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on a non-representative gas mixture (that does not closely mirror the field setting gas) should be viewed 
with additional uncertainty, due to variation in the surge control 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 affect the surge limit because of the changes to system impedance at the field site.  The 
measured surge limit will be influenced by the upstream and downstream piping, coolers, valves, and 
other equipment (scrubbers, auxiliary coolers, added volumes, etc.)  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 Performance, 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 
differential 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 conditions in order to characterize the compressor behavior and 
instrument 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 actual surge line using the field instrumentation 
(with its unique uncertainties).  The testing should be performed by slowly reducing 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 becomes unstable or 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 assure 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 withstand “low energy” surge conditions.  The benefits of surge testing in the field include: 

 1.) Verification that the instrumentation is installed and operating correctly. 

 2.) Verification of control system function. 

 3.) Verification and calibration of surge detection systems. 

 4.) Determination that the surge point is not to the right of the predicted surge point. 

 5.) Determination if sub-synchronous 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 algorithm develops the control signal to send to the recycle 
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).  Typically, the pressure and temperature instrumentation is 
used in combination with a flow meter to determine the operating point (see Figure 12).  
 
The recycle valve opening / closing speed and its position (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). 
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Figure 12. Surge Control Algorithm – Typical Signal Flow 
 

Various algorithms have been successfully developed by manufacturers and surge control system design 
companies.  The provided 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 compressor surge control system is often not selected by 
the control system engineer and will typically not provide the optimal response.  The recycle valve will 
often be chosen to match the system design of the pressure and temperature transmitters and not be the 
ideal choice for valve characteristic needed.  In addition, the piping layout will have a large impact on 
performance and the response time of the control system.   
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3.2.1 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 13.  A sudden change in the control 
system is illustrated under gain levels – a low gain system, a high gain system and a critically damped 
(optimum 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 process 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 variable 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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Figure 13.  Various Signal Responses for Control System. 

 
 

3.2.2 Control Algorithm During Startup and Normal Process Operation 
 
During normal process control operation, lower gain signals should be used for adjusting the flow by 
opening or closing 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 controlling 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 algorithm must also consider the reaction 
of the recycle valve system.  The recycle valve will have a certain amount of overshoot – 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 
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surge has been avoided and the compressor again crosses into the protected operation region, the gain 
should be reduced to offset the inherent instability 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 design.  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 response time.  In determining the type of PLC and 
recycle valve in the surge control system, the manufacturers should be asked for an estimated response 
time requirement or minimum discharge system volume based on the actual compressor model and 
installation 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 because the sole function of the controller under the shutdown 
operation is to fully open the valve as quickly as possible. Signal gain levels for opening and closing 
the valve do not influence this operation.   
 

3.3 Recycle Valve 
 
The recycle valve is a key element in determining the performance of the control system and its 
protection of the compressor.  If the surge control system must be redesigned, the recycle valve should be 
one of the first elements to consider for system redesign.  Additionally, the actuation system and control 
methods for the valve can influence the behavior of the valve.  The choice of actuation system and control 
method for the overall recycle valve system can be used to provide more protection for the compressor 
under each operating environment.  
 
The recycle valve flow coefficient or flow capacity should be known (from manufacturer data) as a 
function of valve position.  This defines the valve characteristic.  In addition, the valve manufacturer 
should supply a profile for the valve position as a function of time.  The sizing of the recycle valve should 
have additional flow capacity beyond the flow at steady state which can be used to reduce the 
backpressure of the compressor in the shutdown environment.   
 
The competing requirements on the valve size, type and response time can result in the implementation of 
three separate recycle valves for each surge control operation, although this can be avoided through 
proper sizing and system design.  If certain valve requirements were not considered in the initial station 
design, a secondary valve may be necessary and unavoidable. 
 
The optimal selection of a single recycle valve system can be implemented successfully, if the surge 
control system requirements are properly matched to the designed recycle valve system.  The single valve 
system requirements are discussed in Section 3.3.6.  Use of a single recycle valve has been implemented 
successfully in many surge control systems and can be less costly than multiple valves, actuators and 
controllers. 
 
The transient model results can be used to guide the valve selection and system design process.  The 
model should allow the user to vary the valve size and characteristic to determine the size range that 
meets the control system specifications for surge protection.  A valve sizing routine should be developed 
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to match the control valve and evaluate the valve performance under the three different operating 
environments – see Sections 3.3.3 – 3.3.5 on recycle valve considerations in each surge environment.  
The sizing routine should calculate the equivalent valve capacity based on a specified valve size and the 
range of operating speeds, pipe pressures and temperatures and cooler data, if applicable.  

  3.3.1  Recycle Valve System Components 
 
Table 2 provides a general description of how the valve design specifications affect the surge control 
system. The recycle valve should open as necessary to maintain the flow through the compressor at a 
desired margin above the surge line. A typical recycle valve system is designed according to the 
following components:  
 

1.) Controller valve - The control valve is typically actuated with a solenoid.  The solenoid valve 
can either be controlled with a proportional signal for modulating control (as controlled recycling 
or throttling events require) or quick opening control (for sudden shutdown events). 

 
2.) Actuator - The actuator for the surge control valve is usually a spring-return and fail-open 
type that uses either a spring and diaphragm or a spring and piston.  Double acting piston-type 
designs are useful in some cases.  Spring return valves will not require air pressure, which 
reduces the complexity and makes these actuator types more reliable. 

  
3.) Positioner - The positioner selection should be based on capacity and response time.  The 
positioner should have adjustable minor loop feedback in the servo loop.  Spool valve positioners 
are not recommended due to the potential to become plugged.  The valve positioner should be 
intrinsically safe 
 
4.) Pressure Relief (Booster) - The booster will provide pressure relief to help close the recycle 
valve.  Opening the booster allows for the actuator pressure to be reduced and set equal to 
atmospheric pressure.  Slow reductions in pressure will not cause the booster to open.  The 
booster is mainly needed for large pressure reductions.  Quick-exhausts are not recommended in 
the valve actuation system because they will not work well with the positioner.  These will 
typically lead to non-linear positioner response. 
 
5.) Tubing - The tubing should be a sufficient diameter for the volume boosters and actuator 
connections.  Tubing lengths should be minimized as long tubing lengths will affect performance.  
Reducing the tubing diameter will also improve response time.  
 
6.) Valve Indicator - The recycle valve should be equipped with a positive mechanical valve 
position indicator.  Electrical feedback and position switches will help with diagnostics.  A visual 
mechanical position indicator on the valve is critical. 
 
7.) External volume tanks (if necessary) – External volume tanks are not recommended because 
these will reduce reliability.  If the volume tanks are absolutely required in the actuation system, 
the external tanks should include a relief valve, a drain valve, a check valve on the supply inlet 
connection and a minimum pressure rating of 150 psig.  The external tanks should be ASME 
certified as well.      
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Table 2.  Control Valve Specifications - Effect on Surge Control System 

 
General Control Valve Design 

Specification Effect on Surge Control System 

Valve Type 

Valve characteristic (amount of valve opening vs. time) is based 
on the valve number and type.  A quick opening valve will provide 
most flow in the fastest amount of time (shortest travel).  Equal 
percentage valve will provide lower flow during initial opening – 
and more flow towards end of travel. 

Valve Actuation 
Valve actuation will affect system response during shutdown 
operation – where speed requirement is most severe.  Normal 
process operation will require gradual valve motion. 

Size of Valve 
Larger valves will provide a better response to equalize pressure 
faster, but the controllability may be less for throttling purposes 
during process control operation. 

No. of Valves in Control System 
Arrangement and number of valves in the control system affects 
system response as well as operational philosophy for the surge 
control system. 

 
 
Various actuation systems are available for the recycle valve using different valve types. Ball valves, 
globe valves and needle valves have been used effectively and offer different advantages for the different 
operating environments. (See Figures 14 and 15 for examples of typical actuation systems for the globe 
valve and ball valve types).  For two recycle valve systems, using a combination of valve types may serve 
to better meet the dual functionality requirements under different surge environments.   
 
Often the controller and actuation system can affect how the valve is opened.  The valve 
characteristic is not equivalent to the overall controller / system characteristic.  A linear valve can 
be actuated in a manner resembling an equal percentage valve through the use of controller bias.  
This should be considered in selection of the valve type. 
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Figure 14.  Typical Globe Valve Assembly and Actuation System 
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Figure 15.  Typical Ball Valve Assembly and Actuation System 
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3.3.2 Recommended Recycle Valve Specifications 
 
The performance specifications in Table 3 have been used by manufacturers of surge control valves.  The 
specifications vary based on the operating environment.   In addition, the specifications are given in terms 
of dynamic performance criteria to provide smooth and reliable operation of the valve. 

 
Table 3.  Recycle Valve – Recommended Dynamic Performance Specifications 

 

Performance Criteria Importance for Operating Environment Specification 

Response Time with Position 
Controller 

For process control and start-up 
environments 

Time (sec) < 0.3 + (0.1xdport
0.5)  

 
where dport = minimum diameter 
in inches across the valve 

Response Time for Solenoid 
Trip 

For Shutdown: Response time for valve 
full open in shutdown environment is 
more stringent than process control with 
position controller. 

Time (sec) < 0.1 + (0.1xdport
0.5)  

 
where dport = minimum diameter 
in inches across the valve 

Flow Capacity Key to protecting compressor in shutdown 
environment.  

Valve Flow = (1.8 to 2.2) * Qmax 
Qmax = Maximum surge point flow 
rate (typically at peak head at 
LASM) 

Opening Dead Time Required for all operations. Dead Time < 0.4 seconds 

Valve Movement  Required for all operations. No stick / slip motion 

Large Amplitude Response 
with Step Change from 
Baseline 

Important for process control and startup 
environment – overshoot must be 
minimized to assure adequate flow 
control. 

Max of one overshoot per step 
in opening direction < 3% 
calibrated span. Minimize 
overshoot in closing direction. 

Frequency Response with 
20% peak-peak input signal 
centered around 50% of 
calibrated span 

Helpful to quantify valve performance in 
all environments 

Gain and Phase plots should 
be continuous with no 
resonant peaks. 

Maximum Control Signal to 
Initial Movement off the Valve 
Seat 

Key to assuring valve motion is confirmed 
with minimal control signal for process 
control / start-up where signal may be 
fairly low (i.e. minimal gain as opposed to 
shutdown env.) 

