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SOFTWARE PACKAGE FOR MONITORING AND PREDICTION
OF THE COMPRESSOR PERFORMANCE DEGRADATION

The Software package outlines the details of identifying potential process compressor performance deg-
radation. Based on the data received from the compressor manufacturer or a performance test, the soft-
ware will generate baseline performance curves that are invariant to compressor suction conditions, ro-
tating speed and gas composition. The generated performance curves will be valid for a clean, undam-
aged compressor only. Performance of compressor will change over time due to fouling, mechanical dete-
rioration from factors such as erosion, rubbing wear resulting in increased tip clearance, seal damage
etc. The software will recalculate the compressor map for current inlet condition including current gas
composition utilizing the real gas BWRS equation and monitor any changes in the performance of the
process compressor with respect to the base line data. On — line calculation of several key variables will
be performed for the compressor. Operator will be notified of any changes in compressor performance as
part of advisory information. A trend plot will be provided to show deviations of output, polytropic effi-
ciency, power, and other variables (from base line) over time.

Key words: compressor, performance degradation, power, efficiency, polytrophic head, compression ratio,

monitoring, prediction, deviation.

Introduction

Determination of the compressor performances for
the purpose of assessing the health of current compres-
sor condition and prediction performances degradation
is an important part of the gas compression industry. It
is common practice to measure inlet and discharge pres-
sures, temperatures, mass flow rate and speed for com-
pressor condition evaluation.

Combined with gas mixture properties and run —
time data from CCC control system Compressor Per-
formance Adviser (CPA) determines overall compressor
productivity, power, efficiency and polytrophic head.

However during an operation the design character-
istics are slowly deteriorated. That degradation can be
quantified by comparing the relationships between vari-
ous process characteristics to those that existed when
the compressor was in healthy condition.

If a compressor is operated at a constant compres-
sion ratio, for example, blade fouling will decrease the
flow rate and efficiency at any given speed. Such degra-
dation CPA quantifies by comparing the current flow
rate and efficiency to those a healthy compressor would
produce at the same speed.

In order to verify the compressor current perform-
ances and correctly predict their deterioration it is nec-
essary to take into consideration that different gas mix-
ture compressed by the same compressor produced dif-

ferent output. Therefore CPA is utilizing the variables
normalization and the real gas equation of state (EOS)
in compliance with the ASME PTC - 10 standard for
compressor performance baseline generation that is in-
variant to compressor suction conditions, and gas com-
position.

Nomenclature

GC | gas composition

o

pressure

temperature

gas compressibility factor

gas constant

&R N A

C COmMpressor pressure ratio

enthalpy

volumetric flow rate

AVelia

rotation speed

=

r reduced speed

H, | polytropic head

volumetric polytropic exponent factor

J compressor power

N, | polytropic efficiency

n, polytropic exponent

k adiabatic exponent

Ay | flow measurement device (FMD) coefficient
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Subscripts Notice: All calculations are realized in equation of
S suction side state by BWRS method (Benedict Webb Rubin Sterling
d discharge side equation).
0 base line (specified) value 1. Input data description
r reduced value
p polytropic The base line input data can be conventionally dis-
tinguished in the following way:
Calculation procedure — data includes base line performance and effi-
Symbol Gas property calculation ciency maps and process parameters;
Z(GC.p.T) Compressibility factor for real gas — additional data includes constants and parame-
7 composition mixture ters determining properties of the base line work-
i(GC,p,T) Enthalpy for real gas composition ing medium from BWRS real gas solution.
mixture The base line data can be obtained from customer
R (GC) Gas constant for real gas composition (manufacturer) or as measured parameters from desig-
mixture nated performance test.
Performance
test data
) || Compressor Map Display "
v 7'y
Data entering || Approximation ||
preparation Y
; Approximation
v results ActiveX
Validity checking engine
v
Dimensionless transformation
<
Customer A
or v | Approximation results
manufacturer o
data Base line initial data |

Fig. 1. Structure of Generalize Compressor map formation

2. Principles Description

The performances are as the follow:

Re=1(Q,,N);
N ,=1(Qs,N);
H p=1(Qs,N);
J= Q. N)
for operational GC, P, T. (1
Ec
uid
f1,= const
f1, = const
s Qs

Fig. 2. Compressor performance

Thermodynamic property calculation software is
used to provide gas properties of compressed gas mix-
ture based on gas analyzer signal to control system or
manually entered by operator.

