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Modeling of Turbine Engine Axial-Flow Compressor
and Turbine Characteristics

Marek Orkisz* and Slawomir Stawarz’
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This paper describes the concept of modeling the turbine engine axial-flow compressor and turbine character-
istics. The conception is based on the use of two variables to the approximation of these characteristics’ curves.
It gives the possibility of modeling the whole area of their action and provides the utmost accuracy of their rep-
resentation. The conception is original because it presents changes of a compressor and turbine’s parameters of
work in the unconventional coordinate system, as suggested by the authors. The accuracy of the conception of
modeling has been tested on the exemplary characteristics of a compressor and turbine in a turbine engine. Re-
search is carried out in the following spheres: 1) evaluation of the degradation of engine components’ influence
on the turbomachinery working line, and 2) evaluation of the inefficiency of the fuel supply system’s influence on
the change of the thermodynamic cycle’s parameters in the stationary and transient states. This research will also
include a nonlinear digital model of a turbine engine, and the conception of modeling characteristics of rotating
components, and the mass accumulation in the subassemblies of the engine.

Nomenclature
m = mass flow
. = corrected mass flow, m /(®)/§
mc = mc/mREF
N = rotational speed, rpm
N. = corrected rotational speed, N/ \/©
Nc = Nc/NREF
VA = coefficient of relative stability margin
of the compressor
o = dimensionless pressure
Ne = compressor adiabatic efficiency, total-total
nr = turbine adiabatic efficiency, total-total
® = dimensionless temperature
Il = compressor total pressure ratio
e =/ egpr
I1; = turbine total pressure ratio
Iy = I/ Hyger
Subscripts
REF = reference point
sl = surge line
2 = compressor entry
4 = turbine entry

I. Introduction

N aircraft gas-turbine engine represents a complex system

where the overall engine performance and components match-
ing depends on the flight parameters, design, and operational con-
ditions. The analysis of the influence of several of these parameters
can be explored numerically, but the condition of the utmost ac-
curacy of individual components representation must be fulfilled.
However, the majority of problems in developing an adequate gas-
turbinesimulationmodel are related to inaccuraciesin the prediction
of the component characteristics, particularly for the compressor
and turbine (see Figs. 1 and 2). A review of the available simu-
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lation models presented in the literature indicate that gas-turbine
simulation models usually require the following formulation of the
functional relations that exist between characteristic variables of
interest:
1ge = Hige(Noe, Tle), Ne = Nc(Nae, Te)
)]
Iy =TI7 (N, Mae), nr = Nr(Na, Ir)

Focusing attention on the modeling problems with compressor
and turbine characteristics,let us mention several potential sources
of troubles. These are as follows:

1) Determinationof the shape of characteristics(see Figs. 1 and 2).

2) The nonuniqueness problem.

3) The ill-conditioning problem, where some small changes in
the variable of one coordinate produce large changes in the other
coordinate variables.

4) The large variation encountered in the variables if the full
envelope of the compressor or turbine characteristicsis desired.

5) The differencesin the order of magnitude of variables (scaling
problem).

A review of the published papers on this subject shows that there
is still a need for a general solution that can be used to model
the compressor and turbine performance map. Dobryanskil and
Martyanova' used look-up tables to store the characteristics and
linear or Lagrangian interpolation technique to determine the val-
ues of the performance parameters for an arbitrarily selected point
on the performance map. A similar technique was also applied by
Ismail and Bhinder.? The rational functions and an ellipse approx-
imation introduced by Hormouziadis and Herbig® to describe the
speed curves and efficiency contours on a compressor performance
map also cover the various aspects of modeling the compressor
characteristics.To obtain improved model outputs, EI-Gammal* de-
veloped the criteria and algorithm for a compressor characteristic’s
linear model. This method allows one to objectively choose the most
adequate model according to known performance data. Recent im-
provements in compressor and turbine map representations, by the
use of analytical functions, have led to the use of nonlinear models.
This kind of map description presents the possibility to successfully
model maps of different design types. A method of this type has
been used by Sieros et al.?

The aim of this study is to describea conceptof modeling the com-
pressor and turbine characteristics that has been developed specif-
ically for the digital simulation of the transient-state operation of
gas-turbine engines. The main innovation is the adaptation of the
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Fig. 1 Typical compressor performance map.
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Fig. 2 Typical turbine performance map.

functions of two variables and original data rescaling. In addition,
this conceptcan be used to representeither a part or full envelope of
characteristics, without the normally encountered limits. A method
of this type has already been employed by Orkisz and Stawarz,® but
only for a compressor map. The further advancement of that mod-
eling concept for both compressor and turbine maps has also been
discussedin Ref. 7.

