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Abstract: The article deals with issues related to the use of parametric information of the transient-state gas turbine engines (GTE)
operation conditions for diagnosing their technical condition during the operation. A review of general approaches to computational
algorithms for the recognition and classification of the condition applicable to aircraft GTE has been carried out. The significance of
analytical models in modern algorithms for assessing the technical GTE condition is emphasized. The construction of a linearized
mathematical model for the transient-state condition of the generalized-scheme aircraft GTE operation has been considered. It
represents a system of equations analytically combining the relative parameter divergences measured during the engine operation
with the relative divergences of unmeasured thermogasdynamic parameters and geometric gas-air flow duct parameters allowing
for the technical condition of gas-air channel elements to be classified. A method for constructing mathematical and diagnostic
engine models, using the transient response data, has been formulated. The capability of employing a method of insignificant
divergences, used to build linear (linearized) mathematical and diagnostic GTE models for the steady-state conditions of its
operation, has been demonstrated as well. It is shown that, despite the structural similarity of linear models of the steady and
transient-state processes, diagnostics by means of the stated above processes is based on completely different principles — under the
steady-state condition, the classification of a technical condition is determined by the variation in the value of the group of
controlled responses, and under the transient-state condition, this operation is based on correlating the change in the transient-state
behavior. To ensure the versatility of employing proposed methods regarding various GTE designs installed on modern civil
aircraft, a generalized-design aircraft GTE model — a three-shaft bypass turbojet engine with mixing flows in a common jet nozzle,
has been considered.
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HpnMeHeHne MeETOoda MaJiIbIX OTKJIOHEeHUH A THATHOCTUPOBAHUSA
TEXHUYIECKOI'O COCTOSIHUA aBUAIIMOHHOI'O FaBOTypﬁl/IHHOFO ABUIaTeJIdA
Ha NEPEXOAHBbIX PCKUMAX €10 paﬁoTbI

0.0. MamoumHI, n.rI. Xapmau1

1 . . . .
Mockosckuil 20cy0apcmeenHvlli mexHUYecKull YHugepcumem epadcoanckol asuayuil,
2. Mockesa, Poccus