< 2% 

 
 
Testing of the recycle valve for frequency response, amplitude step response in both directions (opening 
and closing) is recommended for valves configured with custom pneumatic systems or particularly large 
recycle valves (> 12 inch diameter).  Complicated actuation systems on large recycle valves will 
introduce new dynamics into the valve actuation system that may cause a departure from linearity in the 
response.  Response time or stroking time of the valve should not be used as the only criterion in selection 
of the recycle valve because this will impair the controllability of the valve and robustness of the design, 
needed for the process control environment. 
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3.3.3 Recycle Valve Considerations for Process Control Environment 
 
Valve actuation system requirements primarily stem from the process control environment – not the 
shutdown environment.  The actuation system for the valve during process operation should be capable of 
modulating control.  In addition, a linear valve should be used for process control but the goal should be 
to enable a linear system response.  The linear characteristic provides precise recycle valve flow control at 
all valve positions.  The response time is not critical to this environment.  In this setting, the booster 
system is only needed to help the valve open because the valve should be capable of closing on its own.  
A recommended response time criteria for the recycle valve process control environment: 
 

 ))(sec/1.0(sec3.0(sec) 2inportsizeinTime ×+=  (Eq. 3-1) 
 
The key parameter to the recycle valve in the process control environment is precise control of the valve 
position.  It is necessary to specify the speed for which the valve is allowed to change position and the 
amount of overshoot permitted.  Overshoot of the valve should be determined in a position versus time 
plot (see Figure 16.)  The position of the valve in time defines a triangle of overshoot area based on the 
amount of overshoot and recovery time.  This area should be held to a minimum allowable value – in 
order to define the performance of the surge control system in the process control environment.  
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Figure 16. Recycle Valve Position vs. Time in the Process Control Environment 
 
 

3.3.4 Recycle Valve Considerations for Startup Environment 
 
In the startup environment, the key criteria is to match the valve characteristic to the compressor 
performance map to assure that the compressor can come up to full speed as the recycle valve is closed.    
In startup, the compressor will initially operate with the valve at 100% open.  The valve characteristic for 
100% open should be sufficiently removed from the compressor operational window when the valve 
characteristic is overlaid on the performance map (see Figure 17).  The surge limit will be equivalent to a 
particular valve capacity, which should be well below 100%.   
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As the recycle valve is closed, the valve characteristic should match the operational range of the 
compressor.  A minimum valve percentage opening will lie to the left of the surge line, which defines the 
range of valve positions that can be used to bring the compressor online.  Oversized valves will not 
provide the sensitivity required for particular operational settings and will restrict the performance of the 
compressor (the valve characteristic lines will be too far to the right of the operation).  Undersized recycle 
valves will not adequately protect the compressor during a sudden shutdown of the system at the higher 
flow rates. 
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Figure 17.  Example of Matching Valve Characteristic to Compressor Performance 
 
It is important to evaluate the startup environment using different gas compositions that may be expected 
for the compressor, other than the typical design gas.  The recycle valve capacity requirement can vary 
considerably based on the startup gas composition.  Additional capacity at the same flow rates will be 
needed for a lower molecular weight startup gas because of the reduced compressor head.   

3.3.5 Recycle Valve Considerations for Shutdown Environment 
 
The key requirements for the recycle valve in this environment are response time and flow rate capacity 
for the given discharge system volume.  For an emergency shutdown, the valve opening time is critical.  
Typically for the first 1 second period after shutdown, the compressor deceleration will reduce the speed 
by approximately 30 percent and the head by 50 percent.  This deceleration period can take as long as 5 
seconds depending on the machine.  To maintain flow through the compressor, the recycle valve must 
begin to open within the first second after the downstream check valve is closed.  A recommended 
response time requirement for the valve is: 
 

 ))(sec/1.0(sec1.0(sec) 2inportsizeinTime ×+=  (Eq. 3-2) 
 
This is the necessary required time to de-energize the solenoid for a valve which is normally open.  The 
booster on the valve actuation system will help to enable a quick response from the valve.  Response time 
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for initial opening of the recycle valve should be requested from the valve manufacturer.  In addition to 
checking the response time of the valve, the valve opening time should be mapped against the compressor 
deceleration curve to assure that the valve characteristic will protect the compressor (see Figure 18). The 
blowdown / deceleration of the compressor system with any residual heat should be mapped over the 
valve opening time to determine if response time is acceptable. 
 
 

180

160

140

120

100

80

60

40

20

0

C
v

90

2.5

TIME, sec

N
PT

, %

80

70

60

50

40

30

20

10

0
0 0.5 1.0 1.5 2.0

Globe Valve Opening

NPT Deceleration

90

2.5

TIME, sec

N
PT

, %

80

70

60

50

40

30

20

10

0
0 0.5 1.0 1.5 2.0

180

160

140

120

100

80

60

40

20

0

C
v

Globe Valve OpeningGlobe Valve Opening

NPT DecelerationNPT Deceleration

 
 

Figure 18. NPT Deceleration and Valve Opening Response 
 

 
Sizing the recycle valve to match the system volume is the second requirement for the recycle valve in the 
shutdown environment. If the valve meets the necessary response time, it may still not protect the 
compressor adequately because its flow capacity does not match the system downstream volume.  The 
flow rate capacity of the valve is not sufficient to relieve the compressor head rise in some cases.  The 
overall piping system volume may require more than one valve in a surge avoidance system.   
 
The sizing of the valve can be evaluated in a flow rate versus time plot (see Figure 19). If the compressor 
is surging early in a flow versus time plot – additional valves should be added to provide more flow 
capacity in a quicker time period.  Changing the one recycle valve to larger diameter will not help in this 
situation.  If the compressor is surging late in the valve profile – changing to a different valve 
characteristic will help to avoid surge.  (See discussion of surge impact criteria in Section 6.2.) 
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Figure 19. Compressor Surge Occurrence vs. Ideal Control Provided by Recycle Valve 
   

3.3.6 Simplification of Recycle Valve Requirements for Single Valve System 
 
The competing requirements for the recycle valve make use of multiple valve systems appealing.  This 
approach to surge control system design is often not the most cost-effective solution.  In addition, the use 
of multiple valves for each surge control function will require additional testing to assure that the 
transition into and out of each operation is smooth.   
 
A single valve system may be successfully implemented where the recycle valve is a compromise of the 
various requirements for start-up of the compressor, process control and emergency shutdown. An 
example of the selection of a single valve system is compared to valve selections based on each surge 
environment in Table 4. 
 
The requirements for each surge environment can easily be met with the selection of individual valves.  
Design of a single valve system requires consideration for all three environments.  The single valve 
system design achieves surge avoidance successfully when the additional requirements of all operations 
are considered.  Requirements that must be modified or redesigned for the single valve system include the 
opening speed time, the sizing of the valve, valve characteristic and type, and the actuation system. 
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Table 4. Example of Requirements for Design of Single Recycle Valve System. 
 

Valve Requirements Valve for Start-up 
Operation

Valve for 
Emergency 
Shutdown 
Operation

Valve for Process 
Control Operation Single Valve System

Opening Speed -- Fast Moderate Very Fast
Closing Speed See (1) -- Moderate Moderate
Sized to Match Compressor Volume Compressor Compressor + Volume
Characteristic -- -- Linear Equal Percentage (3)

Style Ball Valve, (2) Ball Valve, (2) Globe Valve Globe or Noise Attenuating 
Ball

Actuation 1/0 1/0 Modulating Modulating
Actuation -- -- Symmetrical Asymmetrical (4)

Positioner -- -- Required Required
Solenoid 1/0 -- -- Required Required

Position Feedback -- -- Required for testing only Required for testing only
Limit Switches -- -- Required for testing only Required for testing only

Note 4: Asymmetrical actuation required for single valve system.

Highlighted cells indicate compromise on valve requirement for optimal single valve system.

Note 1: Speed of closing must assure smooth transition to process control valve.
Note 2: Capacity and simplicity make ball valve the typical choice, but other types may offer other advantages.
Note 3: Equal percentage valve required to control valve in process control and fulfill capacity requirement for shutdown.

 

3.3.7 Noise Attenuation 
 
Recommended maximum noise level for the recycle valve is 85 dBA or less during normal operations 
measured at 1 meter downstream of the valve and 1 meter away from downstream piping.  Noise 
requirements for the valve during partial or fully recycle may be different from those during a compressor 
ESD event.  Various noise attenuation techniques may also be considered from a system design 
standpoint. 
 
Noise attenuating ball valves are often sold for this application.  Globe valves with noise attenuation tend 
to get blocked because of the perforation pattern design in the valve trim.  Ball valves typically use a 
noise attenuation system that allows flow and debris in the line to pass through the valve.  The drawback 
to the noise attenuating ball valve is that at a higher percentage opening, the noise attenuation tends to be 
less.  The ball valve will be fully open for a very short time during the shutdown operation.  During 
process control operation, the ball valve will typically be less than 50% open. 

3.3.8 Dynamic and Static Considerations 
 
For static considerations, the valve actuation system dead band should be limited to 1.0% or less of the 
valve span.  The dead time for dynamic considerations should be minimized and should not exceed 0.4 
seconds.  The recycle valve system should be tested to conform to the manufacturer specified linearity 
and input signal resolution.   The valve stroke time and step response time should be quantified.  Valve 
overshoot may be allowed, but the opening direction overshoot should be adjustable in the field.  The 
overshoot in the closing direction should be minimized to provide better precision for process control. 
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3.3.9 Use of Multiple Valves 
 
In many cases, a single recycle valve can be used successfully to protect the compressor during process 
control, start-up and emergency shutdown.  The recycle valve system must meet the different system 
requirements imposed by the compressor surge events as well as the station operation requirements.  For a 
slow progression into surge (as in process control), the valve should behave as a small valve and produce 
smooth throttling.  For the fast progression into surge (such as the shutdown environment) the valve 
should behave as a large valve and produce sudden changes in the compressor operation.  The quick 
opening valve is the best choice for the shutdown environment.  The process control environment calls for 
a linear or equal percentage valve.  
 
These competing demands often justify the use of more than one recycle valve if the single recycle valve 
in the control system cannot meet the requirements of all the functioning environments.  But the use of 
multiple valves is typically used to “fix” the surge control system and required mainly due to improper 
design / sizing initially.  Also, if surge avoidance is the objective in the design criteria, the valve 
specifications may be more severe compared to a system designed using a set of surge impact criteria (see 
Section 6.2). 
 
If two parallel valves or two recycle loops are justified, the designer should consider implementing both 
valve types to suit the different operating environments.  Parallel recycle loop valves and the use of hot 
and cold recycle valves in two recycle loops are options that should be considered to add capacity and 
reduce valve response time (see Section 2.3 for more alternative arrangements).  These options may also 
add redundancy to the system, which may be advantageous is some cases if the actuation system is not 
reliable.   
 
The primary reason to employ two valves is to gain more functionality and/or speed from the control 
system response for the emergency shutdown situation.  The multiple valve configurations can also be 
used if a cooler is needed for part of gas in recycle loop. 
 
A larger linear characteristic valve may be replaced by two smaller quick opening valves for installations 
requiring faster depressurization.  Increasing the number of valves will add significant complexity to the 
design and should be clearly justified by a notable increase in performance and controllability.  The 
smaller valves will provide a significant increase in opening speed.  Comparison of the two options will 
show that a two smaller quick opening valves can provide more flow capacity in a given length of time 
(250 ms for example) than a single linear characteristic valve.  When operated in cascade, the two smaller 
valves will provide approximately the same flow capacity as the larger valve if the valves are all of the 
same type. 

3.3.10  Valve Position Uncertainty 
 
The valve position should be known with some degree of certainty based on the valve characteristic 
models supplied by the manufacturer.  This can be accomplished by calibrating the valve or valve 
position indicator or through field verification.   The important parameter in the surge control system is 
the distance from the surge line.  Even if a valve is not performing exactly within to its specified position, 
the surge control system will only depend on the valve’s ability to open or close. 
 
Various sources can lead to uncertainty in the valve flow capacity determination – the valve position 
indicator functionality, the reference valve characteristic plot or blockage in the valve flow passage.  In 
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diagnosing the surge control system, the valve position should be verified to assure that the surge control 
system accurately determines the valve flow capacity based on valve position.  The surge control system 
should provide the correct signal to the recycle valve to open or close to the desired valve flow capacity.  

3.4 Control System Instrumentation 
 
Surge avoidance is based on the control system being able to determine the available surge margin based 
on the compressor operating point in real time.  The determination of the compressor operating point 
relies on the measurement instrumentation.  The key measurements are the suction and discharge 
pressure, suction and discharge temperature and flow rate through the compressor (see Figure 12).  The 
instrumentation used to determine the operating point of the compressor must be capable of determining 
the compressor flow, head and speed.   
 
