ratio, the
algorithm should send a control signal to the valve to
open. The rate of opening (or closing) should be based
on the speed required to protect the compressor. The
rate of change in the surge margin over time can be
used to adjust the amount of gain needed (i.e., a faster
rate of change requires a higher gain signal from the
controller).

Surge =
Limit Contro) | Control
Model + Aigorithm Value
-
1 Optional.
1 Rate Of
§ Change
g In Flow
Flow Flow Comp
Transmitter, Meter l/syshm
| !
1 Ps’ T!' Pd’ Td |

Figure 12. Surge Control Algorithm — Typical Signal Flow
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Various algorithms have been successfully developed by manu-
facturers and surge control system design companies. The pro-
vided representation in Figure 12 is only one example of a viable
option that may be considered for the algorithm.

The control algorithm response rate will be much faster than
equipment response. Equipment, such as the actuation system and
recycle valve, used in the compressor surge control system is of-
ten not selected by the control system engineer and will typically
not provide the optimal response. The recycle valve is often cho-
sen to match the system design of the pressure and temperature
transmitters and may not be the ideal choice for the valve charac-
teristics needed. In addition, the piping layout has a large impact
on performance and the response time of the control system.

VARIATION IN CONTROL SYSTEM GAIN

The amount of gain on a control signal determines the speed
of the response as well as system stability. Various responses
based on different gain levels are shown in Figure 3. A sudden
change in the control system is illustrated under gain levels — a
low gain system, a high gain system, and a critically damped (op-
timum gain) system. The critically damped system produces an
initially aggressive response, but the response is reduced in time
to maintain stability.

Different control system gains should be used for the different
surge operating environments. The control algorithm should be
capable of distinguishing between startup operation, normal pro-
cess control operation, and an emergency shutdown operation. A
control system, which can use single- and two-gain signals (high
gain to open the valve plus low gain to close the valve), will be a
better choice for shutdown operation.

To effectively avoid surge, the control system must use vari-
able gain to handle the different performance demands for the
valve system. The variation in gain will help to overcome many
unknowns in design for unknown volumes, instrumentation, etc.
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CONTROL ALGORITHM DURING STARTUP
AND NORMAL PROCESS OPERATION

During normal process control operation, lower gain sig-
nals should be used for adjusting the flow by opening or clos-
ing the valve in a controlled manner. The speed of opening
and closing the valve is not a necessary requirement for this
operation. The same control signals may be used for control-
ling the recycle valve in the startup operation. Consideration
for this environment requires changing the gain used by the
control algorithm for the process operation. The control al-
gorithm must also consider the reaction of the recycle valve
system. The recycle valve will have a certain amount of over-
shoot — which should be factored into the control signal in
the normal process operation.

The combination of high and low gains is recommended
to provide an initially fast reaction of the recycle valve (for

opening) and more gradual response to move the system away
from surge (for closing). Once surge has been avoided and
the compressor again crosses into the protected operation
region, the gain should be reduced to offset the inherent in-
stability of a constant high gain system.

3.2.3 RESPONSE TIME VARIATIONS

Different surge events will require different response
times from the surge control system. It is difficult to provide
exact values of required response times because of the many
differences in compressor applications, compressor station
design, discharge system volumes, and control system de-
sign. By far, the emergency shutdown situation will require
the fastest response time from the control system, and this
event should be used to determine required minimum re-
sponse time. In determining the type of programmable logic
controller (PLC) and recycle valve in the surge control sys-
tem, the manufacturers should be asked for an estimated
response time requirement or minimum discharge system
volume based on the actual compressor model and installa-
tion configuration.

Note: During an emergency shutdown event, the recycle
valve should be opened as quickly as possible to provide a
quick response and protect the compressor. The shutdown
operation does not affect the surge control algorithm be-
cause the sole function of the controller under the shut-
down operation is to fully open the valve as quickly as pos-
sible. Signal gain levels for opening and closing the valve do
not influence this operation. @
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