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other can only be operated in transient conditions, as the
t is well known that centrifugal and axial compressors
recycled gas would progressively heat up to unacceptable
have a restricted and mutually related range of pressure
values. This latter is the key surge protection means for ESD
ratio, flowrate and speed at which they can operate. For
conditions, which need a fast recycle reaction while the comany given speed or pressure ratio there is a lower flow limit
pressor coasts down, as the volume deflated by the hot recyof the compressor characteristic at which the machine enters
cle is much smaller than the other, providing that a check
either stage or system surge1, with flow instability, severe
valve is installed downstream of the hot recycle take-off.
pressure oscillations in the piping, in the compressor casing
The sizing of the two lines also follows different criteria,
and its vanes, and subsequent possible damage to the
which
are explained in this article with particular focus on the
machine if the condition is maintained for long.
hot
recycle
one, which the authors often found undersized in
Flow recycling is one of the means used to regulate the
their dynamic simulation services experience. This article
compressor flow together with others commonly used1 that
shows that dynamic system simulations used in combination
are not discussed here. Another most demanding function is
with numerical optimisation techniques are most effective at
surge protection on emergency shut down (ESD) or on driquickly finding a correct valve and line size based on the
ver power loss.
main data of the plant.
With reference to the process flow diagram of
a typical compression system with a discharge
cooler (Figure 1), two types of recycle loop lines
are generally foreseen, referred to as ‘Cold’ and
‘Hot recycle’ or ‘Hot by-pass’ with the line taking
off downstream and upstream of the cooler. As
well as the check valve on the main line (NRV2
Figure 1), the latter should be as close as possible to the compressor discharge nozzle to minimise the deflated volume.
This is explained by the fact that the two must
be used in combination based on different control
criteria. While the former can allow continuous
recycle operation, as the gas is maintained in the
acceptable temperature range by the cooler, the Figure 1. Basic gas compressor unit PFD, with lumped elements.

I
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centrifugal compressors, they can also be applied to axial
compressors.

Design criteria for surge
protection systems

Figure 2. Common reference points for the sizing
of anti-surge valves.

Although the discussion and the examples herein refer to

Figure 3. Path of the compressor operating point
(e.g. 1, 2) during the reference ESD on a corrected
coordinate map (Figure 5).

Although API standards 617 mention the need for surge protection and control (section 3.42), they do not define criteria
for the sizing of the antisurge lines and valves. Therefore,
this sizing is left to the experience of the compressor vendor
if in charge of these items, or of the EPC contractor.
The size of the main antisurge valve is usually based on
the compressor map.
In some cases3, two operating points on the surge limit
line (SLL) are selected (A and B in Figure 2) at the compressor minimum operating speed (MOS) and maximum
continuous speed (MCS) respectively. The respective mass
flow rates are multiplied by an empirical factor (e.g. 1.8 2.2), and then the valve flow coefficients (CV) required to
deliver these flow rates are calculated, considering the difference of the respective gas discharge conditions, i.e. at
the valve inlet in the two cases. The maximum between the
two is then selected.
Another frequent criterion is to choose two continuous,
full recycle operating points (C and D in Figure 2) close to the
stonewall limit of the compressor, also at MOS and MCS,
and to once again select the maximum required CV deriving
from these two calculations.
Both criteria are usually adequate to size the main antisurge control line, i.e. the cold recycle one (FV in Figure 1),
because the end condition after the antisurge control action
(e.g. deriving from the fail closing of one shutdown valve) is
indeed a relatively steady condition, with the compressor
still running and in full recycle. To avoid the compressor
entering stonewall conditions beyond the right side map
boundary, which is also not recommended, the second
aforementioned criterion is safer. However, neither of the
above criteria is suitable for the selection of the hot recycle valve, as its function and effectiveness is fundamentally related to its initial behaviour during the opening
transient, as explained below.

Qualitative analysis of a
typical ESD transient
During an ESD, occurring for example when the drivercompressor-process system is at the Normal Operating
Point (NOP), various effects concur, with different trends
and rates depending on the system characteristics.
Taking, as an example, the process flow diagram of a typical simple case (Figure 1):
The driver-gear (if any) compressor shaft assembly
decelerates by the braking of the compressor internal
torque (Mcd) and the friction torque (Mfd) due to various
sources (bearings, seals), the latter, however, being
negligible in the very early phase of the ESD (Equation
1). Here, the suffix ‘d’ indicates that overall moment of
inertia (Jd), torques and revolution speed (ωd) are
referred to the driver shaft, i.e. by mechanical equivalence if gears are interposed between the driver and
the compressor.
Equation 1 =

Figure 4. Change of compressor absolute
coordinates map with the inlet sound speed
(temperature rises from blue-solid, to
green-dashed, to red-dotted curves).