AHHOTanmsi: B cTaThe paccMOTpEHBI BOIPOCHI, CBSI3aHHBIE C HCIIOJIB30BAHUEM IApaMeTpUUecKoi WH()OPMALMH TTEPEXOIHBIX
pexUMOB paboThl Ta30TypOMHHBIX aBurateneit (I'TJ) And MUArHOCTHUPOBAHHUA WX TEXHHYECKOTO COCTOSIHHS B IIpOIECCe
akcrutyataumu. [IpoBeneH 0030p OOLIMX TMOAXOJOB K BBIYHCIMTEIBHBIM AITOPUTMaM DAcO3HABaHHMs M KIIACCHU(DUKAIK
COCTOSIHMUM TipuMeHUTeNbHO K aBvaimoHHbIM ['TJI. TlokazaHO MeCTO aHaIMTUYECKHMX MOJEIEed B COBPEMEHHBIX alrOpUTMax
OIIEHKA TEXHUYeCKOro coctostHusi aBualiMoHHbIX ['T/I. PaccmoTpeHo mocTtpoeHue JMHEapru30BaHHOW MaTEeMAaTHUECKOW MOJEIH
MEPEXOTHOr0 pexknma paboThl aBHaroHHOro I'TJ] 000O0IICHHOM CXeMbl — CHCTEMbI YPABHCHHI, aHATUTHUCCKH CBSI3BIBAIOIIIX
OTHOCHTEIIbHBIE OTKJIOHEHHUsI MapaMeTpoB, W3MEPsieMbIX B TIpoLiecce padOThl JIBUIaress, ¢ OTHOCHUTENIbHBIMU OTKIOHEHUSIMH
HEeU3MepAeMbIX TePMOTa30AMHAMUYECKUX MapaMeTPOB M T€OMETPUUECKUX MapaMeTpoB Ta30BO3IYIIHOIO TPAKTA, MO3BOJISIOIINX
KJIacCH(HIMPOBATh TEXHMYECKOE COCTOSHUE IEMEHTOB IIPOTOYHON YacTH ra30TypOuHHOro asuraresst. ChopMynmpoBaH METO/
MOCTPOEHUSI MAaTeMaTU4eCKOM M JMArHOCTUYECKOM MOJeNed [BHUraTellsi C HCHOJIB30BAHMEM XapaKTEPUCTHK IEPEXOIHOTO
Ipolecca, a TaKXKe IO0Ka3aHa BO3MOXKHOCTh HPUMEHEHUS METOAa MAaJlbIX OTKJIOHEHUM, HCIONB3YeMOro ISl MOCTPOSHUS
JMMHEWHBIX (JIMHEeapH30BaHHBIX) MAaTEMATHUYECKUX M THarHoCTHYecKux Moxenedt ['T/] amst cTalrioHapHBIX pEKIMOB €ro padOTHL
[oka3aHo, 4TO, HECMOTpPS Ha CTPYKTYpPHOE CXOJNCTBO JIMHEHHBIX MOZENECH YCTAaHOBHBIIETOCS W MEPEXOJHOTO IIPOIIECCOB,
JIMaTHOCTHPOBAHME C WX TOMOIIBI0 Oa3upyercss Ha COBEPIICHHO pa3HBIX MPUHIMIIAX — HA YCTAHOBUBIIEMCS DPEXKHME
KIIacCU(UKAIMS TEXHUYECKOTO COCTOSHUS OIPENeIIeTCs 0 M3MEHEHUIO BEJIMYHMHBI TPYIITBI KOHTPOJIMPYEMBIX OTKIMKOB, a Ha
MEPEXOJHOM PEXHFME 3Ta OIepaliii OCHOBBIBACTCS HA COIOCTABJICHHM WM3MEHEHHS XapaKTepa MPOTEKaHHS IEPexXOIHOTO
nporiecca. Jlms obecrieyeHuss YHHUBEPCATBHOCTH TPUMEHEHHS MPEUIOKEHHBIX METONOB K pasmmuHbiM cxemam [T]],
YCTaHaBJIMBAaE€MbIX Ha COBPEMEHHBIX CaMOJIETaX TPaKIAHCKOM aBHUALMM, DPAcCMOTPEHAa MOJeNb OOOOIIEHHOW CXEMBI
ABHALIIOHHOTO Ta30TypOMHHOIO JBUraTeNsi — TPEXBAJILHOIO JBYXKOHTYPHOTO TYpOOPEAaKTHBHOI'O JBUTATENsi CO CMEIICHHEM
MOTOKOB B O0IIIEM PEaKTUBHOM COILIE.

KiioueBnie cioBa: NCpEXOAHBIC PEXKHUMbI, AWArHOCTUPOBAHUEC, AHAJIUTUYCCKUEC MOJCIIU, aBUAIIMOHHBIC FaSOTyp6I/IHHBIe
JBUTaTCIIN, Knaccmbmcaum{ COCTOSTHHIA.

Jns uurupoBanusi: Mamonme O.D., Xapmarn W.I. TlpuveHeHHe MeToqa MallBIX OTKIOHSHWH U1 JUATHOCTHPOBAHHS
TEXHAYECKOTO COCTOSHHS aBHAIIMOHHOTO Ta30TYPOUHHOTO ABUTATENs Ha TIEPEXOAHBIX peXXnMax ero padbots // Hayunsrit Bectank
MI'TY T'A.2023.T. 26, Ne 5. C. 81-95. DOI: 10.26467/2079-0619-2023-26-5-81-95

Introduction For example, pressure, temperature, pressure-
to-temperature ratio, flow velocity, oil and fuel
consumption, flow areas of air-gas channel sec-
tions, thrust as well as the rotor speed are referred
to the thermogasdynamic GTE parameters.

Time series of monitored parameters are used
in various methods of the object (image) condi-
tion identification based on the mathematical
object behavior description: analytical methods,
statistical methods (including Bayesian hierar-
chical modeling [1, 2]), modeling methods based
on the similarity (SBM) [3], machine learning
methods (ML, Deep ML) [4-8], etc. Diagnosing

With the increase in the operating time, the
engine performance varies not merely under
steady but also under the transient-state condi-
tions of its operation. As the practice shows, a
dynamic-response factor possesses high sensi-
tivity to the varying of basic condition (fac-
tors) parameters of an object under study.
Since up-to-date facilities to measure parame-
ters allow for monitored parameters to be rec-
orded multiple times within a short span of

time and for the dynamics of their variation to S ) )
be assessed, this makes it possible to utilize the technical GTE condition, using the methods

them to diagnose and predict the technical air- of mathematical modeling, lies in the solution
craft GTE condition. to the problem of recognizing the EGT image
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(condition) (classification), i.e., selecting a sin-
gle variant of condition in the hierarchy (tree)
of pre-determined possible GTE conditions. In
many cases, a solution to the classification
problem is supplemented by the calculation of
the selected condition probability [9] and the
limited parameter set, characterizing an ulti-
mate limit state (for example, residual RUL life
or synthetic divergence parameters from an ob-
ject state classified as “normal”).