Flow meters (DP type, suction to eye method, or venture type) are routinely used in a surge control 
system to compare the flow rate surge limit (as a function of compressor head) to the actual flow because 
this approach has a high sensitivity to detecting surge.  The flow rate through the compressor will change 
quickly if the compressor is approaching the surge line.  Measurement of compressor head (i.e. 
differential pressure across compressor) will not be as sensitive to detecting changes in the compressor 
operation as the compressor moves toward the surge line.   
 
The choice of instrumentation governs the accuracy of the surge control system and its ability to detect 
surge.  Uncertainties in the flow or head measurement will affect the prediction of surge – see section 
3.4.5.  In addition, pressure and temperature instrumentation in the suction and discharge lines should be 
selected based on accuracy and response time.  The avoidance of surge is dependent on the response time 
of the transmitters in the system in detecting the onset of surge. 

3.4.1 Flow Measurement 
 
Various flow measuring devices may be used to measure the compressor flow.  A comparison of the 
typical flow measurement methods and tradeoffs associated with each method is given in Table 5.  The 
transmitter in the flow measurement system will typically determine response time.   
 
Differential pressure devices (orifice, pitot tube, etc.) will have an inverse relationship between the 
differential pressure transmitter range and response time.  High differential pressure signals increase the 
response time of the transmitter, so operating at the high end of the transmitter range is preferred.  The 
selection of flow measurement devices which rely on differential pressure (i.e. orifice meters) must 
account for the possible flow rates and may require specialized low range transmitters for lower flows.  
However, low differential pressure transmitters will often have a slower response time than the higher 
speed transmitters due to the internal diaphragm designs.  Orifice flow meter requirements are specified in 
American Petroleum Institute Manual of Petroleum Measurement Standards (API MPMS) Chapter 14.3, 
“Natural Gas Fluids Measurement – Concentric, Square-Edged Orifice Meter.” 
 
The pitot tube device is an insertion type of meter that allows flexibility in the installation because 
extensive piping or customized spool pieces are not required.  Differential pressure readings will be 
similar to an orifice meter.  The insertion type devices are slightly less reliable because these devices are 
more susceptible to damage.  Installation near the compressor inlet is also a risk factor to the compressor 
if the insertion probe is damaged or a fatigue failure causes the element to break off and be ingested by 
the compressor.  All differential pressure flow devices must meet a test protocol standard specified in 
American Petroleum Institute Manual of Petroleum Measurement Standards (API MPMS) Chapter 5.7, 
Testing Protocol for Differential Pressure Flow Measurement Devices.  Specific installation requirements 
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for DP type meters should be provided by the meter manufacturer and should assure that the meter 
conforms to API MPMS Chapter 5.7.  

 
Table 5. Comparison of Typical Flow Measurement Methods for Compressor Surge 

Control System. 
 

Flow Measurement  
Method Relative Cost Size of 

Meter Reliability Signal Strength Accuracy 

Pitot type Good Good 

Fair: Insertion 
type device – 
more inclined to 
failure / 
contamination 

Fair: Low flow / 
Low DP will 
produce less 
reliable signal 

Good / Fair 

Orifice meter Good Good Good / Fair 
Fair: Low flow / 
Low DP will 
produce less 
reliable signal 

Fair / Poor: 
Affected by 
flow 
conditioning, 
installation can 
cause errors 

Venturi meter 
Fair: Requires 
more cost than 
other tech. 

Fair: 
Requires 
more setup 
than other 
tech. 

Good Good Good 

Suction to eye Good Good 
Fair: Placement 
of taps / dirt will 
affect 
performance 

Good / Fair 

Fair / Poor: 
Accuracy 
decreases in 
critical flow 
region near 
surge limit 

Ultrasonic meter 

Poor: Typical 
wetted, spool 
piece 
ultrasonic 
meters are 
most costly 
flow meter 
available 

Fair: 
Requires 
flow 
conditioner 
and 
upstream 
length 

Good Good Good 

 
 
Suction to eye measurement is basically a differential pressure flow measurement method, where the 
differential pressure drop across the inlet of the compressor is measured.  The square root of the 
differential pressure is proportional to flow.  In the typical mass flow rate equation (see below), the flow 
coefficient, C, is adjusted for the impeller geometry.   
 

 sm pdCEq ρπ
Δ⋅= 2

4
2  (Eq. 3-3) 
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Suction-to-eye measurement uses the inlet shroud of the compressor as the flow measurement device, but 
the eye port placement is critical to assuring that the differential pressure measurement is not disturbed by 
the recirculation area near the impeller.  The disadvantage to this method is that it becomes vastly more 
inaccurate as the compressor approaches surge and the turbulence increases.  However, the signal to noise 
ratio of this method is good because the DP signal is typically higher than an orifice or pitot tube 
measurement for the same flow rate.  The key to measurement accuracy with the suction to eye method is 
where the manufacturer has selected to put eye port.  The port placement should allow the flow induced 
DP to be measured accurately across the entire flow range.  Incorrect choice of the port location will 
introduce large errors.  The advantages to this method are its relatively low cost and the inability to alter 
the DP reading based on compressor station variations.  
 
Venturi meters (sonic nozzles) may also be used to measure gas flow through the compressor.  These 
meters will have a lower pressure drop than an orifice meter.  As with all differential pressure devices, the 
flow measurement error is sensitive to the measurement of differential pressure across the device.  
Typical meter accuracy is 0.5 to 1.5% if the differential pressure sensor is calibrated and operating well 
within its range.  Venturi meters and differential pressure (DP) type meters are similar to an orifice meter, 
in that large installation errors can occur (1 to 5%) if installed incorrectly.  Installation guidelines for 
venturi meters are provided in ISO 5167, Measurement of Fluid Flow by Means of Orifice Plates, Nozzles 
and Venturi Tubes, and ASME MFC-3M-1989, Measurement of Fluid Flow in Pipes Using Orifice, 
Nozzle and Venturi Tubes.   

3.4.2 Pressure Measurement for Compressor Head 
 
The surge control system also requires the measurement of compressor head, based on pressure 
differential across the compressor.  The compressor head is determined by the temperature and pressure 
measurement in the compressor suction and discharge.  If the compressor system uses a “head rise to 
surge” view of the surge margin, the pressure measurement should be made with high frequency dynamic 
transducers.  In addition, the pressure measurement will not be accurate if the transducer is not installed 
on the pipe taps properly (see Section 4.0 on installation).  Typically, fast response dynamic transducers 
require frequent calibration and may show drift due to temperature changes in the flowing gas stream. 
 
The instrumentation selection should be based on performance specifications an order of magnitude better 
than system requirements (i.e. if the gas compressor system has a first time constant of about one second; 
the related instruments should have a time constant of no more than 100 ms).  For a surge control system 
to discriminate between single digit percentages of surge margin, the pressure and temperature 
instrumentation must be capable of measuring head to within 0.1 percent.  The range of the transmitters 
should also be carefully scaled in relation to the compressor operating range to provide sufficient 
resolution, but avoid over-ranging the transmitters in any event.   

3.4.3 Temperature Measurement for Compressor Operating Point 
 
Temperature measurement is also used to determine the compressor head.  Typical temperature 
measurement instrumentation for the compressor system includes thermocouples, thermistors, and 
resistance temperature devices (RTDs).  RTD’s are recommended for measurement of temperature in the 
flow stream over a broad temperature range.  Thermocouples can be used for high temperature 
measurements, but below 200°F the resolution will be reduced.  Thermocouples tend to drift more than 
RTDs and will require more frequent recalibration.   
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3.4.4 Uncertainty in Pressure, Temperature and Flow Measurement 
 
Uncertainty in the pressure, temperature or flow measurement will cause the surge control system to over 
or under predict the occurrence of surge.  If the occurrence of surge is over predicted, then the compressor 
operation will be limited by more than the allowable surge margin.  If surge is under predicted, the surge 
control system will have less time to respond – which will reduce the protection margin.  In either case, 
the measurement uncertainty should be minimized.  Flow measurement uncertainty may be as large as 3-
5% if installation bias errors are present (such as an orifice plate immediately downstream of a 90 deg 
elbow).  Large measurement uncertainties on this order will completely remove the protection afforded by 
the surge margin (typically less than 10%).  Additional factors influencing the uncertainty in the 
compressor surge detection are given in Section 8.3 
 
Table 6 gives typical values of in-practice achievable uncertainties for the compressor surge control 
system measurements.  For compressor measurements derived from an equation of state (such as 
enthalpy, isentropic coefficient, and density), there is an added inherent uncertainty, since the equation of 
state is an empirical model.  Unless direct experimental data for comparison is available for the gas 
composition used in the performance test, it is difficult to quantify the added EOS model uncertainty.  
The compressor head and flow measurements will be affected by the uncertainty in the EOS model unless 
the reduced head and flow are used in the surge control system. 
 

Table 6.  In-Practice Achievable Uncertainty for Measured Test Parameters 
 

Measurement Recommended Uncertainty 
Pressure 0.3 - 2.0% Full Scale 

Temperature 0.3 - 4.0 ºC 

Flow 1.0 – 3.0% of value 
(for clean gas) 

Gas composition  
(Density, enthalpy, isentropic coefficient) 0.2 – 3.0% of value  

 
3.4.4.1  Flow Measurement Uncertainty 

The flow measurement uncertainty is affected by: 1.) Installation errors: All meter types should follow 
required upstream length / flow conditioning specifications.  If the flow profile is not fully-developed or 
not flow conditioned, most DP meter types will produce a bias error in the flow measurement. 2.) Range 
of the flow measurement: Any DP meter type will have a higher uncertainty on the low end of the DP 
transmitter range.  3.) Pulsation in the flow field:  Pulsation adversely affects most types of meters and 
will add to the uncertainty in the test measurement. However, as most flow measurement instruments 
provide a low frequency output response, it is often difficult to determine pulsation magnitudes and 
frequencies.   

Orifice meters are susceptible to installation-effects resulting from improperly conditioned flow, 
insufficient upstream length, upstream bends, elbows or valves, or extreme beta ratios (>0.65).  If 
installed correctly with a beta ratio less than 0.65, orifice meters will provide a flow measurement 
accuracy of less than 1.5%.  Other DP meters will have similar uncertainty.  The suction to eye 
measurement should be considered to have a higher uncertainty, especially for flow points near the surge 
point where the inlet suction flow will have considerably more turbulence. 
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3.4.4.2  Pressure Measurement Uncertainty 

The precision uncertainty in pressure measurement will depend upon the uniformity of the flow field.  If 
piping vibration or flow-induced pulsations are high at the location of the static pressure measurement, 
the measurement of pressure will show a significantly higher random uncertainty. Non-uniformities, 
location, installation, and calibration errors will affect the pressure measurement.  The main source of 
pressure measurement error is incorrect installation and location of pressure probes.  The installation 
should meet the upstream and downstream requirements for pressure probes given in ASME PTC 10.  
Installation configurations, which do not meet ASME PTC 10, will have significantly higher location 
uncertainties in pressure measurement.   

3.4.4.3  Temperature Measurement Uncertainty 

Uncertainties in the temperature originate from the following five major sources of error:  (i) location: 
incorrect position of the thermal sensor in the gas stream; (ii) installation: wall conduction heat transfer to 
and from the sensor due to inadequate insulation; (iii) calibration: instrument drift, nonlinearities, cold 
junction, and reference temperature errors; (iv) device: inherent accuracy limitations of the sensor device; 
and (v) acquisition: amplifier, transmission, noise, read, and analog-digital conversion errors. 

