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running time. Such a deterioration is related to many
phenomena and factors. Tip blade erosion produces
clearance variations. Clearance influences stage volumetric
flow quantities. Changes in the vane and blade profiles lead
to variations of the stream angles. Such profile variations
result from the deposition of particles contained in the air
stream, erosion and foreign object ingestion. Also particles
detached from stationary and rotating parts produce blades
and vanes shape variations. Profiles are related to lift and
drag forces thus stage loading and efficiency are directly
influenced.

Various Authors have analyzed the problem of map
changes due to deterioration of some compressor
parameters.

Lakshminarayana (1970), used a potential flow model,
and established a formula for the prediction of stage
efficiency loss with tip clearance. Also Mashimo et. al.
(1979), and Bettner and Elrod (1983) performed related
investigations. Senoo and Ishida (1981, 1986, and 1987)
investigated the influence of tip clearance. They performed
theoretical and experimental investigations in order to
establish empirical relationships for the efficiency drop.

More recently Batcho et. al. (1987), Muir et. al.
(1989) , Aker and Saravanamuttoo (1989) and Tabakoff et.
al. (1990) have carried out investigations on the
compressor performance deterioration. Stage stacking
technique (Stone, 1958, Doyle and Dixon, 1962, Robin
and Dugan, 1965) has been used by these Authors to
model the compressor map.

Batcho et. al. and Tabakoff et. al. analyzed blade
erosion influence on compressor performance. Effects of

tip clearance, leading edge, and camberline modifications
were studied. They modelled deteriorate stage characteristics
and applied the stage stacking technique to obtain the
degradated map.

Muir et. al. introduced the concept of searching
reference values from operating points by the use of the
stage stacking technique. The generalized efficiency curve
by Howell and Bonham, (1950) and the generalized
pressure coefficient curve by themselves were used. This
method has been applied to produce a gas turbine health
monitoring system.

Aker and Saravanamuttoo used the stage fouling
concept to predict the fouled compressor map. They
introduced a linear progressive fouling model, with fouling
decreasing from front to rear stages.

Stamatis et. al. (1990) used efficiency and mass flow
global scaling coefficients to predict deteriorated
compressor maps. Mathioudakis and Stamatis (1992) used
stage pressure coefficient differences and stage efficiency
differences for finding the actual stage characteristics.
Stage stacking technique was used to model the various
matching stages. Both above calculations were performed
by using model error quantities and differences among
calculated and measured variables to evaluate scaling
coefficients and differences.

In this paper a method based on a special curves scaling
technique is used to describe the actual deteriorated
compressor behavior. Reference quantities are obtained by
the inverse solution of stage stacking technique equations.
Maps are obtained by direct solution.

NOMENCLATURE -continue
efficiency

generalized efficiency
Lagrange multiplier vector

reduced rotational speed (v = (n /ﬁ))

reduced mass flow (p = [(m V;)/n])
actual and reference temperature ratio
actual and reference pressure ratio
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BACKGROUND

During compressor operations some real phenomena
lead to deteriorated performance from the new compressor
state to the actual one. Above phenomena are really
complex to describe and occur over time. However they
influence global performance quantities so it is possible
to recognize their global actions. Generally speaking it is
possible to say that some deterioration performance actions
mostly have volumetric effects, others produce loading
effects. The former are essentially connected with clearance
and sealing systems. Various reasons (i.e. cooling of
turbine blades and disks in GT engines) require compressed
air mass flow extractions causing volumetric effects also.
The latter are connected with the ability of the blade rows
to transfer work into the fluid and of the vane rows to
recover pressure from kinetic energy of the stream. In the
same time dissipation actions have a greater influences
than in new compressors, thus efficiency decreases too.

Modern compressors are equipped with monitoring
systems which are able to give actual quantities for the
actual operating point. From these quantities, compressor
state parameters and functions should be derived. Such
parameters and functions refer to compressor processes; i.e.
they are related to compressor thermodynamics and fluid-
dynamics. In the present paper the knowledge of new
compressor map curves is assumed. These curves could be
given by the manufacturer or obtained by suitable in situ
measurement campaign. During compressor operations the
monitoring system outputs: inlet temperature (Tyy) and
pressure (PpN), inlet mass m and extraction flows (mexj;
j=1.,..., ns), outlet temperature (ToyT) and pressure (PoyT)
and rotational speed n, corresponding to the actual
operating point are transferred to the scaling performance
curve system (see fig. 1). Then one actual efficency versus
reduced mass flow curve and one actual pressure ratio
versus reduced mass flow curve, both for the actual
corrected velocity, are obtained. These curves are used by
the inverse solution system for the calculation of actual
state parameters and functions. If these parameters and
functions are found far from those used for the calculation
of the map curves being used, there is a system which
performs actual map curve calculations by direct solution.
Then these actual map curves are used for optimum
operations and control.