This methodology consists from two stages: pre-
paratory and operational.

In the preparatory stage the initial performances
as a base line initial data are used the manufacturer
compressor performance map supplied by end user or to
map out the existing machinery characteristics capturing
data during Performance Test under specified real gas
composition.

These performances are as the follow:

Reg =1£(Qy0,Np)
and/or

hpro =1(Qs0,Np)

N po=1(Qs0.Np)
under specified (base line)

GCo,Fs.0:T5.0-No »
where h,, =Hp/(ZsgRTg) -

The gas composition and operating condition can
be significantly different from specified base line condi-
tiOIlS RCO = f(QSO’ No) and/or hpro = f(QSO’ No) ,

)

N po= f(Qg0,Ng) under specified GCgy,ps .15 0500

are used for performances normalization (reduction).
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These global compressor characteristics are invari- Hy
ant to the compressed gas mixture and inlet gas opera- (7)

tional condition.
Re, =f(q2,n;),

n,=f(@2n,), (3)
2
Q 1 N
where q2 = [—S . , @4
Ay Zs R T ' \ Zs.O RTS.O

but only n, ;(min) and n,  (max) range identified these
characteristics.

In order to get initial data from performance test
for base line compressor map generation all data has to
be taken during entire range of compressor operation
under base gas composition and inlet gas condition.

In the operational stage the normalized compres-
sor performances (3) are used to regenerate the actual
compressor performances for current operational gas
composition and inlet compressor conditions utilizing
the generated in the preparatory stage base line com-
pressor map.

2.1. Normalized Compressor Performance

For the task solution an each point of the specified
initial characteristics (parameters Rc, Np» Q.0 ) has

to be utilized for current operational Mp and Rc, calcu-

lation.

The findings of Rc, and n, are approximated (for
instance, polynomials or two dimensional splines) as a
function of volumetric flow Qg (or as a dimensionless
representation of flow rate q2) and dimensionless (re-
duced) speed n,

q2= dro
Ps

or

5 _dPogReT, Z, )

Ty Z4

where dPo — pressure difference on the flow measuring
device at compressor suction; dPoy — pressure differ-
ence on the flow measuring device at compressor dis-
charge; Z; — gas mix compressibility at suction; Z; —
gas mix compressibility at discharge.

The flow rate calculated as:

}dP Z,RT
Q, = Ay 05 s (6)
P

For Rc, normalization is used the following ther-
modynamic relations:

Polytropic efficiency calculation utilizing “en-
thalpy method”:

Mp =+ . >
P i(GCy.pa0-Ta0) ~i(GCo.Ps 0. Ts0)
where Py =P;¢ Rc; Ty — discharge variable corre-

sponding to suction data py,, Ty, Rc and GC, at

initial base condition.
Relation between polytropic head and compressor
ratio is:
Z.oRoT
— s.0™0 5.0 (RCGV'O _1) . (8)
Ov.0

Hp.O

Volumetric polytropic exponent factor is:

np -1
Ovo = >
p
1n Zd0Ta0
Zs OTs 0
G = 0750 9
vo InRc ®
Normalized polytropic head is:
Hp,r = Hp.r.O (10)

Normalized compressor ratio is:

1

o Ov.0
Re, =| —% __H 0+1J YO an
' [Zs.o Ry Tyo ™

Under specified Re, m,, Pyo, and GCq equa-

tions (7) — (9) have 3 unknowns: H, ¢, T4, Gvo.
So this is a close — loop control of equation system.

To put (9) in the (8), and (8) — in the (7), it is just
one equation with one unknown 6,(Tqy).

To designate (9) as o, (Tao), (7) can be rewrite

as:
[i(GCPq.0-Ta0) ~is0)]Mp =

— ZS.OROTS.O (RCGV.O(Td.O) _1) ’
ov.0(Ta.0)

(12)

where is = i(GCp, ps0- Ts0)5 g0 = (GCo, Pgo» Tao)
— gas mix enthalpy in suction and discharge accordingly
at the base condition; Zsy = Z(GCy, pso, Ts0); Zao =
Z(GCy, pao, Tao) — gas mix compressibility in suction
and discharge accordingly at the base condition; Ry =
R(GCy) — gas constant for the base gas mixture.

Solution of equation (12) to find Tq.