In terms of calculations, the classification
problem can be rationally solved based on:

e one-stage calculation — a result (the most
probable object state) is defined during a sin-
gle calculation cycle;

e two-stage calculation — the binary classifica-
tion (the normal/abnormal state) is carried out
in the first phase. In the second phase, the
search for the most probable condition in the
tree of abnormal states is executed provided
that the result of the first calculation phase
equals “the abnormal state”;

¢ iterative calculation — the selection of a subset
for variants of a solution, derived in the
branch of the classification tree from the result
of (i — 1)™ calculation phase is the result of i-
th calculation phase. Iterations are completed
while reaching the tree “leaf” or null decisions
(for example, statistically imperceptible values
for the probabilities of decisive subsets).

In modern GTE diagnosis algorithms, two-
stage or iterative calculations are generally ap-
plied which allow for various mathematical
models of an object, including analytical models,
to be used at different stages of calculation.

The analytical GTE models are built on the
functional dependencies of thermogasdynamic
parameters derived from theoretical explorations
[10, 11] and practical research of the thermody-
namics and heat transfer processes. In the con-
text of diagnostics terms, monitored parameters
are attributed to signs, but parameters, classify-
ing the GTE condition, are attributed to factors.
Thus, thrust R, fuel consumption G, turbine
inlet temperature 7% or turbine exhaust tem-
perature 7*; parameters of the working sub-
stance along a duct as well as some parameters
of fuel and oil systems can be referred to the
engine condition signs. Burnouts of turbine air-
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foils, flame tube of combustions, deformation
of the flow section elements, etc. can serve as
the examples of possible conditions.

The solution (classification of a state) is car-
ried out by critical divergences of thermo-
gasdynamic parameters. For example, the varia-
tion of turbine exhaust temperature is compared
with a reference model. The reference model is
built according to technical engine data. Tem-
perature is monitored at a takeoff mode to
which the reference turbine exhaust temperature
complies with. In some cases, temperature 77 as
well as parameters 7y and Py are used to calcu-
late engine thrust, and it is compared with the
thrust which should be generated under the
conditions.

Specific capabilities are embedded in the di-
agnostic parameter “fuel consumption”. The ex-
perience shows that the damage to the GTE air-
gas channel increases fuel consumption by
120...150 kg/h with the simultaneous variation
of other thermodynamic parameters. Fuel con-
sumption performance is well indicative of the
technical condition of combustion chambers and
turbine nozzles. However, to be based on the
experience, the precise metering of consumption
is hindered by errors of flow meters resulted
from the necessity to take into consideration
kerosine-based aviation fuel density at various
temperatures.

Under certain conditions, GTE condition di-
agnostics can be also carried out by the pressure
upstream the nozzles p,, but, in this case, meas-
urement errors can be critical.

In order to ensure a reliable GTE condition
classification by means of analytical models
based on the results of gauged thermogasdynamic
parameters, it is feasible to conduct the primary
processing of time series. In addition to the stand-
ard processing (deleting bad-values, smoothing,
recovery of missing values, etc.), parameter val-
ues should be brought to standard conditions and
deterministic engine operation modes.

The results of research in the domain of GTE
diagnostics by thermogasdynamic parameters
allowed us to specify that the most sensitive and
informational factor of the engine air-gas chan-
nel condition is adiabatic turbine efficiency #r.
Obviously, it is impractical to measure #7. How-
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ever, it can be expressed by rotor speed, extent
of pressure ratio zx and turbine inlet temperature
Tr. This dependence will be empirical and spe-
cific referring to a particular engine.

A known dynamic analytical engine model is
also proposed to diagnose. In this case, average
integral values of monitored parameters over a
definite span of time of load run-up and reset are
used as a response.

