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Centrifugal Compressor
Performance Estimation

by Cheal Camg To

Thizaniie fra provdes some inrod wetory materals 0n campre ssors and pre sears the method developed By the author specifca iy fr
M -518 g8 compre ss0r perfdrmance esiimation based on data obiained from selected a ppiicatio ns in O & Ga s ind usines.

MHomenclatura

E = Isentropic exponentor mtio of specific heat

Cp = Specific heatcapacity atconstant pressume

e = Specific heatcapacity atconstant wlume
= Absolute temperature

W = Specific volume

Hp = Pohtropic head

uge = Universal gas constant

E = Bpecific gas constant

T = Tempermture

Te = (Criticalte mperature

Th = Bolling temperature

Thr = Reduced boiling tem perature

Tt = Reduced tempe mture

F = Pressure

Fe = (Criticalte mperature

Pt = Reduced pessure

0] = Pitzer acentric factar

Vit = Reduced volume

e =  Poltropic efficiency

£ = Compressibility factor

WV = \olume

1 = Polytmpic exponent

[ = Constant

Hp = Polytmpic head

1 = Polytmpic volume exponent
1t = Polytmpic tempem@ture exponent
i = Polvtmpic efficiency

uegy = BRjuiakntimpeliertip speed
Deg = BEquivakntimpelerdiameter
3 = Workinput factor

Wi = Polytmpic head coefficient

= Inlet volume flow rate

Cp = Heatcapacity atconstant pressure

[0 = Heatcapacity at constant volume
% = mass flow mte

Hi

i = Flowcoefficient

Marte: subazripts 1 and 2 vsed inthe content denote condiions 8t suehion and dissharge fanges, respectivaly,

SECTION 1: INTRODUCTION TO COMPRESSOR
A compressor is rotating machinery that increases the
pressure of compressible floid By reducing its volume.
Compressors exist in onumerous forms. The  exact
configurationdepends onthe specificapplication. In general,
the different types of compressors can be categorised into
two main groups, namehy
a. Positive displacement Fositive displacerment machines
work By mechanically reducing the volume of the
warking fluid. These machines can be divided into two
sub-groups: Rotary and Reciprocating.

b. Dynamic Dynamic machines work by mechanicalby
changing the velocity of working fluid, which can be
divided into Axial and Centrifugal.

Fig. 1 summatizes the compressor family in termn of
compression ratio and actual inlet volurme flow rate. Flow
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and compression ratio limits are indicated in Fig. 1, it
can be seen that postive displacement machines are not
suitable for handling inlet volurme flow higher than 1700 mef
hir (2 pproximately].

It should be noted that the left end of dynamic machine
does not reach zero flow. The threshold of minirmum inlet
volume flow rate is defined by the surge limit of dynamic
rraching.

This atticle focuses on the application of multi-stage
centrifugal compression system, which is commmonly used
on offshore platforms transporing natural gas from offshore
facilties to onshore plants. & typical cross-sectional view
of mutti-stage centrifugal compressor can be seen in Fig.
2.4 centrifugal stage consists of 3 basic components (Fig.
31 Rotor assembly (impeller), diffuser and return channel.
Fas flows along shaft circumference towards impeller inlet
eye, and kinetic energy is mechanically exerted by impeller
blades. The gas then leaves the impeller and enters the
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diffuser (static part of compressor), difuser is used to
reduce gas velocity (after lesving impellerland increase the
static pressure, Compressed gas from the diffuser is routed
into the subsequent impeller via a return channel.
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The compressor petformance curve consist of plots
of compressor discharge pressure [or polytropic head)
gt warious constant rotational speed conditions (Fig. 50
Minimurn and maxirmum alowable inlet volurme flow rates
gt constant rotational speed are called "Surge” and "Choke”
limits, respectively.

Centrifugal compressors are volumetric  machinery,
so when there is insufficient gas to replace what is being
pushed forward (i.e towards the left end of performance
curve), discharge gas will flow baclwards through the
compressor towards the suction side. The gas flowing
backwards increases the volume on the suction side and
the compressor picks up and beqgins to push the gas forward
again. This phenaomenon is called "Surge”. This ocours very
quickly and the backward and forward gas flow causes
rapd fluctuations in the flow, pressure and temperature
of the compression system. Prolonged operation in surge
mode can seriously damage the compressor as well as
gssociated upstrearn and downstream equipment due
to high vibrations in the compression loop. Surge can be
prevented By implementing anti-surge systerm and control
valve, which recycles discharged gas back to the sudion
flange in order to maintain minirmum volume flow rate to the
COMpressor.