COMPRESSOR MODEL
The problem solved in this paper essentially answers to
three questions:

* how actual deteriorated efficiency and pressure ratio
versus corrected mass flow curves can be obtained
for a given reduced rotational speed?

¢ how actual compressor state can be represented?

o how actual map curves can be obtained?

MONITORING SYSTEM

ACTUAL DETERIORATED
CURVES FROM THE
OPERATING POINT D

nD(m,T inPin M
Bo(MTin Pin m

COMPRESSOR

SST INVERSE SOLUTION
TO GET
STATE PARAMETERS
AND FUNCTIONS

OPTIMUM
OPERATION
CONTROL
SYSTEM

SST DIRECT SOLUTION
TO GET DETERIORATED
MAP CURVES

Fig. 1 System block diagram

To give an answer at the above questions assumptions
are:

(i) compressor map curves are known for a certain
state here called new.

(i) the compressor monitoring system furnishes
measured quantities sufficient for state calculation
at certain instants during compressor operations.

Moreover geometric quantities, such as inlet angles and
vane and blade spans and other necessary quantities having
minor importance in the problem have to be known.
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Fig . 2 Efficiency and pressure ratio versus reduced mass
flow for constant reduced rotational speed.

Actual curves

Causes discussed in the previous chapter influencing
compressor performance deterioration play roles with
different weights for different cases. Compressor type of
course, its mechanical details, blade loadings, and so on,
have strong influence on performance deterioration.

Also the location where compressor is installed
assumes importance in relation with the local fluid-
dynamic situation and substances in the gas being
compressed. Thus it is reasonable to state that only
empirical rules can be used to scale deteriorated curves.
The new compressor curves T = n*(u,v) and
B=B*(u,v) and actual operating point D (fig. 2) being
known.

The method discussed in this section of the paper
concerns with the possibility of giving an estimate of the
actual curves representing pressure ratio and efficiency
versus reduced mass flow for constant reduced velocity.
The method is based on the concept that various
deterioration cause contributions lead to a decrease of
reduced mass at constant pressure ratio as well as a

Fig. 3 Calculation domain

decrease of pressure ratio for a given reduced mass flow.
Thus once the actual operating point (D on fig. 2) is
known it is possible to determine two boundary curves.
The curve CDB is obtained by scaling pressure ratio with
the rule:

BDB(.V) = B*(u.v) kp (1)

kp being the ratio BD/BL where BL is the pressure ratio
corresponding on the new curve B*(up,vp) (see fig. 2).
The other curve Cpy, is obtained by scaling reduced mass
flows following the rule:

upp(Bv) = w*BV) -ky VB -1 (2)

where p*(B,v) is the reduced mass flow corresponding to
new constant speed curve B*(u,v)and

kp=(UN- UD) /¥ Bp - 1 . KN being the value of
reduced mass flow at Bp on the new curve (see fig. 2).
Two auxiliary variables u and v are used in the
computational domain (fig. 3) :

u=0 for points Pe Cpp
u=1 for points Pe Cppy
ad
v=-0.5 for points Pe AB
v=0. for point D=Cpg "Cpy,
v=0.5 for points Pe KC
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Fig. 4 Generalized stage pressure coefficient curves

Any curve fc(u,v)=0 represents a possible scaled
Fgs(B,u.v) curve. The shape of such a function should be
empirically established by appropriate experiments.

For machines with efficiencies approaching one it is
quite easy to demonstrate under weak assumptions that a
scaling coefficient can be adopted, to get the actual
efficiency curve (Cerri, 1989; Bollettini et. al. 1991;
Caffarelli et. al.,1991). This coefficient leads to a
proportional decrease of the actual efficiency curve in
respect to the new one. Uncertainties introduced by this
assumption usually can be accepted owing to the low
variation rates. Moreover iterative procedures can be
activated to recover such an approximation.