This is a nonlinear algebraic equation. To solve
it can be utilized iteration procedure (for example
Newton — Raphson method). As initial approach for
unknown variable Ty, could be used value of o, ig-
noring the gas compressibility change during com-
pression process as

k-1
Gv.0.init ZH’
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Tainit = Ts.o R®v-0init, (13)
Equation (9) to define o

Equation (8) to define polytropic head H, .
Equation (11) for reduced Rc calculation.

2.2. Generalized compressor performance
building algorithm

a) Selection of the compression performance lines
for the generalization. Point selection on the perform-
ance lines.

b) For each point:

— define value of n., Qg, Rc and Nps

— define value of g2 as:

2
Q2=| = ;
Ay ) ZGRT,

— define Rc, under describe in section 2.1 meth-

odology.

¢) Utilizing as initial data the values of n., q2,
Re, and m, for entire set of points make approxima-
tion in order mathematical

to get dependence

Rc=1(q2,n,) and n, =f(q2,nr) (for example two argu-

ments squared polynomial relationship).

3. Compressor Map Generation Under
Operational Condition Utilizing
Compressor Generalized Performance

In order to solve this problem each point of initial
performance curve (variables Qg ., Re,, n,, n. o) has to

be used for n, and Re calculation under specified n,,

current inlet condition of pg, T, and gas composition.

3.1. Calculation formulas

For algorithm formation:

H
Mp =+ = ; (14)
I(GcspdsTd)_](GCspsaTs)
Hp = Hp.r (15)
Z.RT,
H,, =M(Rc§’v —1) : (16)
cSV
1
oy Gy
c= H,+1|"; 17
[ZSRTS P J (17)
In szid.
__Oss 18
v InR, (18)

If H, =f(Qs,N), H, =H,,.

Under specifiedn, , Rc,, Mp and operational GC,
ps, T equation set (14) — (18) contains 4 unknown:
Hy, o, and Rc (variable py can be ignored because
Pq =Ps Re).

Equation set reorganization for a number of the
unknown’s reduction:

Denote Zy4 =Z(Rc,Ty) : 1(GC,py,Tq) =i(Re,Ty), and
function (18) — as o, (Rc,Ty), from (16) and (17) we
get:

Z,RT,
oy(Re, Ty)
Substitute H,, from (19) to (14) and (17):

H. =

» |:RC?V(RC’T‘1) —1] (19)

Z,RT [RCSV(RC,Td) ~ 1} _
oy(Re,Ty) ; (20)
=1 [i(Re, Ty) ~iy)]
v
R = {[RCSV(RC’TM —1} +1}GV(RC’Td> .Q@

Equation set (20), (21) contain 2 unknowns: R. and
Tq.

Equation set (20), (21) solution in order to define
Rc and Ty.

3.2. Compressor map current performance
curve formation algorithm

1. Select specified reduce compressor speeds for the
performance curves creation.

2. Specified the values of the dimensionless flow rate
q2 for curve point set selection

3. For each point of the performance curve utilizing
selected value of n, and values ofq2:

—  Under compressor generalized performance de-
fine Re; and np;
— Utilizing (5), (6), calculate value of q2 if any;
— Utilizing 3.1 define value of Rc.
4. For entire set of performance curve points of q2
and Rc, display it.
Repeat pp 3 and 4 for the rest of performance

curves
5. Utilizing 3.1 (14) define value of Mp-

4. Methodology of deviation analysis

In order to avoid an influence of the compressor
operating mode on the performance degradation the
performance deviation between current and base line
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condition are computed and analyzed instead monitored
performance itself. The deviation can be defined for a
monitored variable Y as a relative discrepancy between

a operational calculated value Y" and a baseline (refer-

BN
ence) value Yy(Um):

* g
+ Y =Yo(Um)

sy =0 22)
Yo (Um)

N
where the value Y|, is a function of a vector Up, of the

operating conditions chosen as arguments.
Deviations (22) computed for all monitored char-

-
acteristics create a deviation vector 8Y " that presents
input information for the stages of compressor degrada-

tion and performance deviation prediction.

Stage 1: Performance Maps

In [8] noted that a second order full polynomial
adequately describes a healthy condition of the analyzed
a natural gas compressor unit.

Therefore this polynomial technique selected to

- >
create the function of Yy(Um).