Location, installation, and calibration errors may be minimized easily in production or laboratory test 
facilities.  However, for field measurements it is more difficult to minimize uncertainty because of the 
station installation and configuration.  Location, installation, and calibration errors are the dominant 
factors in the temperature measurement uncertainty, while the device and acquisition errors are a smaller 
contribution to the total temperature error.  The installation should meet the upstream and downstream 
requirements of ASME PTC 10 for temperature sensor installation.  Installation configurations, which do 
not meet ASME PTC 10, will have significantly higher location uncertainties in temperature 
measurement.   

3.4.5 Transmitter Response Time 
 
A common cause of surge control system response time delays is the instrumentation selection.  
Transmitter selection will usually not be ideal choice for the surge control system.  The transmitter and 
control system must respond to system changes as fast as the compressor surge rate.  The actual surge rate 
may be determined experimentally, but in general the compressor surge rate can be estimated based on 
the flow rate through the system divided by the downstream volume: 
 

 ⎥
⎦

⎤
⎢
⎣

⎡

downstream
surge V

QTime α)(  (Eq. 3-4) 

 
This relationship should guide the overall decision process on the type of transmitters to select for 
different systems.  The transmitter response time should be as fast as possible because compressors can 
approach surge rapidly.   
 
The response time of a transmitter for the measurement a process variable used by the surge control 
algorithm should be less than 100 ms.  This nominal value is available in many smart / analog transmitters 
– but transmitters with response times greater than 100 ms should be avoided for compressor control 
applications.  Response time of a transmitter is typically quoted by the vendor specifications for the upper 
range of the device.  Operation at the low end of the transmitter range will add an additional time delay. 
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For low differential pressure measurements, the design of the transducers require sensitive and loose 
diaphragms, which will respond more slowly to a change in pressure.  A fixed “dead time” also needs to 
be considered by the designer in estimating system response time for smart transmitters.   

3.4.6 Other Considerations for Differential Pressure Measurement 
 
Improving repeatability (and reducing measurement uncertainty) by correct selection of the 
instrumentation and head / flow measurement devices will allow the compressor to operate closer to the 
surge line without an increased risk to the surge control system.  Reduced measurement uncertainty on the 
flow or head measurement should also improve the compressor efficiency for the surge control 
compressor system.  The common causes of transmitter error are the following: 
 

• Ambient Temperature and Humidity Variations:  The ambient temperatures at some locations 
can vary widely.  Typically, the station transmitters are located outside and exposed to all the 
“real world” elements, including ambient temperature and humidity.  The ambient temperature 
and humidity changes will affect the transmitter reading.  At extreme upper or lower 
temperatures, the variation will be significant on the readings for the DP transmitters. 
 

• High Static Line Pressure:  High line pressures (>1000 psi) will affect the differential pressure 
transmitter used for the flow measurement.  If the compressor suction flow is being measured at a 
high static line suction pressure (or discharge flow is measured for a high static line discharge 
pressure), the DP transmitter should be calibrated for the higher line pressure application. 

 
• Transmitter Installation: Installation issues can cause the DP transmitter to give erroneous 

readings.  The most common issue is liquid entrapment in the sampling line.  This can be avoided 
by orienting the transmitter on the line horizontally (so that condensate drops out of the sample 
line before reaching the inlet to the transmitter.) Volume bottles in the sample line should also be 
avoided to provide faster DP response. 

 
• Inherent Damping: DP transmitters may have damping levels that can be set by the user.  The 

damping level should be minimized for this application to provide quick response. 
 
These factors will cause the transmitter readings to drift and produce an error in the flow measurement / 
head measurement for the surge control system.  The error will typically be more severe at the lower end 
of the transmitter range. 
 

3.5 Piping System 
 
The arrangement of the downstream check valves and the recycle loop(s) affects the amount of gas 
volume contained in the piping system.  The mass of gas directly relates to the requirements for the 
recycle valve in the surge control system and the startup time for the unit.  The downstream volume will 
affect performance of the surge control system in the shutdown and startup environment.  The 
downstream piping volume requirements are in direct competition in the startup environment compared to 
the shutdown environment.   

3.5.1  Startup Operation Requirements for Piping System Volume 
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For startup, a larger downstream piping volume will allow for more time to bring the compressor up to 
speed because a larger mass of gas will take longer to heat up.  Addition of a cooled recycle loop to aid in 
the startup situation will help to ease the competing factors in the two environments.  The minimum and 
maximum allowable volumes can be calculated to assure the surge control system adequately protects the 
compressor and that startup is possible given the amount of recycle time.  A faster compressor startup 
time will help to keep piping volumes small.   
 
The effect of piping volume on the discharge temperature rise during startup is shown in Figure 20.  The 
baseline case uses a typical discharge 24” pipe diameter with a hot gas bypass loop.  This system allows 
for approximately 23 minutes of startup time before the high discharge temperature set point is reached.  
Increasing the piping volume causes the allowable startup time to increase by moving the discharge 
temperature curve to the right in Figure 20.  A decrease in piping volume causes the discharge 
temperature to rise more quickly.  This results in a shorter startup time requirement before the high 
discharge temperature alarm is reached.  
 
The startup time should be evaluated for the particular compressor and piping layout design.  Modeling of 
the startup operation is discussed in Section 7.2. 
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Figure 20. Discharge Temperature Rise for Different Piping System Volumes 
 

3.5.2  Process Control Operation Requirements for Piping System Volume 
 
During the process control operation, large piping volumes will influence the amount of response time 
and control scheme for operating the recycle valve.  Larger piping volumes may also require a larger 
valve size to meet the flow rate requirement for depressurization of the system under the ESD operation.  
The valve size will affect its controllability – larger valves will be harder to control.  Because of the 
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influence on the process controllability and the requirement to minimize discharge piping volume for the 
shutdown operation, the piping volume should be as small as possible to meet the startup operation 
requirements.  

3.5.3  Shutdown Operation Requirements for Piping System Volume 
 
For shutdown, a minimum downstream volume is optimal as this will ease the flow rate and response 
time required for the recycle valve. The valve capacity must match the size of the downstream piping 
volume in order to be able to protect the compressor from surge. Larger volumes will require more time 
to equalize pressure (i.e. downstream pressure will be more difficult to reduce if the volume downstream 
is large).  If the operating point is far removed from the surge margin, then piping volume will not 
influence performance greatly because the required response time has been increased.   
 
The behavior of the system in terms of depressurization is shown in Figure 21 for different piping 
volumes.  If the discharge piping volume increases, the recycle valve will require a longer time to reduce 
the discharge pressure.  For a smaller discharge piping volume, the same sized recycle valve can more 
easily relieve the discharge pressure.  Discharge pressure is reduced more quickly with the smaller piping 
volume system, which results in better protection of the compressor and better surge avoidance design 
under the shutdown operation. 
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Figure 21. Reduction in Discharge Pressure for Different Piping System Volumes 
 
 

In calculating the maximum allowable volume based on the shutdown scenario, the piping system 
behavior is relatively simple to calculate accurately.  The rate of deceleration of the compressor is more 
difficult to predict.  A simple dynamic model can be used to study the surge control system performance 
given an assumed deceleration rate.  In the model, the deceleration time can be varied within a typical 
uncertainty margin to determine the maximum piping volume required to avoid surge in the shutdown 
environment.  The model implementation and design for surge avoidance is discussed in Section 6.0 and 
Section 7.3.   
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3.6 Control System Hardware 
 
Surge control system hardware varies depending on the user requirements, station operation and the 
integration of the hardware with the entire station PLC.  Most surge control system operate with similar 
controller hardware.  The surge control system is either integrated with the station controls or as a stand 
alone surge control system.   

3.6.1 Integration of Surge Control System with the Station PLC Systems 
 
The surge control system must have some communication with the station driver, to assure that the surge 
control system is aware of the driver operation of the compressor.  Integrating the turbomachinery control 
system will add more controllability during reduced or part load operation.  In addition, the controls for 
the station should not interfere or conflict with the surge control system signals.  Decoupling of the surge 
and capacity controllers is recommended to reduce the conflict between the surge control system and 
capacity control system at low flow conditions.  If the surge control system is packaged with the station 
controls, the integration conflicts are less of a concern.  If an older system is being retrofitted with a new 
surge control system, the user should consider retrofitting the driver controls or at a minimum, reviewing 
the operation of the PLC for the driver. 

3.6.2 Surge Control for Multistage Compressors 
 
Multistage compressors may require dynamic decoupling between compressor stages for smooth 
operation in the process control environment.  Opening the recycle valve for a low pressure stage will 
cause a reduction in flow to the high pressure stages.  To protect high pressure stages, the single control 
system should open the recycle valves for each stage in a staged control scheme to reduce the impact on 
the operation and avoid surge on the high pressure stages. 

3.6.3 Surge Control System Implementation Outside of the Station Control 
 
A separate surge control system is often installed in addition to the compressor controller.  The 
functionality of the station process controls and the surge controls may require this separation.  This 
arrangement may work better on simple stations without multiple recycle loops or extensive capacity 
control systems.  The non-integrated option will add complexity to the overall interconnections and 
communication signals.  The control system for the station may also have gas turbine startup sequencers, 
variable speed electric motor drives and process overrides which will need to be considered.   

3.6.4 Surge Control System Resolution Requirement 
 
If the surge control system is not packaged with the overall station PLC, the control system may have a 
resolution limit that differs from what is needed by the surge control algorithm.  The designer and station 
user should always consider the resolution requirements for the controller as a limiting factor in the 
availability of the signal information sent to the surge control algorithm.  If a low resolution control 
system is used, the surge control system performance will be inhibited.  Typically, new controllers will 
not be limited by resolution, but an older station could be equipped with a minimum resolution controller. 
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4.0  Installation of Surge Control Instrumentation 
 
The design of the surge control system must consideration the location of key components to optimize the 
response of the surge control and prevent operational problems.  In the initial planning stages of designing 
a compressor system, the station operating company should consider possible locations for the 
downstream check valve, bypass / recycle loop(s), recycle valve(s), process coolers, cooler tie-in to the 
downstream piping, and the liquid separation vessels.   

 
The various installation options may be reviewed through a transient analysis of the surge control system 
to determine the expected response and surge protection for each installation option.  The overall volume 
of the piping, bottles and coolers will determine the system response to change.  Since different 
compressor systems have distinct operations, it is important to consider each installation as distinct.  One 
simple transient analysis method (described in section 7.2) utilizes a maximum allowable discharge 
system volume to prescribe the system design based on surge avoidance.  Additional criteria on the 
compressor system piping volume may be determined through a transient model as described in Section 
6.0. 

4.1 Instrumentation 
 
Special attention should be given to the installation of the surge control system instrumentation.  The 
accuracy of the pressure and temperature measurement is dependent upon the selected location and 
installation.  The total temperature and pressure should be calculated based on the pressure losses in 
between the measurement point and the compressor inlet or outlet flange and the gas stream velocity.   All 
pressure, temperature and flow instrumentation should be calibrated frequently with the actual sensor and 
transmitter as a combined system, preferably in the actual compressor system installation. 
 
The installation effects will bias the measurement and add to the compressor surge uncertainty.  
Additional discussion on surge uncertainty applied to measurement instrumentation is discussed in 
Section 8.3. 