The new compressor efficiency curve is shifted and

stretched over the actual Fﬁs(n,u,v) to obtain a new
equivalent curve. On such a curve (fig.2) the efficiency

nl*) corresponding to point D is used together with the

actual D point efficiency n% to obtain the scaling
coefficient fys = ‘q%/ nl*)- Thus the new equivalent
efficiency curve is scaled in all its reduced mass flow range

into the actual efficiency curve F%s(n,u,v).

Actual mpr T Nng ma urv

The procedure to obtain the actual compressor map
giving the relationships among pressure ratio, reduced

Z o6 |
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Fig. 5 Generalized stage temperature coefficient curves

mass flow, and reduced velocity Fﬁ([},u,v) and efficiency,

reduced mass flow and reduced velocity F%('q H,V) is

described here. These two functions are bounded by the
surge line SL and choke line CL.

The compressor map is described by the stage stacking
technique. It consists in the solution of a problem
regarding the matching among various stages whose
characteristic curves should be measured with all stages
coupled together.

Since such curves usually are not available, the
problem has been overcome by using generalized curves.
One curve (fig. 4) gives generalized pressure coefficient

W=wy/yT versus generalized flow coefficient ®=¢/¢pT
(Muir et. al., 1989). Another curve gives the relationship

between generalized efficiency H=n/nTI versus Z/®, i.e.

the ratio between generalized temperature rise Z={/{I and
generalized flow coefficient (Howell and Bonham, 1950).
This curve has been used in this paper transformed as Z
versus @ ( fig. 5). Muir et. al. assumed that such
generalized curves were the same for each compressor
stage.

Fig. 4 shows a plot of ¥ versus ® for some available
data source. This figure shows that data are spread around
the Muir et. al. curve. It is reasonable the assumption
that generalized curves are not unique for all type of
compressor stage but they exist in certain domain of
definition. In order to translate the real phenomena into
stage generalized curves, a modification in respect to Muir
et. al. has been introduced. Different generalized curves for
cach stage have been considered, these curves have been
defined inside a domain (see fig. 4) where experimental
data show their existence. This has been realized by
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introducing shape factors SFj, J=(1...., ns) which
stretch the ‘I’j(tbj) and Zj(tbj) curves changing their
®; range of definition (see figs. 4 and 5):

®j = dM HDPM-1)SF; (G=1,...., ns) (3)

where @) is the abscissa of Muir and Howell curves and
SFj ranging inside suitable intervals. These shape factors
would account for phenomena that are included into the
real characteristic curves and lead to peculiar shapes of the
generalized curves ‘-I’j(d>j) and Zj((bj). The values of
SFj are searched by minimizing the distance between the
calculated data and given point data used as input. So each
stage pressure and efficiency characteristic is defined by

r r r r
three reference values ¢j Vi Cj (or Mj ) and SFJ'
shape factor.

Stage stacking technique determines the overall
multistage  compressor performance by adding
cumulatively the specific work of the various stages.

The following relationships can be established
for each j-th stage:

¢ Stage real temperature rise
2

. U
ATr,J=—-l—J-CD’j (=1,.... ,ns) (4)

A

with cp,j is evaluated at the inlet stage temperature
Tj,jn and ns represents the number of stages.

¢ QOutlet stage temperature
Tj,out=Tj,in + ATy j (5)
where T1 in=TIN and Tpsout=TOUT respectively
inlet and outlet compressor temperature. Of course

Tj,out=Tj+1,in.

¢ Stage pressure ratio

) pd
. ReC. xR
Bj:PJ'ou" =( X]UJ + 1 (6)
Piin  \CpjTjin
e Stage isentropic temperature rise
2
ATS J = _“_’JE.L 7
Tl (7)

e Stage efficiency

i =£ﬂ=i’i

¢ Overall efficiency

ns
S .
zjfl °p.ATs.

Mc=

(9)
(¢p.IN*+¢p,0UT){TOUT-TIN)

S . . o
where AT j is the isentropic j- th stage temperature
rise along the isentropic compression line for the
compressor inlet state point:

cEl
’U'2 S’,
AT =T YN e o1l o)
S,J Jvl Cpi

CS,J is calculated atT_gi,in of course Tsl,in=T1N_

The following other equations are also needed:

¢ mass flow through the j-th stage

Pjin 4 .11:4.
mj= A=A U0

11
mtj,in ( )
® mass conservation
mj+] = Mj - Mex,j (12)

Mex,j being the extracted mass flow downstream j-th
stage.

o generalized stage characteristics:

 head coefficient (Fig. 4)

Fylvjv).0;.0].8Fj)=0  (13)

220z ¥snbny g0 uo 3senb Aq ypd-99¢-16-£6-220B L LIOEONZL0Y0¥Z/LZ0V L L LOEON/L268./£661 1D/4pd-sbuipesooid/] ©/6.10 awse uoios|oo|eybipawse//:dpy woy papeojumoq




- .