II. Modeling of Compressor Performance Map
The compressorperformance map, availablein a traditional plane
of reference, can be plotted by means of appropriate data rescaling
in a coordinate system of (N,, Z, 1i1,.) and (N,, Z, n¢), as shown
in Fig. 3. For the following new relations it is possible to find the
function of best approximation, without the limits as previously
introduced:
ity = titge(Noe, Z), e = Nc(Nye, Z) (2)
Before finding the analytical closed forms of relations[Eq. (2)], it
is necessary to store the compressor characteristic as tabulated data
points. The correctedmass flow ri1,,; and compressorefficiency Ticij»
with assumed values of N,.; and Z ; parameters, can be obtained by
solving the following equations numerically:

__Cl_—Z_ -1= Zj, Neij = UC(mZCij)IVgu; (3)
Maest e (ritge) Noci

Fig. 3 Graphical representation of example interrelation: a) g =
iy Ny, Z) and b) n¢ = ¢ (Ny, Z) for compressor.

where Il¢ (#1,,.) and ¢ (#y,,;) are polynomials of the best approxi-
mation of the ith speedlines(see Fig. 1). Then, assuming the form of
relations [Eq. (2)], in specific classes of functions of two variables,
e.g., in second-degree polynomials:

1’;126 =I’;12L.(N2L-, Z) = AO + AINZL‘ + A2N22L, + A3N2L.Z
+ Ay Z + AsZ?
e =nc(Nae, Z) = By + BNy + 32]\7226 + B3N Z

+ ByZ + BsZ? 4)

the coefficients A; and B; of the fitting functions can be determined
using a least-squares method. Additionally, the surge line should be
expressedas a functionof correctedrotationalspeedin the following
form:

Higest = Mo a(Noo), e g = Heg(Nye) (5)
Having completed the previous steps, an analytical representation
of the compressor performance is described by the algorithm in
Fig. 4. The iterative solution scheme has been tailored to gas-turbine
simulation applications so that it will converge on the solution for
the wide range of input values.

III. Modeling of Turbine Performance Map

As in the case of the compressor, a similar technique can also be
appliedto describe the behaviorof the turbine performancedata. The
turbine performance characteristics are usually plotted as shown in
Fig. 2, after several manipulations that can be presented in another
coordinate system of (sit4. X Ny, Z7, I17) and (Ny, 17, 7). The
typical trends of the new, rescaled characteristicis shown in Fig. 5.
The Z; parameter is defined as

l=1th ’/'Tz4c XN4L‘ _

Zy = — — =
(m4c XN4c)zt l_IT

(6)

where zf is the index referring to the Z; =0 line data values (see
Fig. 2).
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7y, — initial value of m,,

€ — accuracy ( given beforehand )

Output data: i,

?

Ne = nc(ﬁzc :Z)

Fig. 5 Graphical representation of example interrelation: a) 11, =

11, Gnae XNae, Z7) and b) 07 = nr Ny, I1y) for turbine.
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Fig. 6 Flow diagram for model of turbine performance map.

The following suitable fitting functions of the given relations ex-
isting between turbine variables can be found in the previously in-
troduced manner:

[Ty =My (Mae X Nae, Zr) )
nr = nr(Ny, r) ®)

Additionally, the Z; =0 line (see Fig. 2) should be expressed as a
function of corrected rotational speed in the following form:
m2c‘zt = chzt(N26)7 HC:t = HCZt(NZC) (9)
Substituting Egs. (7) and (8) into the algorithm that is particularly
designed for that purpose, we can finally establish an analytical
description of the turbine performance map. Figure 6 shows the
logic of an iteration solution sequence. If the experimental value e
is greater than 1, then the iterative process is convergent.
It should be noted that Eq. (7) cannot cover the choked region
of turbine characteristicsbecause the mass flow through the turbine

operating at a choked condition is a function of minimum cross
sections of turbine and exhaust nozzles.

IV. Results

To analyze the predictability of component behavior by us-
ing the described modeling methodology, various compressor and
turbine characteristicshave been considered. For all of the test cases,
the satisfactory level of characteristics’ prediction is guaranteed
by the functions of best approximation in the form of second- or
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Fig. 7 Original (®) and the corresponding predicted () corrected
mass flow and compressor efficiency.
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Fig. 8 Original (®) and the corresponding predicted () turbine ex-
pansion ratio.
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Fig. 9 Original (®) and the corresponding predicted (®) turbine effi-
ciency.

third-degree polynomials, where the optimum form of these func-
tions is obtained through the trial-and-error process. The relative
error was between 1.0 and 2.0%.

In the case of the compressor characteristics, the comparison of
the predicted data points with the correspondingoriginal points for
one of the examined compressors results in a maximum error of
<1.5% for corrected mass flow and efficiency. Figure 7 illustrates
the original and predicted corrected mass flow and efficiency values
of this map.

For the examined turbine map, the predicteddata pointscompared
with the correspondingoriginal points give the maximumerror <2%
for the expansionratio and efficiency. Figure 8 illustratesthe original
and predictedexpansionratio, whereas Fig. 9 shows the originaland
predicted efficiency values of this characteristic.

V. Conclusions

1) This paper describes a concept that has been used to model
compressor and turbine performance maps.

2) The proposed modeling technique has been used for model-
ing a variety of compressor and turbine maps, and it is possible
to find the functions of two variables that accurately represents a
component map.

3) The presentedmodeling methodologyiseasy to use andenables
one to model either a part or the entire area of characteristics.

4) The computationalresults have shown that the presented algo-
rithmis capable of modeling various compressorand turbine charac-
teristics, with a high degree of agreement between these results and
the experimental data. Thus, it is useful for a complex simulation of
the transient state operation of gas-turbine engines.
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