Cperating compressors in the high volume flow region
(fowards the right end of performance cunee) is often
referred to as "Choke”. Choke occurs when the internal
gas flow velocties are close to Mach 1, and generates a
rapd increase in pressure losses. Prolonged operation in
the choke limit should be avoided, because efficiency of
COMPressor s very low.

Efficiency islands [of constant efficiency) are contours
ranging from 74% to 2% in example provided in Fig. 5.
The addition of efficiency islands on performance curves
effectively provides & 3dimensional topology to this
Zdimensional curve, With inlet conditions specified [e.g.
suction pressure, suction temperature, inlet volume flow
rate and gas compositions), compression power can
therefore be estirated.

Compressors are often required to operate across |
range of flows and pressures; the design point is typically
landed at the peak efficiency region of performance curves.

Inteqrity of irnpellers may be lost ([dueto excessive shear
forces between impeller shroud and blades] if maximum
allowable tip speed is exceeded when the compressor
operates above the maximum continuous speed.

Combining first and second k2w of thermodynamics
a5 well as few dozens of algebraic steps, the theoretical
compressorwork [or compressor head) is derived as follow.

[' =]I':"'_.=_==m-,, Eq.1[1]

Centrfugal compressors do onot develop  constant
compression ratio at 2 given inlet volume flow rate; rather
they develop a constant pohytropic head at 2 defined inlet
volurme flow rate.

n,
" -1

H = ZRT,

- -

i
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Re-arranging EqQ. 1, compressor discharge pressure (P2)

“: B =N
1

zan be calculated.

[ H An,
P, = exp L £
|\ ZRTA.

”-I

||
) inm,

n,

]

Typical centrifugal compressel pefformance curves
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Compressibility factor (2) is @ measure of deviation of real
gas behaviour from ideal gas behaviour. Gas behaved
differently at a given temperature and pressure. However
they behave similarly at temperatures and pressures
normalized with respect to their critical temperatures and
pressures, namely reduced temperature and reduced
pressure, respectively.

Eg3 P =

F
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with iterative procedures. Reader can refer to literature

dedicated for this topic. [2]

Fig. 4 Gereralized com oressibiity Bolor chart derived foa expeds enia! dale 57 Isehitofichalimecannnent Relsoaindas

C {op
Compressibility factor (£) is defined as the ratio of the actual = _;; E:‘. r;f ].-
volurme of real gasto thevolume estirated By the ideal gas WWhere
lawy. Compressibility factor of real gas used in Eq. 1and Eq. ary  fap) »
2 zan be obtained from generalised compressibility factar [,'51_-,._ l:'-'.._.',_ —
chart (Fig. 4].

.
For LKF equation of state, the partial derivative [f"", ]r,

Carnpressor discharge temmperature can be derived from
P J P is defined as follows:

the following polytropic compression expression: FY = =C.

Where P = pressure, ¥ = volume, n = polytropic exponent o Y :
and ¢ = constant ["’ ] ___.-__it+:£_.3_":1+b_'{}--‘_';1.l_w+
o, ) 1'r'E L ¥ ¢ e l
2 (vY -
ﬂlk'ih;i"-;—',...'.g-|..l.'.] _—}ﬂz [ IP-.?[ | .
A\ R smmu”—. exp ~L
w-| w1 h \ ' f L ¥
(8T, . P ] S e [ A=
-—.1.;.-.—-[—:.-—'-:..——'- Ii_:lt-—'-
ll P, R, NNl \R, Egq5 | Where
i 5 K
Thermodynamic characteristics of real gas (i.e. pohtropic B=4, T rrr
exponents) can be estirmated By real gas equations of state, =2
P 'y
Lee-Kelser-Flocker (LK.P) equations of state are used in this C=g - T + 7
article. [twould be impractical to produce complete steps of .‘ '
LKF in this article; only key parameters pertaining to the D=d + ‘?

derivation of pohropic exponents will be presented. For
instance, details derivation of reduced volume (Vi) will not
be given in this article as it requires extensive calculations

[Contnued or page 2
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Two values of [&F']c will be calculated,
namely [E_s.p] e
T,

ANTE

h.

rig|

and [l::P \

&,

i

shall be evaluated with constants of "simple
fluid®.