¢ Temperature rise

Howell and Bonham (1950), give the efficiency
versus the ratio ( _C_ /i ):

CI‘ ¢r
N -F (L‘lr_ (14)
nr n Cr ¢

r

taking into consideration that: -V -c—-,
nr oyl ¢

and combining eq.s 13,and 14, it is possible to get:

Fg¢i.L}.0i.0].5Fj)=0 (15)

Eq. 15 has been solved by successive substitution
method to get generalized efficiency versus
generalized flow coefficient fig. S.

* Surge (SL) and choke (CL) curves.

Surge and choke curves are obtained by assigning
suitable conditions for the pressure coefficient of each
stage. When rotational speed is greater than 80% of its
reference value, the SL points are defined when one of
the stages reaches the stall condition (i.e. the point at
which the slope of y becomes zero). Otherwise stall
points are found by the fifth stage condition. CL points
are defined when one of the stages reach the zero value
for pressure coefficient according to Doyle and Dixon
(1962).

SOLUTION METHOD

kin hni inver lution
The complete compressor map search coincides with

r r r
the calculation of the reference values ¢j ,‘VJ' s Cj (or

Tl} } and SFj for j=(1,..., ns) with the condition that
only a curve at constant reduced rotational speed being

available. Such quantities have to be used with the

generalized stage coefficient functions, eq.13 and 15, to get

pressure coefficient and efficiency curves for each stage.
Any operating point "k" over a given reduced constant

rotational speed curve vg, leads to three quantities:

pressure ratio B?(, reduced mass flow p,?(, and efficiency

ng-

0
By the inlet temperature Ty k, Bk, and ug the exit

temperature T(())UT k can be evaluated. Equations 3 to 15
contain, among the unknown variables, the reference

quantities and the shape factors ¢; ,W} , C;" (or T\} )

and SFj for j=(1,..., ns). Suitably choosing an
appropriate number NO of operating points, the above
quantities can be found by solving the corresponding
equations.

Since equation set 3-15 includes strongly non linerar
equations, the solution method is based on the formulation
of a objective function Fgp containing the system
unbalance UN (Cerri 1991) and the distance function DF:

Fob=UN+DF (16)
with:
N, —
DF:.ZI(]PC"GHZJ (17)
J:

where l PCPGI is the segment length between calculated
points PC and points PG on the given curve for the same
abscissa (1).

The vector of the decision variables is made up of the
clement of the 4+ns matrix MRYV:

{MRV | {¢§,w§,c},sa j=(1,....ns) (18)

So the decision variable vector X contain 4xns elements.

Input data are inlet and outlet pressures and
temperatures, inlet mass flow and rotational speed as well
as the vector of extracted flows for any operating point
over the known curve.
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The method of solution is based on a constrained
minimization problem:

scach X which minimize Fgp (19)

with equality constraints representing the equations:
gn(x) =0 n = (1,..., me) (20)

and inequality constraints representing the conditions:
hj(x) 20 j=(Q,.., mi) (21)

The solution is searched by using the Penalty function

P(x,r) = Fob+rlvTv (22)
and Lagrange function
L(xA) = Fop + ATv (23)

v is the vector of active constraints, r is the penalty
parameter, and A is the set of Lagrange multipliers related
to the constraints. The parameter r must be positive;
when it tends to zero the minimum of P(X,r) tends to
the minimum of Fgp. The minimum of L(x,A) coincides
with the minimum of Fgp too. Combining these two
above equations it is possible to move the tentative
solution along the locus of the minima of P(x,r) until
the minimum of Fg} is achieved. A recursive quadratic
programming procedure is adopted.

When the minimum of Fgp is obtained the unbalance
UN vanishes. The compressor model solution starts with
an initial guess x: the unbalance UN and the distance
function DF can be calculated, then step towards the
minimum of Fgp is performed. The process repeats until
convergence. Details of the implemented method can be
found in Cerri(1991).