4.1.1 Pressure Measurement Instrumentation 
 
The installation of the pressure transmitters, pressure tap size, and symmetry is critical to the 
measurement accuracy for any of the flow measurement devices requiring DP measurement.  ASME PTC 
10 provides specific guidelines for correct installation and location of pressure probes.  The head 
measurement also relies on accurate DP measurement.  For head or flow measurement applications, the 
pressure tapping should be inspected prior to installation of the pressure measurement device.  Short gage 
lines should be used to avoid any gage line errors and avoid condensation collecting in low spots. 
 
The tube and static tapping used to make the dynamic pressure measurement should have a constant 
length to diameter ratio and must be greater than 2.  The ratio between the pressure tubing and the pipe 
diameter should be as small as possible to prevent the pressure measurement from altering the flow 
pattern.  In addition, the wall taps should be exactly perpendicular and flush to the surface.  Burrs or slag 
in the taps are not acceptable and will influence measurement accuracy.   
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4.1.2 Temperature Measurement Instrumentation 
 
Thermocouple and thermistor devices should be inserted into a thermowell.  RTD sensors may be used as 
direct insert devices.  Direct insert RTD’s will provide a faster response time, which is preferred for surge 
control systems.  The temperature sensor should be instrumented to a temperature transmitter, with a fast 
response time. 

The measurement location should assure that the temperature sensor will be relatively insensitive to 
radiation, convection, and conduction between the temperature sensor and all external bodies.  The 
insertion depth can produce a large error in the temperature measurement if the sensor is placed too deep 
or too shallow in the flow stream (see Table 7).  The manufacturer safety guideline should be 
consulted on the insertion depth of RTD’s for RTD’s without thermowells or extra long 
thermowells.  Compressor gas velocities can be significantly higher than typical pipeline transmission 
gas velocity and the thermowell depth will pose a risk to equipment.   

 
Table 7.  Recommended Depth for Thermowell Installation 

 
Pipe Diameter (inches) Thermowell Depth (inches) 

6 2.0 
8 2.5-3.0 
10 3.0-3.5 
12 4.0 
14 4.5-5.0 
16 5.0-5.5 
18 6.0 

>18 7.5 minimum 
Note:  Above 18-inch diameter, a minimum depth of 7.5 inches from the i nner 
wall is enough to avoid pipe influence and breakage. 
 
ASME PT C 19.3 provides further guidance on  ther mowell i nstallation.  
Compressor system gas vel ocities can cause high fatigue stress on ins ertion 
devices near the inlet / outlet of the compressor. 
 

4.1.3 Flow Measurement Instrumentation 
 
It is recommended that the flow measuring device should be installed on the suction side of the 
compressor, but inside the inner most loop in the compressor/recycle loop piping system.  If the discharge 
side is used, the flow measurement should be made downstream of any coolers and with correct 
temperature and static pressure measurement near the flow measurement point.  Installation of the flow 
measurement device on the suction side of the compressor is recommended because the flow stream is 
more uniform and the measurement is not dependent on pressure compensation. 
 
The upstream piping configurations at field compressor installation are normally not ideal and result in 
distorted velocity profiles at the meter.  Non-ideal meter piping will result in errors in the flow 
measurement unless measures are taken to correct the metering configuration.  The best solution is to use 
flow conditioners upstream of the flow measurement device or a sufficient length of straight pipe 
upstream. 
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5.0 Operation of Surge Control System 
 
The operation of the surge control system must consider the range of possible operations and surge 
events.  The typical events which can cause a centrifugal compressor to surge are described below.  
Additional recommendations for the delayed shutdown option are provided as well.  The operation of the 
compressor should be verified in a simulation, as recommended in Section 7.0, prior to actual field site / 
factor test verification of the control system. 

5.1 Typical Operating Ranges 
 
The control system should be designed to work over the entire range of the compressor.  The worst case 
conditions – highest discharge pressure, maximum allowable speed, largest pressure ratio differential and 
the lowest speed of sound for the gas – will provide the basis for the most demanding performance 
parameters for the surge control system.  Obviously, all compressor operations and installations are not 
the same.  The surge control system should only consider the possible range of operations and installation 
configurations for its particular station and compressor.  For example, an air compressor and its surge 
control system have a distinctly different range of flow rates and pressure differentials than a natural gas 
compressor.  

5.2 Control system operation under different conditions 
 
The surge control system must be designed for the different surge environments but must always act to 
protect the compressor against the high fluctuating load on the compressor rotor, bearings and other 
internal components.  During typical operation of the compressor, the surge system can provide process 
control by actuating the valve to provide additional flow to the compressor in response to the gradual 
changes.  The control of the valve under the startup operation is similar where gradual, fine adjustments 
of the valve position are needed.  The control system must function differently in the event of an 
emergency shutdown (ESD) where the power to the driven centrifugal compressor is immediately 
reduced.  The surge control system must respond rapidly and cause the recycle valve to open, 
immediately reducing the discharge pressure.   
 
The operating window for the compressor is defined by the surge limit on the left side of the map and the 
stonewall (high flow) limit on the right side of the performance map (see Figure 22.)   The operation is 
further constricted by maximum speed or available power at the site and the minimum flow limit for the 
compressor.  The operating window for the compressor is further limited by the uncertainty margin since 
these limits will contain an additional uncertainty depending on the operation, installation and gas 
conditions.  The design of the compressor control system must consider these limits and provide 
sufficient fine-tuning to maintain the compressor operation within the allowable design window. 
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Figure 22. Compressor Operating Window for Safe Compressor Operation. 
 
 
The following surge events provide a description of the operation of the surge control system 
performance that is required for various operations. 

5.2.1 Typical Operation for Process Control 
 

During normal process operation of the compressor, periods of lower flow will occur where the 
compressor begins to approach its surge limit and operate in stall.  The typical low flow surge event is a 
slow progression past the protection margin of the compressor, based on steadily decreasing flow over a 
period of several hours.  During low flow periods, the surge control system should act to gradually open 
the recycle loop.  The control signal to the valve should result in a small and slow opening of the valve in 
this case - the recycle loop flow should be almost unnoticeable. 
 
The normal low flow event is the primary event for most surge control systems, but should not be the 
only design consideration.  Other events can have significantly different effects on the surge control 
system and its ability to protect the compressor.  These events should also be considered in the design 
stage of the surge control system. 

5.2.2 Emergency Shutdown or Fast Stops 
 
An emergency shutdown or fast stop will cause the compressor to move towards the surge line more 
rapidly than a normal low flow operational period.  An ESD can cause the compressor to cross over the 
protection margin suddenly (i.e. the allowable distance from the actual surge event – also known as the 
surge control line.)  This type of surge event is particularly challenging for the surge control system if the 
compressor is operating at its maximum allowable head and close to the surge margin at the time of the 
sudden engine shutdown.   
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The ESD event is more challenging for the compressor when the discharge system volume is fairly large. 
For larger volumes (typical of a larger compressor), both the compressor inertia and the system discharge 
pressure will work against the reduction in compressor head.  The deceleration of the compressor will 
require more time, thus the speed will be higher for a longer period of time.  The discharge pressure will 
also tend to decrease slower as the recycle valve is less able to reduce system pressure for a larger 
discharge volume. 
 
For the surge control system design in this type of event, the algorithm should provide a control signal 
that quickly opens the valve, even if the process is impacted and the recycle flow is noticeable in the 
compressor operation.  The algorithm should be capable of providing the signal to open the recycle valve 
prior to crossing over the protection margin.  The response of the system to the control is determined by 
the amount of gain used in the control signal and the recycle valve specifications.   

5.2.3 Start-up Process 
 
The selection and design of the surge control system will affect the start-up of the compressor station.  
During start-up the compressor uses the recycle gas loop to build up sufficient compressor discharge 
pressure.  The design of the surge control system in the recycle loop must assure that the discharge check 
valve opens quickly once the discharge pressure starts to build.  If the gas is continually recycled at 100% 
through the recycle loop and the discharge check valve does not open, the discharge gas temperature can 
rise quickly.  The compressor will overheat before it reaches pipeline discharge pressure unless an after 
cooler is present inside the recycle loop. 

5.2.4  Delayed Shutdown 
 
The delayed shutdown option allows the control system more time to respond to the surge event be 
delaying the onset of surge through the compressor control system.  This option should not be used to 
aid the surge control system in an emergency shutdown event.  Non-critical shutdown events may 
utilize a turbine trip or delayed shutdown strategy because these events do not require a quick response 
from the surge control system.  Examples of non-critical shutdown events can include high bearing 
temperature, high process scrubber level or high process gas temperatures.   
 
A properly designed surge control system should protect the compressor, even in the event an emergency 
shutdown.  The emergency shutdown is used to shutdown the compressor operation immediately when a 
significant danger is posed to the station operating personnel or machinery, outside of the normal 
operating procedures.  In this regard, the surge control system should be capable of responding to an ESD 
and protecting the compressor by quickly reducing the head and providing more flow through the recycle 
valve.   
 
If the delayed shutdown option is employed for critical events, the ESD procedure will not be carried out 
as it is intended to be used (in the event of emergencies outside the normal operation).  Using the delayed 
shutdown option as a standardized procedure allows improperly designed surge control systems to be 
used and essentially defeats the purpose of the control.  
 
The operating company should determine the definition of a critical shutdown as it applies to a particular 
installation.  A critical shutdown is often determined by events that pose a significant threat to personnel, 
equipment or the environment.  A HAZ-OP study can be used as the basis for categorizing the critical 
type shutdowns that should be ESD events (i.e. no delay or trip option).  The classification of shutdown 
events as either critical or non-critical can be incorporated into the control system logic to automate the 
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turbine trip / delay function.  This strategy helps to minimize the use of the delayed shutdown but keeps 
the option open for applicable shutdown events. 

5.2.5  Discharge System Blowdown 
 
Another option to consider for increased protection of the compressor system is a discharge system 
blowdown operation.  A quick discharge blowdown line will some or all of the discharge system gas to be 
flared in the event of a sudden shutdown of the unit when operating close to or below the protection 
margin of the machine.  Although this option will add some additional complexity to the control system 
and valve actuations, it is a relatively lower expense than adding more recycle loops or multiple surge 
control valves.  When considering this option, the transient modeling process should be used to verify the 
discharge system allowable volume limit based on the surge control system response. 

2.3.3 Operational Flexibility for Multiple Compressor Units 
 
The operation of the station will be increasingly complicated by the number of compression stages and 
individual compressor trains.  If two compressor trains share the same suction and discharge, the overall 
compressor head across each train will be fairly equalized.  The flow distribution can vary dramatically 
based on the unit performance curves differing.  This unequal distribution will cause one compressor to 
operate closer to the surge line than the other.  Typically, if the compressors are closely sized to each 
other, the deviation in the performance curves should be small.  
 
Load sharing between parallel units should be considered.  Many factors in the station operation can 
cause the load to differ including varied gas compositions feeding different units and low station 
throughput.  The asymmetry in the gas feed and piping systems can also cause load variation.  Load 
sharing will help to avoid unnecessary recycling and more uniform surge control.  Both units will also be 
capable of handling further reductions in throughput. 
 
In designing the surge control system, operational flexibility should be considered so that one compressor 
unit can be isolated from the other units at a station.  This may require independent bypass loops and 
quick closing valves at the suction side of each compressor.  The quick closing valves will prevent 
overloading the other units if one compressor is shutdown.  The independent bypass loops helps to 
quickly respond to an ESD event and independently bring the compressors back online. 
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6.0  System Design Criteria 
 
The surge control system should be designed against a set of system design criteria.  These criteria may 
be based on performance data (either modeled or measured at the field site) or the criteria can be 
developed based on a risk assessment.  The recommended performance-based design criteria include: 1.) 
Surge Avoidance: The surge control system effectively avoids surge under any operating condition; 2.) 
Surge Impact Criteria: The surge control system is designed to avoid compressor surge at high energy 
conditions.  Surge at low energy conditions is allowed based on surge impact criteria. 
 