NTEN .

o shall be evaluated with constants of "reference
e, ), fluid®.
Isentropic temperature exponent, Kt is defined as
e
' ;’FP]
T
C,+P; 2
. [FPT
xﬁ'.Jr
Where
[_f'f‘ ii L
ar), \er ) T

i,
For LKF equation of state, the partial derivative [57", J
is defined as follows:

YWhere
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kl 0.1151193 0.2026579
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Two values of Uo7, .. will be calculated,
namely ( sp " and o e
& ™ &)
vimpil
[E] shall be evaluated with constants of "simple
or, ), luid”.
- "
I;‘: shall be evaluated with constants of "reference
y fluid™.

(&), o (&)
Both V@ ). and \97T ), shall beinterpolated by Pitzer
gcentric factor, wwith the following formu ta;

x = r" - - M {'\.NJ"‘“" _"'tl. l."r*]
0.397%

Where
-(22) ()

\ow, ) LT, and

[l =g

i TS se0718 CT | i, ~0 1693477y
-— .

T prrm
152518 ]5':3 = =134T21aT, +0435TTT,

[

(&2, e (a7)
Bubstituting the values of L@, ). and L7 ) into

i iy ! ' - f i £l 7
[22) o/ 2] D& and {"f"_’_] L F vespectively
&), "3, ), age, ar) "\ ) 7

Both Esrand Et can now be calculated.

Where
K &
e i'ﬁ.ﬂ|
Ver ),
K = 'ff-(r"ﬂ] Co*P ap)
OPC A\ v, [ﬁ
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Gas compression undergoes polytropic process, therefore
both izentropic exponent K and Kt rust be converted into
pofytropic exponents, namehy:
1. Polytropic volume exponent,
K
R = —=

i

| "H_—IH Eq 6
”._

1+

K, '
2. Polytropic temperature exponent,
|
: | Zxuge| | I~‘ K, -
C

»

Eq 7

These polytropic exponents (Eq. 6 and Eq. 7)) are used
for calculating polytropic head and compressor discharge
temperature.

™ (AR
n -1 [P,'

2. Discharge ternperature, 75 =T,E

1. PFolytropichead, H = ZRT]

SECTION2: CENTRIFUGAL COMPRESSOR
PERFORMANCE ESTIMATION

In oil and gas projects involving APl 617 process
hydrocarbon  centrifugal compressors, EPC consultant
rotating equipment engineers often face challenging
tasks [after official process conditions are forwarded
to compressor vendor to perform eguipment sizing and
seledtion]

a] To perform sensitivity checks against change of process
conditions, fypical scenarios are changes of suction
temperature, suction pressure, change of intermediate
pressure (if compressor duty gets split into two process
stages due to temperature limitation caused By high
pressure ratio), inlet volume flow rate, process gas
composition, etec.

] To establish approprizte  akrm setpoint(s]  on
compressor discharge header to pre-alert the operator
from operating compressor into Choke region for
prolonged duration, it will require a better understanding
of compressor head and inlet wolume flow rate with
respectto compressor performance maps.

] For a given worst scenario, i.e. highest head required
(ether low suction pressure or high discharge pressure,
or even combination of both), typical query from client
is how much gas flow can be handled by the selected
centrifugal compressor within the capacity of selected
driver (e.g. gas turbine, electric motor, steam turbine,
etz).
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THIS SECTIONPROYIDES GUIDANCE FOR
PREDICTING CENTRIFUGAL COMPRESSOR
AERODYNAMC PERFORMANCES

1] To obtain centrifugal compressor performance curves
from vendor, essential data set are
a. Polytropic head vs. inlet volume flow rate
b. Pohtropic efficiency vs. inlet volume flow rate
c. Discharge pressurevs. inlet volume flow rate (thisis
used to chech i calculated walues are within Ballpark
figures).
2] Extraction of performance data from vendor's curves of
itern 1a and 10 above.

3] Convering polytropic head into work input factor [as
detailed in the following section, refer to Eq. 9.

47 |n parallel with tem 3, convert inlet volume flow rate into
dimensionless parameter, e flow coefficient (refer to
Eq. 101

3] Pairing pofytropic efficiency with flow coefficient as
rmentioned in iterm 4.