The suction pressure and temperature rise more
slowly at the very beginning, as the compressor delivers less flow, the upstream flow slows with delay, creating a flow inertia head and a gas dynamic heating.
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As soon as the valves (hot and/or cold bypass) start
opening, the recycled flows inflate the suction side and
cause the suction check valve to shut. Thus the suction pressure and temperature rise faster.
The discharge pressure decreases, causing the discharge check valve to close, while the hot bypass
valve (HBPV) goes to full opening.
As a result of the previous three points, the pressure
ratio decreases. Even if the suction temperature rises
in parallel, its effect has less impact on the polytropic
head, which also decreases following the deflation
rate of the discharge side.
The instantaneous operating point on the map then
moves following a complex path (Figure 3) that is
determined by the intersection between two lines moving across the map at different rates:
A straight line parallel to the X axis moving downwards with the polytropic head decrease.
The compressor characteristic curve, corresponding
to the instantaneous speed, which moves down/leftwards following the map mesh.
It is worth highlighting that when suction temperature
and sound speed deviate significantly from the nominal
conditions, the map in absolute coordinates changes
(Figure 4). Only the map in reduced coordinates is almost
invariant, and yet with some approximation1. The compressor can surge in this fast dynamic transition as long
as the point of intersection between these two lines (i.e.
the operating point path) crosses the surge limit line
(SLL). This depends on whether the shaft deceleration is
faster than the deflation rate of the discharge volume, and
also on the shape of the map around the starting point of
the event, particularly on the slope of the characteristic.
As this latter is an almost unchangeable feature of each
vendor machine, the only parameters that the system
engineer can adjust to avoid surge are the discharge piping volume (to a certain extent); the size of the bypass line
and valve; the selection of a quick opening trim; and a
minimum opening and dead time. The problem is how to
define the acceptable values for these demanding and
cost related parameters.

Figure 5. Time history of the main variables
during a simulated ESD occurring at time 10 s,
from steady conditions at NOP.

Figure 6. Real gas compressibility function
calculated by the COMPSYS™ simulator.

Focus on the discharge side of
the compressor during an ESD
Simulating the typical ESD event qualitatively discussed
above as an example (Figure 1) helps to explain the interacting balances on the discharge side of the compressor.
The obtained time histories during the first five seconds of the compressor speed, acceleration and driver
torque are shown on the left side of Figure 5, while that of
the suction and discharge pressure, temperature and flow
rates to and from the discharge volume (V2 in Figure 1)
are shown on the right side of the same figure. This compression unit simulated is equipped with one hot bypass
valve (HBPV) with ‘quick opening’ trim characteristic, i.e.
with a non linear CV-stroke relationship having faster
increase at the beginning of the opening phase4, and with
one cold anti-surge valve (FV) with linear trim
characteristic.
First of all, these plots clearly show that both antisurge valves start opening with a delay, of 0.2 s from the
time of torque loss (10 s in this example). After 0.3 s, the
operating point on the corrected map has already moved
from the NOP towards the surge control line (SCL) (i.e.
from 1 to 2 in Figure 3), the speed having decreased by
approximately 2.3% of MCS. At that time, the HBPV had
just moved for 0.1 s or by 33% of its stroke. Just 0.5 s

Figure 7. Extended 3D map of the compressor in
the corrected co-ordinates used by COMPSYS™,
with the operating point path overlapped (ESD
example).
since the power loss, the valve is fully open, as shown by
its flow rate on the top right plot in Figure 5.
The check valve (NRV2) does not shut instantaneously as the fluid inertia through its line delays the pressure differential reduction and the flow deceleration, also
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Figure 8. Significant points and definitions for the
model based optimisation procedure of the HBPV
CV in an ESD.

Figure 9. The effect of different antisurge valve
sizing on the ESD surge prevention effectiveness
(subsequent optimisation steps result).

causing the shutter to move backwards with delay. In the
case simulated, the NRV actually only shuts after 0.4 s
since the ESD start (dashed-red line in the top right plot of
Figure 5) due to the interacting subsystem dynamics,
even if its nominal closing time was defined as 0.2 s.
The cold anti-surge valve (FV) was selected in this
case with a slower stroke time (2.5 s inclusive of 0.2 s
dead time), which is beneficial, as after the NRV2 shut off,
this valve is only in charge of deflating the downstream
volume as smoothly as possible, including the aftercooler. This avoids excessive peak flow and dynamic
pressures (proportional to ρV2 values) through the cooler
nozzles and pipe bundles.