Direct stage stacking technique solution

The direct solution is straight forward. Reference

quantities ¢} ,\V} , Cj (or n_ri ) and the shape factors
SFj for j=(1,..., ns) are known thus stage characteristics
are also known. Entering the problem with T[N, PIN,
m, { Mex j :j =(1,..., ns-1)} and n, the characteristic
map curves can be evaluated.

TABLE 1. COMPRESSOR DATA

STAGE ANNULUS AREA MEAN RADIUS

(cm?) (cm)
1 1010.5 19.2
2 903.9 19.7
3 805.9 20.2
4 716.5 20.6
5 635.5 21.0
6 563.1 213
7 499.2 21.1
8 4438 20.9
9 396.9 20.7
10 358.6 20.6
11 328.7 20.5
12 307.4 20.3
EXIT 2946 20.3

RESULTS

The method previously discussed has been applied to a
compressor with both vanes and IGV fixed. A 12 stage
compressor Ruston TB whose data have been deduced from
Carchedi and Wood (1982) has been considered. Assumed
geometrical data are given in Table 1.

Fig. 6 shows the comparison between given and
predicted TB Ruston compressor characteristics with the
assumption that generalized curves are the same for each
stage, and with SFj=0 j=(1,..., ns). Fig. 7 shows the
comparison between given and predicted compressor
characteristic curves when generalized curve shape factors
SFj j=(1,...,ns) have been obtained by minimizing the
distance function DF. Comparison between figs. 6 and 7
shows the ability of SFj 1o represent real characteristic
curves by including in its value the effects of real
phenemena.

Fig. 8 shows convergence history for the system
unbalance UN, the distance function DF here given as
fraction of the input value, and the objective function
Fob. It refers to new curve calculations of fig. 7 for
100% velocities. It can be pointed out that after 8 steps the
unbalance rapidly diminishes and after 20 steps its
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Fig.6 Comparison between given (Carchedi and Wood,
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magnitude is some 10-3. The distance function DF reduces
and after 8 steps practically remains constant, the same is
true of the Fgph behavior. This means that the greater
number of the calculation steps is required to reduce the
system unbalance.

Moreover fig. 7 shows the deteriorated map when an
operating point D is measured. It has been artificially put
far from the new curves corresponding to 100% velocity.

The estimated curves FES and F?] s have been obtained by
assuming the scaling function f=0.5.
Figs. 9, 10, 11, and 12 show stage by stage shape

factors SFJ‘, reference quantities <1>JF ,\ermd

r
Cj respectively. They have been calculated for new and

deteriorated compressor. Shape factors show some
differences from stage to stage (fig. 9), hence the
generalized characteristic shapes, that betier represent each
compressor stage are different. Comparison between shape
factors of new compressor and deteriorated compressor

shows negligeable differences. Quantities <1>J¥ (fig.10)

show small variations between new and deteriorated
compressor. This means that new and deteriorated
compressor ¢ domains of definition for ¥ and Cj curves
have only slight changes. Finally, figs. 11 and 12 show
the influence of deterioration performance causes on
loading and efficiency of each stage.

Inter-stage extraction mass flows are usually applied for
various reasons (turbine blade cooling, blow off, ect.).
Mass flow variations along the compressor involve
delivery pressure changes. Such changes are related to
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different matching conditions among compressor stages.
Fig. 13 shows the comparison among the fig. 7 predicted
map and two maps corresponding to 10% and 20%
extracted mass flows at the 8-th stage.

Fig 14 shows the effects produced by simultaneous 5%
and 10% extraction mass flows at the 4-th and 8-th stages.
Each percentage refers to compressor inlet mass flow.

CONCLUSIONS

A method for the calculation of the characteristic map
curves of a compressor is presented.

The method uses input data from one pressure ratio
mass flow curve and one efficiency curve both for the same
velocity.

Stage shape factors for generalized pressure and
efficiency curves have been introduced to get the best
fitting between calculated and given data.

A compressor deteriorated performance representation
has been introduced also, it uses a deteriorated curve
obtainable from an operating point measured data. A
suitable scaling function has been introduced.

Results are encouraging and further studies expecially
on the influence of input data distribution, and on the
choice of the reference velocity are suggested. In order to
properly describe the empirical scaling function f¢ for any
compressor experimental and theoretical investigations are
need.
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