Either of these methods is acceptable, although both criteria rely on surge control system performance 
data to determine if the system design criteria have been met.  Modeling of the surge control system is 
required to verify the design prior to installation or operation of the compressor.  Alternatively, a risk 
based analysis may be used to determine if the surge control system minimizes risk to the compressor 
equipment.  This type of analysis must be developed by the operating company to identify “high risk” 
installations based on the company’s tolerance for compressor surge and the avoidance of risk.  Key areas 
to consider in a risk analysis are provided in Section 8.0. 

6.1  Surge Avoidance 
 

The emergency shutdown event typically requires the fastest response time and corresponding increase in 
recycle valve flow.  Inlet valve closure, upstream equipment trip and separator upsets can also cause very 
fast flow disturbances.  The rundown behavior of the compressor governed by its rotating inertia during a 
shutdown event determines how the compressor will transition into surge.  To avoid surge, the 
compressor must respond to the shutdown event (which can occur at any operating point) and open the 
recycle valve.  Surge avoidance is based on ensuring that the surge control system effectively provides 
recycled gas flow fast enough to avoid surge during an ESD event.   
 
The surge control system has a given response time for an ESD event which can be calculated using a 
simple transient surge model (see Section 7.0).  The surge control system response is a function of the 
discharge system volume and the “worst case” operating point.  The worst case operating point should be 
selected by the designer as representative of the operation.  This may be a typical operating point near the 
surge margin.  Operating points at the lowest available surge margin (LASM) and the highest pressure 
ratio will require shorter response times. 
 
The Surge Avoidance design criterion requires that the discharge piping system volume be held below the 
allowable maximum discharge system piping volume.  Compressor surge is effectively avoided using this 
system design criteria because the surge control system will always be capable of avoiding surge so long 
as the discharge system piping volume is held below the allowable maximum volume.   

6.2  Surge Impact Criteria 
 
Due to many operational constraints, it is often not possible to design a surge control system that can 
completely avoid transient surge over the range of possible operating points of the compressor.  An ESD 
event often causes the transient surge condition to occur when the compressor is operated outside its 
design window.  Most manufacturers will not accept surge of their machines.  The surge impact criteria 
should be applied by the operating company on machines which are viewed as tolerant of surge under low 
energy conditions. 
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Instead of requiring the surge control system completely avoid transient surge, an alternative system 
design criteria is to establish a range of conditions where transient surge is tolerable.  For these cases, a 
set of surge impact criteria should be established.  The surge impact criteria should determine the range of 
transient surge conditions where significant damage to the compressor may be avoided.  The surge impact 
criteria should allow the machine to transition into surge during a shutdown event, but only under “low 
energy” conditions.   
 
The speed at which surge occurs and the pressure ratio at the time of surge can be predicted by the 
transient model results (i.e. at what operating point the compressor operation crosses over the surge line in 
the transient model).  These values can be compared to the compressor maximum allowable speed and the 
maximum allowable pressure ratio at the lowest allowable surge margin (LASM) to determine the 
adequacy of the protection provided by the surge control.  By comparing the occurrence of surge to these 
decision criteria, the surge control system can be verified as adequate or may require a more extensive 
design. 
 
Figure 23 shows a typical compressor performance map and defines the pressure ratio at the lowest 
allowable surge margin (LASM) and the initial operating point when the ESD event occurs.  When the 
ESD occurs, the compressor begins to decelerate quickly and moves toward the surge line.  The transitory 
path of the compressor on the performance map as it decelerates should be predicted by the dynamic 
model.   
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Figure 23.  Performance Map of Compressor with Surge Control Line 
 
Once the actual surge line is crossed, the pressure ratio and speed at the time of surge are compared to the 
pressure ratio at the LASM and the maximum speed respectively to determine if the system meets the 
transient surge impact criteria.  The normalized pressure ratio (pressure ratio at surge divided by the 
pressure ratio at the LASM) and the speed at surge divided by the max speed can then be plotted on in 
terms of the surge impact criteria, as shown in Figure 24.   
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Figure 24.  Surge Impact Criteria for Surge Control System Design Evaluation. 
 
 

Based on the surge impact criteria, the normalized pressure ratio must be less than 0.30 and the 
normalized speed must be less than 0.50 in order to assure adequate protection of the compressor system.  
For specific compressors, the surge impact criteria should be adjusted based on actual operational 
experiences and manufacturer guidance.  Many compressors can withstand surge at higher than 0.3 
critical pressure ratio.  The pressure ratio and normalized speed values are provided as a broad example 
and may be overly restrictive for specific machines.  
  
The surge impact criteria provide a means of assessing the adequacy of the surge protection, if transient 
surge is permitted during the shutdown event.  The criteria should be used in conjunction with a transient 
model to determine if the designed surge control system protects the compressor.  A simplified lumped 
system transient model or the more detailed fully transient model (both are described in Section 7.0) 
should result in a similar conclusion.  However, the more detailed analysis should be more accurate and is 
recommended in the case of more complex systems involving more than one unit at a station or more than 
one valve in the surge control system.   
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7.0  Modeling of the Surge Control System 
 
A dynamic surge model should be used to design the surge control system based on the particular 
compressor system.  Once the system design criteria have been established, the dynamic surge model 
should be used to verify the design criteria have been met.  In verifying the system design criteria, it is 
recommended that the dynamic surge modeling consider the most challenging operating case for the surge 
control system – an emergency shutdown event at the maximum permissible compressor head.   
 
Dynamic modeling of the startup and normal process operation should also be performed to assist the 
operator in fine-tuning the compressor operation and assuring that adequate control is available in the 
surge control system.  The modeling process and interpretation of results should consider the high 
uncertainty associated with any numerical transient model and the assumptions governing the compressor 
surge model.  If the transient model predicts the compressor operation to narrowly avoid the actual surge 
condition, the high uncertainty of the model results should indicate that surge is possible. In this case, the 
modeling effort would suggest that the surge control system or downstream piping volume should be 
redesigned. 
 
The dynamic surge model for the emergency shutdown operation may be fairly simple, where a basic 
“lumped system volume” is used to represent the discharge piping system.  One approach using a basic 
fixed volume model is discussed in Section 7.3.  The two types of models typically employed to evaluate 
startup operation are given in Section 7.2.  A more complex dynamic model may also be needed to model 
more complicated systems with multiple recycle loops or more than one compressor unit.  General 
guidance on using more complex transient models for the process control operation is provided in Section 
7.4. 
 
A number of basic empirical rules are used to determine if the surge control system adequately protects 
the compressor.  For example, discharge volumes are typically kept to less than 6 seconds of discharge 
flow, as a target volume based on flow rate capacity of the recycle valve(s).  These empirical rules are not 
necessarily physics based and only apply to a limited number of compressors and types of systems.  A 
basic fixed volume model can be used in a spreadsheet based application to determine a more accurate 
system-specific discharge volume. 

7.1  Model Requirements 
 
The general information required to implement a dynamic model of the surge control system is outlined 
below.  The guidance provided in the stipulated model input parameters and important physical effects 
can be used to build any type of transient model of the surge control system.  The important parameters 
apply to any choice of transient model, regardless of the level of complexity in the model. 

7.1.1  Minimum Model Parameters  
 
Prior to performing a transient study, the design criteria for the surge control system should be clearly 
established.  The known input parameters for the model and the assumed values based on prior testing or 
empirical relations should be stated.  The complexity of the selected transient model and the accuracy (or 
inaccuracy) of the input parameters will determine the accuracy of the transient model predictions.  The 
following system information is required as inputs for a basic transient model: 
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• An accurate compressor flow map, preferably in terms of polytropic or isentropic head 
versus actual flow rate, including a factory test verified surge control line. 

• The expected volumes at the inlet and discharge points of the centrifugal compressor and 
gas composition (density) range expected. 

• Start-up limitations such as typical time to operate in recycle mode without overheating. 

• Rotating inertia of the driver component mechanically connected to the load. (The 
designer should not assume instant reduction in rotation.) 

• If the compressor is driven by an electric motor or steam turbine, the time to reduce all 
power to the compressor should be estimated according to the response time of the driver.  
Most electric motor driven machines will quickly shut off all power to the compressor 
and small (<1-2 sec) response times are a valid assumption. 

• Control system response to transient condition (including turbine unloading and the 
inherent time lag between the fuel shutoff and the control valve). 

• The location of the check valve and an estimation of its valve characteristic for valves of 
that type (i.e. time to open and time to close.) 

• Stroking times and additional dead time for all valves in the system (including isolation 
valves.) 

• Realistic tuning / configuration parameters for the surge control system including values 
for step opening of anti-surge valves. 

• The volume of the discharge piping system.  

 

7.1.2 Model Uncertainties Influencing System Behavior 
 
The following important physical effects should be accounted in a dynamic model.  The choice of how to 
model these effects and the information required to estimate the physical behavior will influence the 
model predictions.  If correctly implemented, the transient model will capture the physical processes and 
determine how the flow physics affect the surge control system performance.  The primary uncertainty 
factors in the transient model must be considered in reference to the model results.  

 
Primary Model Uncertainties: 

 
1.  Power Shutoff / Rotating Inertia of System: 
 
Because it is often difficult to obtain reliable data on the gas turbine and the rotating inertia of the 
system, manufacturers may prefer to obtain field data on response characteristics.  Some 
assumptions may be required but the model should avoid assuming an instantaneous loss of 
power in response to a transient event.  This assumption will lead to over designing the surge 
control system components. 
 
The compressor deceleration rate is governed by its inertia, which is essentially based on the 
design of the compressor and will vary by manufacturer and model.  Depending upon the 
variation in the actual deceleration rate, the transient model can over or under predict the response 
time of the surge control system.  It is best to assume a margin of error and run the transient 
model at the upper and lower limits of the inertia estimate.   
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Once the fuel shutoff valve is closed on the gas turbine, flow from the turbine does not 
immediately stop.  The gas turbine will still provide power to the compressor based on its own 
inertia and heat storage capabilities.  The gas turbine will fit the general compressor deceleration 
equations only after an initial, somewhat unpredictable period (2-5 seconds after initial fuel 
shutoff).  In addition, a stored amount of volume between the gas turbine and compressor exists at 
the time of shutdown that can be accounted for as an additional uncertainty term. 

 
2.  Check Valve Behavior: 

 
The check valve behavior should be estimated with a delay time built into the transient model 
based on the speed of sound effects (see item 3 below).  In addition, the check valve behavior 
should include a time-variation in the valve characteristic because the valve does not close 
instantly.  The check valve may not be operating in a fully open position because of the valve 
design.  The check valve may be constructed with an anti-slam feature, which should be added to 
the time delay in the model. 

 
3.  Speed of Sound Effects: 

 
The speed of sound must be considered in the transient model because the pressure wave 
propagation time will effect when the check valve begins to respond to the emergency shutdown.  
Commercially available fluid dynamic codes will inherently include this physical effect in the 
transient processes.  Other codes may neglect the transient time for the propagation of the sound 
wave.  For short lengths of pipe, it may be possible to neglect this effect but typically compressor 
systems will require a relatively long (>20 feet) length of pipe between the compressor discharge 
flange and the downstream check valve.  This time delay should be included in the transient 
model because delay of the check valve closing will impact the surge control system 
performance. 
 