Dynamic simulation modelling
environment
The HBPV size selection procedure presented in this article is based on the iterative execution of dynamic

simulation runs of the compression system within an
advanced modelling environment5 - 7, in which all mechanical, thermodynamic and control systems are dynamically
simulated with high fidelity.
The gas is considered to be a mixture of real gases.
Its equation of state coefficients, which depend on the
compounds and their acentric factors and molar fractions1, 8, 9 are computed at each step of the simulation, or
in pre-processing if no condensation is expected in the
simulated time.
The flow through valves and orifice fittings is modelled according to the procedure for compressible quasisteady isenthalpic expansion of real gases10. High Mach
number and choking conditions are considered at the
valve throat when applicable, corresponding to the critical flow through the valve under the instantaneous inlet
gas state. Pressure and consequent flow reversals
between valve inlet and outlet, and the dynamic opening/closing of check valves based on pressure differential
reversal or flow reduction below a defined threshold, are
all considered.
The pipe model implemented in the simulator is a
quasi-steady adiabatic pipe under compressible flow,
lumped as an equivalent loss, i.e. by the same formulation used for the valves. Pipe junctions, manifolds
and all vessels are treated as lumped volumes, including the corresponding branched pipes. Dynamic mass
and enthalpy balances are applied to the volumes,
deriving the outlet mixture conditions from the incoming
streams at each time step. Heat transfer through the
walls; pipewalls' thermal capacity; heating by the irreversibility of gas expansion and compression are also
considered.
The compressors are simulated as quasi-steady
energy jump elements in the pipe streams by using performance maps in corrected coordinates (Figure 7).
These detailed maps in 3D coordinates, or 4D when
inlet guide vanes (IGVs) are also used, are derived from
source data provided by the compressor vendor, and are
interpolated to obtain detailed lookup tables for Qc = Qc
(Hpc, Nc) and ηp = ηp (Qc, Nc), where Hpc is the corrected
polytropic head, ηp is the polytropic efficiency, and Qc and
Nc are the corrected volumetric flow rate and the corrected shaft speed (RPM) respectively. All these quantities are mutually related to the actual ones (Equation 2)
by the sound/speed ratio (aref/aa).
These relationships allow for considering the change
of the map in absolute coordinates (Q, Hp and N) with the
variation of temperature or of molar weight at the suction
of the compressor:
Equation 2 =
In Equation 2, aref and aa are the sound speed (m/s) at
reference and actual instantaneous flow conditions
respectively. This correction criterion is not rigorous for
multistage compressors, as the above formulae would
apply to a single stage, but it is accurate and viable
enough to handle a single compressor map in dynamic
simulations of multistage compressor process systems
when inlet conditions change significantly during a simulated event, such as, but not only limited to cryogenic
compressors.
The driver-gear-compressors assembly is simulated
by the conventional ordinary differential equation (ODE)
of a single degree of freedom rotor dynamics, as a function of the active driver torque (Md), which varies with the
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revolution speed (ωd) following a law to be provided by the
driver vendor; the overall train rotational inertia (Jd); the
compressor internal torque (Mcd); and the overall friction
torque (Mfd). As with Equation 1, in Equation 3, the suffix
‘d’ also indicates that inertia, torques and speed are
referred to the driver shaft by mechanical equivalence.
Furthermore, all the right side terms of the equation vary
with time.
Equation 3 =
The mechanical friction torque (Mfd) is modelled by a
non-linear numerical function of speed, accounting for the
increase of the friction coefficient at very low speeds as
well as high speed.
A hybrid quasi-steady/dynamic model solving enthalpy
and mass balance equations simulates heat exchangers.
Each is split into two volumes, one upstream, the other
downstream of the pipe bundle, between which a lumped
restriction simulates pressure losses equivalent to the
bundle.
The cooler flow rate can either be constant or dynamically changed by a servo control fed back by the outlet
gas stream temperature.
The heat exchange coefficient at the flowing gas side
is calculated at each time step as a function of changes in
the gas state and its velocity through or outside the bundle. The heat exchanger model duly considers condensation conditions and enthalpy thereof.
All controllers with relevance for the dynamics of the
system considered are simulated in detail following the
suppliers’ or the compressor vendor’s specifications.
These include all or some of the following:
Anti-surge controllers.
Performance controllers, i.e. speed, IGV, suction
and/or discharge pressure with the relevant overrides.
Load sharing and load balancing controllers to model
multistage and/or multitrain systems.
Process valve controllers.

