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PROTECTING HIGH-PRESSURE
CENTRIFUGAL GOMPRESSORS

A SOFTWARE ALGORITHM CAN PREDICT PERFORMACE UNDER
'ARYING THERMODYNAMIC AND INLET GAS CONDITIONS

MASSIMILIANO D1 FEBO AND PASQUALE PAGANIN

f inlet conditions in a low-pressure cen-
trifugal compressor change there is a
reduction in operating efficiency but no
surge problem; in a high-pressure com-
pressor, however, variations in inlet condition
can introduce an emor of more than 30%
(greater than the usual safety margin of 10%%).

As a result, protection systems may
become inefficient and this could potentially
damage the compressor. Using the comrect
software algorithm, however, it 1s possible to
predict the performances of a centrifugal com-
pressor under varying thermodynamic and
inlet gas conditions. These predictions have
been found to be accurate at high pressures.

Centrifugal compressor anti-surge protec-
tion systems are based on the Surge Limit
Line (SSL). SSL is the description of the
surge point locus and, in current practice, it is
assumed to be invariant regardless of centrifu-
gal compressor inlet conditions. A numerical
study was done to investigate the effect of
inlet condition variations on the SLL.

Protection methods have been designed
with the intention of running the compres-
sor safely by preventing it from nearing
surge points. One such method for anti-
surge systems would consist of opening,
partially or totally, a control valve (anti-
surge valve) located on a line that recycles
the gas from the discharge to the compres-
sor suction. In this way, the control system
could reduce the overall line resistance and
increase the elaborated flow, moving the
compressor operative point to the right of
the characteristic curve corresponding to the
actual operative speed (Figure 1).

The anti-surge valve is commanded by a
dedicated proportional-integral-derivative
controller (PID controller), usually embed-
ded in the protection system Programmable
Logic Controller (PLC). The surge protection
logic embeds the SLL and the correlated
Surge Control Line (SCL) (Figure 2).

Using field readings, the protection logic
calculates the actual operative compression
ratio and uses the stored SCL data to deter-
mine the corresponding actual flow limit
parameter. This value is then used as a set
point for the anti-surge valve PID controller.
The process variable is the actual flow para-
meter obtained from field readings.

Itis evident that surge protection systems
rely on the SLL concept, which is the central
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Figure 1: A typical plant layout where there Is a recirculation line that includes an anti-surge vaive
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Figure 2: An example of a Surge Limit Line (SLL) and a Surge Control Line (SCL) that usually are
calculated with a 10% flow safety margin

element of the system’s protection action.
The SLL is a simplified correlation between
the compression ratio and the flow parameter
that identifies the surge points (for a detailed
description of the math involved in these cal-
culations, as well as gas mix details, contact
the authors at the email address below).
Introducing a simplifying approximation, it

is possible to obtain the SLL final expression
as a correlation between the flow parameter
and the compression ratio:
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This expression of the SLL seems to be
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ant for gas inlet conditions (hence it is

jmvan bl ;
sometimes called the “Universal Surge
Line”) and this enables it to be casily imple-

mented on process computers. This seemed
0 be an advantage in the carly stages of anti-
qurge applications (the nineteen sixties),
when engineers were Jooking for a simple
surge locus formulation to be implemented
with a modest calculation capability. While it
is still used today, it has some limitations.

It is possible to argue that:

1) The H; - O flow curve depends on the
gas suction condition

2) The affinity law is valid for liquid flow,
and can be considered applicable to gas for low
compressibility flows, i.c., low Mach flows

3) Whenapplicable, the affinity law is valid
in a small range around a reference point and
cannot be used to describe the overall range of
the compressor surge point without violating
the applicability limits of the hypothesis.

Based upon these considerations, it can
be seen that the SSL depends on inlet suction
conditions. These are applicable for single-
stage compressors operating at low Mach
numbers. For multi-stage compressors and
those running at higher Mach numbers, it
should be considered a surge locus; also, the
true surge locus depends upon the actual
behaviour of the gas, i.e.. inlet pressure, tem-
perature and gas mix composition.

Therefore, a better equation to calculate
the surge point is

6\!
Where
Ps= Discharge pressure
P,= Suction pressure
V= Volume flow
For off-design inlet conditions, a
compressor performance map can be cal-
culated using Cmap, which is not based
on the affinity law or other approxima-
tions, but on the availability of a non-
dimensional model of the compressor
using correlations of work and flow coef-
ficients parameterized by Mach number.
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Figure 4: Surge limit lines for different Inlet conditions

The surge line can then be worked ont
from the compressor performance map
with reference to inlet off=design condi-
tions. Consequently, two surge lines (DC
and ODC) can be drawn having the ratio
between p across the orifice and the suc-
tion pressure (Ps) on the x-axis, and the
compression ratio (Pd/Ps) on the y-axis
(Figure 4).

-DC (Design Condition)

-ODC (Off Design Condition).

Compressors with low-
pressure suction

In this case study, a centrifugal compressor is
running at various inlet conditions. Starting
from DC, the surge line has been calculated
based upon a changing molecular weight
(ODC 1 and ODC 2), pressure (ODC 3),
temperature (ODC 4) and both properties
(ODC 5) (Figure 3).

It should be noted that for various ODC
points, the maximum error calculated is 2.6
%. If, however, the variation on the inlet con-
ditions is applied simultancously on pressure,
temperature and gas mix, the maximum error
rises to 7% (with a compression ratio of 3.5).

Compressors with high-
pressure suction
Starting from DC, the surge line has been

Case 1: low pressure compressor
Universal Surge line
49 il anma — 1 ! b |
IR AN S SENSTREN S S - : ,.;%,..,_J,,_ i
381 -
' e
30 -+ !
P25 1 ! {.‘:DT:“ -
'  BaE —-ooc1i
l‘ 20 b4 4t 4 ——oDC 2}
E - fom g ——0DC 3
i | i |
! 15 - e | E-—(JD(:Ai
; i booolon || == 0DCE}! -
"g L D O S e Ul -~ 1. G OE: | o
| 25 28 30 33 35 38 40 43 45
; Ap
! Ps

e —— e

Figure 3: Surge limit lines for different Inlet conditions

LR

caleulated in this example based upon a
changing molecular weight (ODC | and
G 2y, pressure (ODC 3), temperature
(D 4y and both properties (ODC 5)
(Figure 4),

It can be noted that for ODC, the
maximum crror caleulated is 18.6 %. If
the variation on the inlet conditions s
applied simultaneously on pressure, term-
peraturc and mix, the maximum error
rises to 31.2% (compression ratio of 2.7).
It is interesting to note that the correct
surge flow line moves to right with
respect to the design surge line. 'This
implies that the control system is under-
estimating the surge flow. Therefore, the
compressor could potentially be exposed
to surge ecvents.

Note: All caleulations in this stidy were execnl-
ed using Cmap, a dedicated software tool devel-
oped at (PC (Industrial Plant Consultants)
Research Lab 1o predict the performance of
centrifugal cmpressors under different operal-
ing conditions. i
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