Methods of the GTE performance calculation
under the transient-state (not steady) conditions
are considered in many theoretical explorations,
applied research [12—15] and others. In this re-
spect, investigations of the dynamic diagnostic
GTE gas turbine model are given in [16].

Goal and objectives of research

The goal is the theoretical substantiation and
investigation of capabilities for the use of ther-
mogasdynamic parameters of the GTE operation
recorded under some transient-state condition of
its operation for the efficient technical diagnostics
of major gas generator assemblies. Obtained
models (besides compulsory requirements im-
posed towards similar models) must be simple, as
far as feasible, to allow for a great array of moni-
tored data to be efficiently processed for the pur-
pose of obtaining practically significant results.

The goals of research were as follows:

e an assessment of a principal capability to ap-
ply, for the transient-steady GTE condition,
approaches and models used for the steady-
state conditions;

e a construction of a linearized mathematical
model of the transient GTE operation condi-
tion for the subsequent assessment of its tech-
nical condition using appropriate diagnostic
models;

e an assessment of limitations and assumptions
encompassing a practical field for the applica-
tion of constructed models.

Methods and materials of research

While conducting the research, the methods
of mathematical modeling of thermogasdynamic
processes, linearization methods of second-kind
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and greater model equations, methods of statisti-
cal processing of parameter arrays and the com-
parative assessment with modeling results.

As a starting point of research, a linear (line-
arized) mathematical model (MM), determining
relationships among insignificant divergences of
engine thermogasdynamic parameters, is under
consideration. To be based on such a model, di-
agnostic GTE models are constructed, at the
same time, a problem of determining variations
of a series of parameters during the operation,
which characterize its technical condition by the
change of a specific group of its monitored pa-
rameters (factors), is solved. In order to calculate
a diagnostic model of the given type, a method
of parallel matrices, stated in [17], is employed.
As a result, its solution is classified into the
group of decisions of redundant subsystems of
equations based on the same general MM. The
derived diagnostic matrices are analyzed line by
line on the limits of errors. Equations (lines)
with high values of computed errors are exclud-
ed from the further analysis. The total calcula-
tion result represents an aggregate of parameter
divergences according to which the technical
engine condition is classified.

Insignificant divergences of argument parame-
ters, involved in forming diagnostic models, are
defined by comparing the results of their meas-
urement at various time points using the same ele-
ments of measuring chains. Thus, the diagnosis
accuracy by means of a diagnostic model is de-
fined not only by an error of measurement but their
frequency. The 1% error in the value of the relative
divergence amounts barely a small portion of error
percentage in the absolute parameter value.

The requirements concerning the scope of di-
agnosis outline the minimally required number
of diagnostic sub-models (levels) under which an
assigned degree of defect isolation will be
reached. Notably, where appropriate, a list of
structure-used sub-models of factors can be ex-
panded not only by the calculation of an original
linear MM, using additional equations, but also
by means of a logical transfer to linear diagnos-
tic models [18] not directly associated with the
original linear MM.

It should be pointed out to the fact that the
diagnostic models under consideration are poor-
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ly suited for the binary classification problems
(normal/abnormal state) but can be applied in the
two-stage or multi-stage diagnostic algorithms in
phases of investigating individual tree branches
of the condition classification.

Usage of the transient-state conditions
models, obtained for the steady-state
GTE operation conditions

While calculating the transient-state condi-
tions, it is common practice to assume a quasi-
steady state of the operation process, i.e., it is
supposed that for the mathematical description
of conditions, the most of relationships, used for
the calculation of the steady-state (design) GTE
operation condition, are applicable. Merely, the
equations of power balance for the turbine and
compressor located on the same shaft, in which,
it is essential to take into consideration the time-
variation of kinetic energy of spinning rotary
masses, are subjected to significant variations.

One of the main engine performance figures is
the power response which is determined by mini-
mum time required for the transition from the idle
mode for the maximum thrust mode, i.e., by the
time of acceleration #p43r from nyr to ngz; as well
as by the time of reverse transition from ng3; to
nyr —by the time of rotation speed reduction #¢5.

Thus, let us assume that:

e cquations of continuity, consumption and its
corollaries remain true for the transient re-
sponse data;

Civil Aviation High Technologies

e balance of rotor power under the transient
GTE operation condition is defined in con-
formity with the formula

N dE
Ny =K =22 (M
Ny dt
where
Iw*
E= , 2
5 (2

E is rotor kinetic energy; I is the moment of
rotor inertia relatively the spinning axis; @ is an
angle speed of rotor spinning.