A1 Itern 3and 4 willthen form the compressor characteristic
curve, namety work input factor vs. flow coefficient (refer
to Fig. &)

71 Reduce the following data set (7a, 7band 7] into flow
coefficient and find the corresponding woark input factor
per term &) above
a. inlet volurmne flow rate
b. equivalent impeller diameter
c. equivalent impeller tip speed.

B] Use the same flow coefficient of item 7 to obtain
polytropic efficiency as depicted by the relation of tem 5.

91 Firally, expand work input factor into pobytropic head
coefficient using Eq. & described in the following section.
Transforming polytropic head coefficient into pohtropic
head per Eq. &.

1071 Compressordischarge pressure, dischargetemperature
and cormpression power can be estimated with Eg. 2,
Eq. 5 and Eq. 12, respectively.

Fofytropic head coefficient is defined as follows.
24,

u

W, =5 Eg 2 [1]

Re-arranging Eq. & so that work input factoris related
topolytropic head, polytropic efficiency and impeller tip
Speed.

L Eg @ (Note: "equivaient fmpelier lip speed” 13
.*;PH;G used instead ofimpeler ip speed)

=

To estirmate compressor discharge pressure (F2), basic
information needed are
a] Aerodynamic component Polytropic head

Bl Thermodynamic components Gas inlet compressibility
factor, specific gas constant, suction temperature,
polytropic volume exponent and suction pressure.



This section outlines the essence of gerodynamic pan
of centrifugal compressor, e polytropic head. Gas
thermodynamics [(e.g. polytropic exponents, isenfropic
exponents and compressibility factor) are Briefly explained
in Section 1 of this article.

Flow coefficient (which is widely used in centrifugal
compressor terminology) is defined as compressor inlet
volurme flow rate divided by the product of impeller area
(frorm immpeller tipto-tip) and impeller tip speed:

40
D Cu

[27) (2]

g Eq 10 1]

Eq. 10 is idenfical with FTC10's [4] definition for flow
coefficient (refer to clause 2.5.2 of FTC10, 1997 PTC10
defines flow coefficientas follows:

“The ffow coefficlent Iz & dimensiornfess parameter
deffned az the compressed mass flow rale divided by
the product of inlel densily. rolalional speed and the
cube of the Blade lip diameter, Compressed mass ffow
rate (= the nel mass ffow rate through the rotor”

To line-up Eq. 10 and FTC10's definition for flow coefficient,
it zan be seen that ratio of mass flow rate to inlet density
of FTC10 is equivalent to compressor inlet volume flow
rate of Eq. 10, and product of rotational speed with cube of
blade tip diameter of FTC10 is equivalent to the product of
impeller area with tip speed of Eq. 10.

4
Flease note that ;7 in Equation 4 may be omitted since
itisa merecombination of nurmerical constant, e 127324,

Example of flow coefficient calcukated with Equation 4 and
simplified version of Equation 4 omitting = [please refer
to Table 1), ®

Impeller diameter = 0.7000metre
Impeller tip speed = 220 m/s

Taile {: Exaw ol of fow cosficient calowladons

Qo dat [mA3rs] Q- dotiDA2*0

420 doti[p i*OA 2% ]

4 004724 003711
4.2 004951 0.0 3596
4.4 005197 004052
4.8 005433 004y
4.8 005559 004453

5 005906 004533

Since there are many variances of flow coefficient (some
rmay define volume flow rate in term of US customary
unit, e.g. gallons per minute, cubic feet per minute, etc)
being used in the oil and gas industry it would be wise
to havea definition [(including unit of measurements] of
floww coefficient clearly defined upfront to avoid potential
rmisunderstanding or misinterpretation between the end
user and the compressor manufacturer.

FEATURE -

Withthe knowledge of work input factor and flow coefficient,
oneshould be able to convert the following wendor data,
ramely

3] FPoltropic head vs. inlet volume flow rate into work input
factor vz flow coefficient

B Folgtropic efficiency ws. inlet volume flow rate into
polytropic efficiency vs. flow coefficient.