4. Recycle Valve System:  

 
The opening of the recycle valve is not instantaneous.  The transient model should assume a delay 
time based upon the recycle valve system specifications.  It is safe to assume that valves will take 
longer to open that what is actually predicted by the valve characteristic response.  Factory 
acceptance tests may be used to determine if the recycle valve meets the designer specifications.  
The specification can be used to implement a reasonable response time in the model.  Besides the 
valve characteristic model, the actuator and valve position indicator introduce uncertainties in the 
recycle valve system. 
 

These uncertainty factors should be built into any transient model results as additional overall model 
uncertainty that can be as high as 5-10%, which should impose additional safety margins.  If the transient 
model predicts a surge control system response near the safe operation of the machine, it is possible that 
the actual surge control system may not adequately protect against surge. 
 
The dynamic model (either the basic fixed volume model or a fully transient model) should be verified if 
possible prior to use.  It is often difficult to obtain reliable experimental data on the conditions during 
surge.  The modeling process should consider this factor as an additional source of uncertainty in the 
model results.  In addition, the physical limitations of the model should be clearly stated to understand 
which transient effects are being predicted and which effects are neglected. 
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Any transient model which is used to guide the design of the surge control system should be described in 
sufficient detail to understand what assumptions are made in the modeling process and which physical 
processes are being modeled.  Over design of a surge control system will lead to reduced efficiency and 
restriction of the operating range of the compressor.  The control system will provide poor control of the 
compressor.  Under design of the surge control system will cause the model to predict safe operation 
when the compressor is actually operating in overload or near in surge.   
 

7.2 Modeling the Compressor System for Startup Operation 
 
Two models of the compressor system for the start up operation are typically used: 
 

i.) Heat Rise Model: This model is a startup model for the heat rise during compressor 
startup.  The model is used if the compressor system uses a hot gas bypass loop and 
heat rise is a concern. This model should result in a minimum piping volume 
requirement and corresponding time requirement for the compressor startup. 
Reducing the piping volume beyond the model requirements or lengthening the 
startup time beyond the model predicted startup time should be a warning to the 
compressor operator that shutdown could occur due to high discharge temperature. 
This model can be used to evaluate if the piping configuration allows for a reasonable 
startup time. 

 
ii.) Surge Margin Model: This model of the compressor surge margin during the 

acceleration period for the compressor evaluates the compressor surge margin in 
relation to closing the recycle valve (to bring the compressor online). The model will 
help to assure that the recycle valve operation or other startup operational influences 
do not bring the compressor into surge.  The acceleration period should be well-
characterized for this model to produce accurate results. 

7.3 Basic Fixed Volume Model for ESD Event 
 
Modeling the surge control system in the startup, process control and shutdown environment is 
recommended.  The shutdown case will produce the most stringent requirements for limiting piping 
volume and maintaining fast recycle valve response.  A basic fixed volume model can be implemented to 
determine surge control system dynamic response in the shutdown environment.  A description of the 
implementation of this model, termed the basic fixed volume transient model is provided below.  This 
model should be used to simulate the compressor and suction control system response under the typically 
“worst case” scenario of a sudden shutdown of the compressor (such as an ESD event).  To run the model 
for the “ESD worst case” scenario, the starting point for the model should correspond with the 
compressor peak head under normal operation and at the surge control line.  Additional explanation on 
selection of the starting point for the basic fixed volume model is given below.     
 
The primary system behavior represented in the basic fixed volume transient model includes the 
deceleration of the compressor and the change in the discharge pressure based on the system volume and 
flow through the recycle valve over time.  This model can also be programmed to include the delay time 
in the downstream check valve closing in response to the propagation of the pressure wave through the 
discharge volume and the recycle valve characteristic (valve coefficient vs. time).    
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7.3.1 Boundaries for Fixed Volume Model 
 
The boundaries for the model are the discharge check valve in the compressor discharge line, the 
compressor and the recycle valve.  The volume on the suction side of the compressor is usually orders of 
magnitude larger than the discharge volume and does not need to be included in the simplified sizing 
model.  The suction pressure can be considered as constant.  The simplified system is represented by a 
volume filled by a compressor and emptied through the recycle valve (see Figure 25).  
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Figure 25.  Simplified System Model for Surge Control System 
 

7.3.2  Model Flow Chart and Equations 
 
A program flow chart for the basic fixed volume model is given in Figure 26.  The model should be used 
to predict how effectively the surge control system avoids compressor surge.  A variety of operating 
conditions may be used in the simplified model but the worst case condition of surge occurring under the 
highest allowable pressure ratio near the surge control line should definitely be considered in the 
simulations.   
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Determine starting point for the transient model. (At least one 
version of the model should be run with the ESD event 

occuring near the surge control line at the maximum allowable 
head - as a worst case scenario.)

Calculate the time (t d ) for the check valve to close based on 
speed of sound. (Eq.7-1)

Calculate speed of compressor N  based on deceleration at 
time = t d . (Eq.7-2)

Determine new compressor flow rate for new speed, N at td , 
based on performance map.

Calculate new discharge pressure, P2 , at next time step.     
(Eq.7-3).  Calculate new pressure ratio, P2/P1.

Calculate next speed N  at next time step. (Eq.7-2)

Determine next flow rate based on new P2/P1  and new N at 
next time step using performance map.

Calculate flow through recycle valve at current time step 
based on ISA method (Eq.7-4) and the valve characteristic, 

C v (t).  

Compare operating 
points for each time 
step to performance 

map.  Determine when 
surge line is crossed 

for surge control 
system.

Basic Fixed Volume Model - Program Flow Chart

 
 

Figure 26.  Program Flow Chart for Basic Fixed Volume Model 
 

 
Equation 7-1 provides the delay time calculation for the check valve response due to speed of sound 
effects. The check valve should not be assumed to close instantaneously.  The check valve will have a 
certain time varying characteristic.  The self-actuation feature of the check valve will assist the valve in 
closing quickly and responding to the ESD event.  However, for moderate or long lengths between the 
compressor and the downstream check valve, the speed of sound effects are not negligible.  A time delay 
should be accounted for based on the propagation of the pressure wave to the downstream check valve.   
 

 
d

d
d s

L
t =  (Eq. 7-1) 

 
 
For an ESD surge event, the inertia of the compressor, mechanical coupling and power turbine must be 
considered to assure that the surge control system provides adequate protection.  The balance of force 
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equation for the torque, T, transferred to the fluid is given in Equation 7-2a. The inertia of the system and 
speed variation over time provides the power transferred to the gas.  The derivative is then solved to find 
the characteristic equation in terms of inertia of the compressor turbine system (Jsys), the proportionality 
factor (k), and the speed at time = 0, for the rundown behavior- given in Equation 7-2b.  This equation 
provides for a deceleration of the compressor over time with a time constant that is proportional to the 
ratio of k/J. 
 

 
dt
dNNJNTP sys ⋅⋅⋅−=⋅⋅= 2)2(2 ππ  (Eq.7-2a) 
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The basic fixed volume model predicts the discharge pressure reduction over time using Equation 7-3.  
This equation is based on the initial discharge volume and proportionality factor, as well as the variation 
in the discharge pressure, flow through the compressor and recycle valve flow.   
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=   (Eq. 7-3) 

 
The flow through the valve can be determined based on the pressure differential across the valve and the 
valve characteristic using Equations 7-4a and 7-4b.  Equation 7-4a is the valve flow equation provided in 
the ISA method.  A large portion of the recycle valve capacity will be consumed in recycling the gas flow 
from the compressor in the surge control system.  Only the remaining portion of the valve capacity can be 
used to depressurize the discharge volume.   
 
The flow through the recycle valve depends on the suction and discharge pressures.  Suction pressure may 
be assumed to be constant in the simplified model.  In addition, the temperature at the discharge condition 
may be assumed to be constant throughout the short duration of the model, for the purposes of the 
simplified model.   
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The valve coefficient, cv, will depend on the valve characteristic selected by the user and should be 
implemented in the model as a cv (t) function which varies with time (as the recycle valve initially opens).  
If possible, the valve coefficient function should incorporate the available valve flow as a function of the 
valve capacity and an inherent delay time based on the surge control system response time.  The available 
valve coefficient may be modeled as a total valve design capacity minus the steady state valve coefficient: 
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   (Eq. 7-5) esteadystatvvavailv ccc ,, −=
 
In this approach, the available valve capacity (cv,avail) is the portion of the valve flow rate available to 
actually reduce the pressure in the piping volume apart from the steady state flow through the valve 
(cv,steadystate) that is necessary to reduce flow at the steady state operating condition. 
 
The basic fixed volume model may be used to determine the maximum allowable discharge volume 
(based on Surge Avoidance Criteria) or if a system redesign is warranted for a particular system (based on 
the Surge Impact Criteria).  Through varying the input parameters to the model, the model can be used to 
size the maximum allowable downstream piping volume.  The model may also be used to determine at 
what point the selected surge control system allows the compressor to cross over the surge line.  In this 
case, the Surge Impact Criteria should be applied.  The model of the compressor and surge control system 
can be used in the design stage to optimize the system through sizing the recycle valve, locating the 
downstream check valve, and determining the optimum system discharge volume.   

7.3.3  Starting Point for the Basic Fixed Volume Model 
 
Two basic strategies are typically used to determine which operating condition should be used to start the 
model transient analysis, assuming an ESD event occurs at the start of the transient process.  The first 
method starts the model at the surge control line and recommended maximum design speed for the 
machine.  This operating point may not correspond to the peak head for the compressor.  The second 
method essentially uses a starting point that is located at the compressor peak head and lowest allowable 
surge margin (LASM). The second method will result in more stringent requirements for the surge control 
system.  Either starting point is acceptable for the simplified transient model.  However, the second 
method will provide more conservative results for the adequacy of the surge protection system.  Operators 
that operate over a broad range of conditions may want to consider running the more conservative 
analysis using the maximum operating speed and lower surge margin as a more challenging test of the 
surge control system.   

7.2.5  Model Process Results 
 
The operating points should be plotted for each time step to trace the path of the compressor on a 
performance map in relation to the surge line.  When the compressor operation crosses over the surge 
limits on the performance map, the model predicts the onset of surge.  This process can be seen in Figure 
23. 
 
The modeling process should result in a relation between the discharge pressure, operating speed and 
compressor flow at the time of surge compared to the initial operating condition at the time of the 
emergency shutdown event.  The discharge pressure will change depending on the capability of the 
control valve to release flow at a higher rate than the flow through the compressor.  The model should be 
used to determine if the selected discharge volume and valve size can prevent the compressor from surge.  
System design criteria should be applied to the model results 

7.3  Transient Modeling for Process Control Operation 
 
Many compressor stations will have more than one unit installed with surge control systems acting in 
parallel or series, though each unit will typically have its own surge control system per driver.  In 
addition, a single compressor can have more than one recycle loop / surge control valve in place.  Heating 
or cooling requirements may require partial cooling of the recycle loop.  Emergency shutdowns may 
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occur for an entire station, or for individual units at a station.  For these systems with complex piping 
arrangements and various simultaneous transient processes, a more detailed model of the compressor 
process control operation may be required.  The basic fixed volume model will not adequately determine 
the protection offered by the surge control systems for each compressor unit.   