5. Performance Monitoring

The difference of the compressor actual operating
point performance and the expected value indicates
some degree of OEM conditions discrepancy. The oper-
ating point representing the actual compressor perform-
ance as Hp, Rc, Power and Efficiency against their
functions versus suction volumetric flow.

Based of the compressor operating point position
on the performance maps adjusting the flow rate for
more efficiency can be optimized compressor operation.
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Fig. 3. Operational performance monitoring

The historical compressor performance deviation
trends of the H,, Rc,

Power and Efficiency indicate compressor deg-
radation as function of time. CPA makes prediction
based on the performance degradation rate (dotted
lines).

There are also configurable degradation thresholds

representing the acceptable level (%) of compressor
performance degradation.

Alarms will be initiated if:

— compressor performance degradation exceeds
the acceptable level threshold;

— predicted performance degradation exceeds the
acceptable level threshold.
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Stagel: Performance Trends
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Fig. 4. Performance degradation trend

Conclusions

Compressor performance will change over time
due to fouling, mechanical deterioration from factors
such as erosion, rubbing wear resulting in increase tip
clearance, seal damage etc. That faultiness can be rec-
ognized by long — term deviation trend of compressor
characteristics against their baseline value. The trend of
performance deviation is provided.

If over defined period of time the operating
value of compressor characteristics differs from the
baseline value by a configurable margin, an alarm is
generated.

Sometimes compressor performance OEM data is
not available or compressor performance significantly
deviates from the OEM data. In both cases Performance
Test Data could substitute OEM data.

Software package is capable to build the compres-
sor model using Performance Test data instead of OEM
data for expected base line compressor performance.

Some technological processes dealing with vari-
able gas composition when gas properties periodically
change. For compressor performance calculations Soft-
ware package uses the thermodynamic gas property
calculation software for gas composition data updated
manually or coming to control system from gas ana-
lyzer.
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Penensent: n-p Texs. Hayk, npod. C.B. Enudanos, HarmonaapHblil aspokocmudeckuit yausepcutetr uMm. H.E. XKy-
KoBcKoro «XAI», XapbKoB.

IHAKET ITIPOT'PAMMHOI'O 3ABE3ITEYEHHA
JJIA MOHITOPUHI'Y TA ITPOTHO3YBAHHA
SMEHIIEHHSA TPOAYKTUBHOCTI KOMITPECOPA

A. @envowmeinn, A.Il. Masypkos

[MakeT mporpamHoOro 3a0e3rneueHHs BUSBIISE JETali MPOLECY 3HIWKEHHs NMPOAYKTUBHOCTI Kommpecopa. Ha
MiZICTaBl TaHUX, OTPUMAHMX BiJ BUPOOHUKA KOMIIpecopa abo TeCTYBaHHs MPOAYKTUBHOCTI, MpOrpaMHe 3a0e31e-
4yeHHs Oynie reHepye 0a30Bi KpUBI MPOJYKTHBHOCTI, IHBapiaHTHI 0 yMOB BCMOKTYBaHHSI KOMIIpeCcopa, IBUAKOCTI
obepraHHsl 1 ckinany razy. CTBOpeHi KpHBi IPOJYKTUBHOCTI JIHCHI TIIBKK Ui CIIpaBHOrO KomIiipecopa. [Ipomyk-
TUBHICTh KOMIIpECOpa 3MIHIOETHCS 3 TUIMHOM 4acy uepe3 3a0pyIQHEHHs, MeXaHiuHi MOMIKOKEHHS BiJl TAaKUX (ak-
TOpIB, SIK epo3isl, GPPUKLIHHUIA 3HOC, 10 BEZE IO ITiJBUILIEHHS 3a30pY, YIIKO/PKEHH YIIiIbHeHsb 1 T.A. [IporpaMue
3a0e3eueHHs IepepaxoBye XapaKTEePUCTUKY KOMIIpecopa Uisl IOTOYHOTO CTaHYy Ha BXOJi, B TOMY YHCII JUIS T10-
TOYHOT'O CKJIaJy PeajbHOro ra3dy 3 BUKOPHCTAaHHIM piBHSHb BWRS, i KOHTpoOO€ 3MiHH TPOIYKTHBHOCTI KOMII-
pecopa 1o BiIHOUIEHHIO 10 0a30B0i XapakTepuCTHKH. [10TOYHI mapaMeTpu KOMIIpecopa po3paxoBYIOTHCS B pea-
IpHOMY 4aci. OnepaTop oaepxye iHpopMalliro Mpo 3MiHKA MPOAYKTUBHOCTI KoMIipecopa. I'padik TpeHay nokasye
BiJIXMJICHHS y 4aci BiJl 0a30BUX 3HaY€Hb NMPOAYKTUBHOCTI, MOJITPOMHOro Hamopy, noiitpornuoro KKJI, moryxHo-
CTi Ta IHIIUX TapaMeTpiB.