EQUINALENT IMPELLER DIAMETER
Motethat equivalent impeler diameter (i.e. pseudo impeller
diameter that represents overall impeller diameter of mult-
stage compressor line-up)] and associated  equivalent
impellertip speed shall be used to expand Eq. 9 and Eq. 10
into poketropic head and inlet volurme flow rate, respectively
This is due to the fundamental fact that curmutative [or
total] polytropic heads are fypically reported in vendor's
performance maps (i.e. not polytropic head developed by
one impeller), refer to Fig. & for ilustrative purpose.
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= = = " = = = 0

Figg. & Moo g cermbaifg & o o ES0r DeritemE ST0E G 305,
polvhonic kead ve, itk wlum e o e
Equivalent impeler diameter isdefined as follows:
D, =yd] +d; +d] +d] +...

(Mate: subacript denotes impelier number)

Eq 11

WORKED EXAMPLE DEMONSTRATING
DERIVATION OF CENTRIFUGAL COMPRESSOR
CHARACTERISTIC CURYES BASED ON
COMPRESSOR PERFORMANCE MAPS

Centrifugal compressor performance data extraction [both
polytropic head ws. inlet wolurme flow rate and polytropic
efficiency wvs. inket volume flow rate] from vendor's
compressor performance maps [(arbitrary selected near
100% speed, as it would yield accurate results if new
compression duties are nearto the selected speed region).

With the following irmpeller information;
3] Equivalent irmpeller diameter = 0. 3810 meters
B Equivalent impellertip speed =2793.29 m/fs

Work input factor, flow coefficient and associated polytropic
efficiency are derived as per Table 2.
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Taile 2 Tamwlated cow oressor perbem Fmoe dale & 19000 me soeed egion vl Spooimts cower foar sege o Sorenall S i

Inlet ¥olume Flow Rate (mA3/hr)

41276 404378
55992 3E75.01
ag0.00 347269
784 57 2325 34
36740 2023540

Tahle 3 Calow!sted work inowt Botor amd fowcosicisnt hesed on daiz
repoded iT Tade 2 with Speation D and 10

Flow Coefficient | Wark Input Factor Falytropic
Efficiency
0.00 350 075359 067435
0.00459 067053 072617
0.0059 3 0.60420 072261
00054 0.53% 30 065988
0.00757 0.45 154 0.52796
- = I
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Fig. F: Dta erdraction foa wemdor’s perfoms Smie o 305
After compressor characteristic cunves are obtained,

proceed to the following steps utilising input data as listed
Dl

a] Impeller diameter (remember to convert into equivalent
diameter)

b1 Raotational speed fwhich in turn will e transformed into
impeller tip speed)

] Processdata(i.e suction pressure, suction temperature,
inlet volurme flow rate and gas compostion).

Evaluate flow coefficient with input (2] and [(b] above, it
then gets mapped with work input factor and polytropic
efficiency per Fig. & and finally expanded to pofytropic
hiead coefficient and polytropic head according to Eq. 8.
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Polytropic Head [meter)

Polytropic Head [(Ufkg)

Polytropic Efficiency

39655.75 0a745a
30005 4 072617
34055.45 072251
2770708 065987
19542 .79 0.52 794

|y Teeaer pB ey b s o e vy By ressturee
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Fig. 8 Com pressor characterieslic cures
(vl ot Factor amd polirooic eficiency vs, fow coeffioiend)

Compressordischarge pressure and dischargetemperature
are calculated with Eq. 2 and Eq. 5, respectively.

Lastly, compression power can be estimated using the
following formuka.

. i
p:m'r:r:m g Eq. 12

I

Predicted centrifugal cormpressor performance data per
compressor characteristic curves of Fig. &

Data U nit of
Measurement

Compressor Parameter

Suction pressure 91.24 bard
Dischame pressure 14738 bard,
Suction tempemture 37 deg. C
Diszhame tempemture 6711 deg. C
3as power required 935.2 [N
Rotational speed 15140 rpm
Paolkytropic head 563653 Jikg
Inket volume flow rate 500 m*3rhr
Mass flow mte 5353191 kashr
Poktropic efficiency 7024 Y

CONCLUSION

With the methodology described above, it is possible for
Rotating Equipment consultants to perform preliminary
checks of new compression duty under the petformance
maps furnished by compressor vendor, which may be
beneficial for fast track conceptual study or even Front
End Engineeting Design projects on extremely tight project
schedules.
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Furthermare, as more and more actual curvesidata
become available, the in-house developed seledtion tools

will

becorme more accdrate, in furn providing even more

goourate predictions for future projects to come. @
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