 
To extend the dynamic modeling beyond a lumped mass system, a full model of the actual system should 
be simulated.  Many available commercial software programs can perform the transient analysis on a 
discretized finite element model of the actual system.  Some of these programs may include two or three 
dimensional flow physics modeling may be required.  The extended transient model should be a close 
replication of the actual surge control behavior.  A fully detailed simulation should include the surge 
control system and compressor control system, the recycle and check valve responses, transmitter time 
delays, etc. The model should be performed by a user who fully understands the functions of the model 
and the assumptions that are being made in the modeling process.  Commercial software programs may 
not provide sufficient detail in the description of the program (in a typical software user manual) to 
understand the assumptions of the model.   
 
The compressor control system and actual surge control system must be well characterized and studied to 
replicate the same response in the transient model.  Results of the extended analysis should be somewhat 
consistent with the basic fixed volume analysis, if this analysis was previously used to model the same 
system.  As with the simplified model, the results of the fully detailed model should be compared (if 
possible) to the experimental tests of a similar surge control system to verify model accuracy using non-
dimensional parameters. 
 
The detail of this model can be expanded to include valve characteristics specific to the recycle valve 
selected in the control system.  The trim characteristics and valve stroke time may be included to optimize 
the valve selection.  The analysis may include design options such as the use of two recycle valves with 
different characteristics to expand the range and flexibility of the control system.  Additionally, the use of 
a hot gas bypass valve to assist in keeping the compressor out of surge as opposed to cooling the gas in 
the recycle loop can be evaluated as another design option in the fully transient analysis.  Many of the 
references provided in Section 9.0 discuss the versatility of the transient model in studying the 
compressor process control. 

7.4  Motivation for Surge Control System Modeling 
 
A dynamic model of the compressor surge system is distinctly different from a steady state model.  The 
steady state model will use a mass flow balance across the compressor to predict pressure and flow rates 
in the system. The dynamic model is a transient study.  The model will predict pressure and flow rate 
based on the mass accumulation in the system because these effects are transient processes.  The dynamic 
model will permit the total mass out to be less than the total mass inflow to the compressor.  Dynamic 
models will predict intermediate process conditions when the flow through the compressor is changed.  
These are useful in the design of the compressor units for all three working environments.  If properly 
modeled, the dynamic model should provide a resource for the operating company and manufacturer in 
protecting the compressor prior to the installation of the surge control system. 
 
The dynamic model can also be a valuable tool in the design of a new compressor system installation.  
Results from the transient analysis should be used to evaluate the system piping design, placement of the 
downstream check valve and anti-surge valve, and the valve selection.  The study should confirm the safe 
design of the surge control system to adequately protect the compressor from surge.  A transient 
simulation of the surge control system can be used to save time and expense in changing the system after 
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installation.  If the system is properly modeled prior to installation, the dynamic study will be a valuable 
resource to the operating company and manufacturer. 
 
The transient modeling process should be employed in the design stage of a compressor installation and 
adapted to suit the range of application needed.  Many references in industry (shown in Section 9.0) are 
available to provide examples on the use of dynamic modeling to optimize or predict the behavior of a 
surge control system. 
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8.0  Surge Control System Design Considerations 
 
The primary issues to consider in reviewing the overall surge control system design are provided in the 
following section.  If the surge control system does not meet the system design criteria or if the 
performance of the surge control system is found to inadequately protect the compressor through actual 
field testing, system redesign may be required.  Surge control systems are difficult to design correctly, 
especially for complex compressor stations with more than one compressor unit, multiple recycle loops 
and several coolers.  The system design is complicated by the various surge environments.  Uncertainty in 
the surge control system performance will add to the risk of inadequate protection. 

8.1  Surge Control Line Accuracy 
 
For any transient model, the surge control line must be accurately represented in the model.  The shape of 
the surge line is critical to the model accuracy, especially for the critical ESD event.  Often the shape of 
the curve is not linear.  The surge limit for each compressor system is unique.  The manufacturer should 
work closely with the user to develop the shape of this curve with high accuracy to assure the model 
results accurately represent the behavior of the system.   
 
The surge control system typically assumes a linear approximation of the compressor surge condition, 
known as the surge control line.  The linear approximation is valid for a single impeller machine.  The 
opening and closing motion of the recycle valve is controlled through the signal sent by the control 
algorithm in response to the compressor operation.  If the system nonlinearities (such as compressor 
performance curves) are large, the system will not behave in a linear fashion and the surge control system 
will not adequately prevent the onset of surge.  The recycle valve specification should limit the non-
linearity in the valve system.  Typically, these nonlinearities will be determined through factory testing by 
the manufacturer prior to the onsite installation. 
 
The head rise to surge will become more flat as the surge line is approached.  Even small disturbances 
near the surge line will cause the compressor to surge.  These type of non-linearities should be taken into 
account by determining an adequate surge margin and assuring that the control system is accurate and 
responsive to counteract these sudden changes. 

8.2 Uncertainty Considerations and High Risk Indicators 
 
The surge control system response depends on its ability to determine the compressor surge condition.  
Uncertainty in the performance of the compressor surge system is a factor that should be considered in 
evaluating system performance.   

8.2.1 Compressor Surge Primary Uncertainties 
 
The common factors contributing to high compressor surge uncertainty are as follows: 
 

1.) Compressor flow uncertainty (ΔQ):  In-practice, achievable flow meter uncertainty is typically 
on the order of 1-3%, although wet gas or non-flow conditioned streams will have an uncertainty 
on the order of 2-5%.  Pressure and temperature measurement uncertainty should be less than 
1.0% if the instrumentation is installed correctly and the range of the transducer is correctly 
matched to the operating condition.  Instrumentation that is out of calibration will increase the 
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flow measurement uncertainty and greatly increase the risk that the surge condition is not 
detected at the surge margin, with sufficient time for the control system to react.   

 
2.) Compressor head uncertainty (ΔH): The head will be determined based on the measured 

suction and discharge pressures and temperatures, the pressure/temperature compensation (based 
on correcting the measurement at the test taps for the actual condition at the compressor inlet and 
outlet flanges) and the selected equation of state uncertainty.  Use of reduced variables in the 
compressor surge control system will minimize this risk factor. 

 
3.) Manufacturer surge line uncertainty (ΔSM): The manufacturer will provide a surge control 

line which approximates the actual surge line, but this line will have an inherent uncertainty based 
on some original factory tests and analytical models.  The surge control line is not always derived 
from a factory test.  If a factory test is performed to determine the actual surge line, it is typically 
done on air at lower pressures, which should add an uncertainty to the manufacturer predictions 
of actual surge in natural gas at high pressures.  The typical uncertainty for the actual surge line 
of the compressor in natural gas is approximately 2-3%, if the surge line was derived from 
analytical methods or a factory test on air. 

 
4.) Recycle valve uncertainty (ΔRV):  The valve(s) actuation system and valve characteristic should 

be reviewed as carefully as possible to assure the valve behaves correctly in response to the surge 
control system signals.  The valve behavior is often difficult to determine precisely because the 
valve characteristics and response times vary based on manufacturer.  If multiple gains are used 
based on the type of surge event or the surge control system sensor readings, the response of the 
valve(s) should be verified for each signal gain expected.  In addition, if multiple types of valves 
are used in the control recycle loop(s), the combined response of the valves to the different 
compressor operations should be reviewed. 

 
The valves and measurement instrumentation are often the critical lags in the system response time and 
should be factored into the uncertainty of the surge control system performance 

 
These three primary uncertainty percentages should be added together using the root-sum square method 
to estimate the overall uncertainty in the compressor system detection of surge.  
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The uncertainty should be factored into the evaluation of the surge control system using the selected 
system design criteria, based on either method recommended in this guideline (see Section 6.0) or a risk-
based approach developed by an operating company.  The surge uncertainty should be used to guide 
system design choices for the surge control system.  

8.2.2 Risk Factors to Surge Control System 
 
This uncertainty formulation can also be regarded as a measure of risk to the compressor surge control 
system performance.  At high values of uncertainty, the compressor surge control system would have a 
greater chance of not adequately protecting the compressor.  High values of uncertainty should call for a 
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larger surge margin, additional analysis (such as dynamic modeling) or possibly redesign.  In addition to 
the uncertainty factors given above, the following additional factors can be regarded as high risk 
indicators.  If the surge control system meets any of the high risk indicators, a dynamic model or 
extensive evaluation of the compressor should be performed. 
 
 High Risk Indicators for Surge Control System Failure to Avoid Surge: 
 

1.) Recycle valve system fails to meet design specification.  The recommended valve 
specifications given in Section 3.3 were developed by leading manufacturers of compressor 
surge control valves.  These specifications should be used to develop specific valve dynamic 
performance criteria.  If the recycle valve system cannot meet specifications, this will impose 
additional risk to the compressor in the relevant operating environment. 

 
2.) Recycle valve meets specifications but recycle valve system involves complicated 

actuation system utilizing volume boosters and custom pneumatic system.  Complicated 
valve systems may need to be tested by the valve manufacturer to confirm response to an 
amplitude step change in both the opening and closing direction and evaluate positioner 
performance. 

 
3.) Multiple compressor units are installed in series with shared recycle loops.  Additional 

compressor units will add complexity to the dynamic response requirements for the control 
system.  In addition, a single recycle valve may not be able to handle the various 
requirements for capacity control of the various units and respond quickly to avoid surge.  If 
the various compressors have different recycle loops, the effect of one compressor surging 
should be evaluated to assure that the single compressor will not drive other units into surge. 

 
4.) Surge control system is not fully integrated with turbomachinery controls at the station.  

The surge control system will often conflict with the station capacity control and load sharing 
of the units at a single station.  If the surge control system is implemented on a separate PLC, 
these operations will not necessarily be synchronized and surge may occur.  In addition, the 
operation may not be maximized for efficiency if units are forced to operate in continuous 
recycle. 

 
5.) Gas composition at the station varies greatly from factory test conditions / design 

condition.  Changes in the gas composition will affect the design operating window for the 
compressor.  If these variations are significant, the compressor actual surge point will change 
and the peak head may differ.  These changes will affect the performance of the surge control 
system, which was designed for a different operational window. 

 
6.) Compressor is typically operated close to the surge margin and greater than 70% of its 

peak head.  Operation near the surge control line at high values of the compressor head will 
require faster response from the surge control system, during process control operations or 
shutdown of the unit.  This will add to the risk of compressor surge. 
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8.3 Risk Mitigation  
 
Risk mitigation can be carried out using two general types of mitigating measures as described below. 
 

1.) Use of Prior Experience and Surge Control Guidelines:  
 
The installation and set-up of the surge control system instrumentation can be reviewed 
through a set procedure based on prior experience and surge system guidelines.  The 
recommendations of this guideline and other compressor system manufacturer guidance 
should be used in a detailed review of the station.  The review should consider 
performance of the control system in the three functioning environments – startup, 
process control, and shutdown (both controlled and ESD events). 

 
2.) Dynamic Modeling / System Design Criteria: 

 
Simple or detailed modeling will provide the capability to analyze the compressor system 
performance under varied operations. The model results should be compared against a set 
of design criteria (see Section 6.0 for examples).  This is also recommended when prior 
experience with a particular unit is not available.  Modeling of the system will reduce the 
chances of improperly sized recycle valves and process control upset.   

 
If the surge control system is not accurately measuring the operating point of the compressor, the 
compressor surge condition will either be over-estimated (the surge control line will be further removed 
from the actual surge condition) or the compressor surge will be underestimated (surge will occur before 
the control system senses the onset of surge.)  The common causes of uncertainty in compressor surge 
measurements should be addressed in the surge control system design as these uncertainties will introduce 
higher risk to the surge control system performance. 
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