Figure 10. Sensitivity of Cv to discharge volume
(V2 in Figure 1) and HBPV dead time.

Figure 11. Sensitivity of the required Cv to the
HBPV opening time for two trim characteristics.

Dynamic model based HBPV
optimisation
For each value of the HBPV CV or of other parameters
(e.g. the opening or dead time), the simulation made by
COMPSYS™ produces a whole set of signals, and in
particular a path through the compressor map
(Figure 8).
By defining a target positive error function (Equation
4), it is possible to find the optimum value of the explored
parameters iteratively (CV in the case considered). This
makes the path approach the SLL just as needed to avoid
valve oversizing, while also avoiding surge.
Equation 4 =
This procedure is executed automatically, running the
model iteratively until the target is reached within the
defined tolerance.
For valve sizing purposes, the simulation of the
ESD events of a single train could be sufficient, as long
as check valves isolate its stage(s) from others in
series or parallel, arranged on independent drive
trains. Furthermore, the controllers mentioned in the
previous section are not essential for this analysis, as
the ESD implies a trip command to open antisurge
valves fully and close shutdown valves at their fastest

Figure 12. Sensitivity of the required Cv to the
discharge check valve closing time.
rate. Modelling a simple stroke ramp command is thus
sufficient for this purpose; duly combined with the
applicable trim characteristic (‘quick opening’ or other
selected).
If two or more stages are powered by the same driver,
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the error function (Equation 4) can be defined by a vector
having as components the ∆Q*min relevant to each stage
and leaving the optimisation algorithm to optimise each
HBPV CV at once by a single set of iterative runs, thus
considering any possible dynamic interaction among
stages.
The various converging results of the iterations in the
base case taken as the example for this article are shown
in Figure 9. The paths shown on the map highlight that an
HBPV CV just 10% smaller than the optimum would
cause the onset of surge from the NOP conditions during
ESD, yet of very short duration.
Considering that the optimisation was, in this example,
targeted to be just tangential to the SLL, the actual size
selected can take a further margin in any case, above all
if other ESD conditions are to be considered, e.g. from a
point closer to the SLL than the NOP. The rightmost thick
blue path in Figure 9 indeed refers to the actual size
selected in the example case, with an oversize of 25%
over the minimum acceptable CV value found by the optimisation cycle.

Sensitivity analysis
To highlight the importance of factors that are not usually
considered in the HBPV size selection, the optimisation
procedure described above, based on dynamic simulations, has been applied to a set of variants of some main
parameters.
A first sensitivity analysis (black solid line in Figure 10)
is relevant to the variation of the discharge volume, i.e. of
the piping downstream of the compressor up to the check
valve, and including the high pressure side of the HBPV
(V2 in Figure 1), considering the base values of the valve
dead time (0.2 s) and the overall opening time (0.5 s). The
other two lines in the same figure refer to a ± 0.1 s change
in the dead time.
Another, even more important parameter determining
the valve sizing is its overall opening time, particularly if
the trim is of linear characteristic (Figure 11). While this
statement is obvious on a qualitative basis, its quantitative
implication is not so evident a priori or by rule-of-thumb
calculations.
Finally, another penalisation on the HBPV sizing could
derive from too slow a closing time of the check valve at
the discharge of the compressor (NRV2 in Figure 1), as
the backflow through it would counteract the discharge

volume deflation obtained by the HBPV, which will be
larger than with a quick shutoff of the main line
(Figure 12).

Conclusion
This article demonstrates that the design of HBPV and
lines is not reliable if it is based purely on the compressor
map. The discharge piping volumes up to the nearest
check valve; the valve trim characteristic; the HBPV opening and dead time; and the discharge check valve closing
time, must also be considered as interacting system
design factors.
Combined with numerical optimisation procedures,
model based dynamic simulations that are usual tools in
state of the art mathematical environments, provide a cost
effective solution. This procedure, at least limited to the
minimum and most critical situations, e.g. the ESD event,
is recommended since the early design stage of process
compressor systems to indicate the acceptable valve
characteristics and piping volumes for preventing costly
piping rerouting, valve procurement change orders, or
worse; plant modifications while, during or after
construction.
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