Kunrouosi ciioBa: komripecop, 3MEHIIEHHS TPOAYKTUBHOCTI, MOTYXHicTh, moniTponauii KK/, nonitporHa po-
00Ta, CTYMiHb MiIBUIIEHHS TUCKY, MOHITOPHHT, IIPOrHO3YBAaHHSI, BiXUJICHHSI.

MHAKET IPOTPAMMHOI'O OBECITEYEHUS
JJIA MOHUTOPUHI' A 1 TPOI'HO3UPOBAHUA
CHUXEHUSA NTPOU3BOAUTEJIBHOCTHU KOMITPECCOPA

A. @envowmeinn, A.Il. Masypkos

[Maker mporpaMMHOro oOecre4eH sl BBISBIISET JAETalll CHIKEHHS TPOM3BOAUTEIILHOCTH KoMIipeccopa. Ha oc-
HOBAaHUM JAHHBIX, MOJYYEHHBIX OT IPOU3BOAUTENS KOMIIpECCOpa MM TECTUPOBAHUS NMPOU3BOAMUTENBLHOCTH, IPO-
rpaMMHOE oOecIiedyeHne TeHepupyeT 0a30Bble KPUBbIE MPOM3BOUTEILHOCTH, HHBAPUAHTHBIE K YCIOBHSAM BCachIBa-
HUSI KOMIIpeccopa, CKOPOCTH BpaIlleHHUsI U cocTaBy raza. Co3qaHHbIE KPUBBIE IPOU3BOIUTEIBHOCTH 1E€HCTBUTENBHBI
TOJIBKO JJIs1 HCIIPaBHOTO KoMIipeccopa. IIpon3BoauTeNnbHOCTE KOMIPECCOpa U3MEHSETCS ¢ TEUeHHEM BPEMEHU U3 —
3a 3arpsiI3HEHUsI, MEXaHMYECKUX TOBPEXICHUH OT TakMX (haKTOPOB Kak 3po3usl, PPUKIMOHHBINA U3HOC, B pPE3yNbTaTe
Yero MpOMCXOAUT YBEIHMUYEHUE 3a30pa, U3HOC yIUIOTHeHuH u T.71. [IporpamMHOe oOecrieueHre nepecyuThIBaeT Xa-
PaKTEepUCTUKY KOMIIpeccopa Ul TEeKYIIUX YCIOBUM Ha BXOJE, B TOM YHCIIE IS TEKYIIEro COCTaBa PeajbHOro rasa ¢
ncnonb3oBanueM ypaBHeHuil BWRS, u koHTponupyeT u3MeHeHus B IPOU3BOAUTENBHOCTH MpoIiecca KoMIpeccopa
10 OTHOIIEHHIO K 0a30BOi xapakTepucTuke. Tekyiye napaMmerpbl KOMIIPECCOPa BEIYUCIISIOTCS B pealbHOM BpeMe-
Hu. Onepatop noiydaer HHGpopManuio 00 U3MEHEHHSX MTPOM3BOAMUTEIBHOCTH Komipeccopa. ['paduk Tpenaa yka-
3BIBACT HA OTKJIOHEHHUs C TEUEHHEM BPEMEHH OT 0a30BBIX 3HAUYEHUI MPOU3BOMUTEIBHOCTH, MOJIUTPOITHOTO HATopa,
nonutponHoro KITJI, MotHOCTH U IpyTUX MapaMeTpoB.

KiioueBble ¢Jji0Ba: KOMIPECCOP, CHIDKEHUE MPOU3BOAUTENBHOCTH, MOIIHOCTh, moauTponubid KIIJI, momut-
ponHast paboTa, CTETIeHb MOBBIIICHHS AaBJICHHUS, MOHUTOPHHT, IPOTHO3UPOBAHUE, OTKIIOHEHHE.
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ro a3pokocmuyeckoro ynusepcurera uM. H.E. XKykoBckoro «XAWN», XappkoB, YkpauHa.