Power can be defined according to the for-
mula

N=LG=Mo. (3)

Here L is operation; G is second consumption
of working substance; M is torque. It follows
from the equation (1):

d 1w*
dr\ 2

B

“4)

Here m = is the air-to-gas ratio. Suppo-

K
. i 1
sing that under the reset condition — L, =L,
my
it can be written in the form:

G, (%LT —LKj =Gy K%LT —LTOJ—(LK —LKO)} = Gyly, {8(%@)—&4 :

If to assume that under the short-term transient condition, the value m varies insignificantly, then

m

1
GB(;LT _LKj = GBLKo[éZT _&’K]: lo—.

do_d
dt dt

85

1
5(— Lrj = 0L, . The latest expression will be as follows:

dw
7 (5)

! !

(m—oao)zo)()%(éiw):mo(ﬁm) — oy (5)
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then (5) will be provided as follows:

Gl '

1o

Here S is the constant defined at the datum
point of the transient-state condition.

0

I,

The value S characterizes the ratio between
the compressor power and kinetic energy of ro-
tor spinning under the original steady-state con-
dition.

Rotor acceleration at an assigned rotation
frequency is defined by the value of fuel supply
excess AGr. In real processes, fuel supply excess
is conducted considering a series of limitations.

Under the steady-state condition, maximum
turbine inlet temperature 77, is reached at the
maximum rotation speed #,,,,. During the accel-
eration, under #n < n,,y, a short-term temperature
overheat 7, above the maximum value by
50...120° is allowed. When there are no other
limitations, fuel supply can be increased by
1.5...2 times at acceleration modes. Temperature
Tr increase during acceleration due to the effect

(7)

of heat throttling causes the parameter T

9(13 )

. . . . . . T
increase which is identical to the ratio =X
B

incease. The given circumstance results in to the
fact that at the same rotation speed, a point of
combined turbine-compressor operation shifts
while accelerating towards the boundary of its
steady operation. As a rule, under small and
average values n, possible excesses of fuel supply
are limited by the compressor stability, and under
large values n are limited by temperture 7. The
rotation speed » and, in particular, thrust P vary
insignificantly at the beginning of acceleration
and increase abruptly at the end.

The rotor speed is reset by reducing the fuel
supply. In this case, the turbine power becomes
less than the power consumed by the compres-
sor, and the rotor receives negative acceleration.
The main factor limiting the reduction in fuel
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!

=S (8L, — 8L ). (6)

supply when the rotation speed is reset is the
limit of stable combustion chamber operation.

The specific features of the unsteady pro-
cesses in a two-shaft GTE are associated with
the fact that when the power balance on the tur-
bocompressor shaft is disturbed, the high- and
low-pressure rotor speed generally varies at dif-
ferent speeds, and the slip value C = n, / n;, dur-
ing the transient-state process, may differ sub-
stantially from its value both in the initial and
final modes.

Thus, in a two-shaft turbojet engine (TJE), as
the rotation speed decreases, the rotor slip increas-
es, which is caused by variations of the angles of
attack in the compressor spools, as well as by the
nature of the redistribution of pressure differential
between compressor spools. The same patterns of
gas-dynamic relationships develop in these engines
under the transient-state conditions.

However, during the acceleration process, the
rotor slip increases, and during the reset process,
it decreases compared to the steady-state condi-
tions. This difference makes alterations to the
nature of the position of the joint turbine-
compressor operation line on the low-pressure
compressor (LPC) characteristic.

During acceleration, the rotation speed 7, in-
creases faster than ;. This reduces LPC throt-
tling; the line of joint operating modes shifts to
the right into the area of excessive air flow rates.
When the rotation speed is reset, the increase in
slip slows down and the high-pressure compres-
sor (HPC) begins to throttle the LPC, which
leads to a shift in the line of joint operating
modes towards the boundary of stable operation.

The appearance of the curves, characterizing
the joint turbine-compressor operation on the
HPC characteristic, is similar to the appearance
of these curves for a single-shaft TJE.

Two-shaft bypass turbojet engines retain the
same features of the transient-state process as
two-shaft TJE. The only difference is that the
divergence of the line of operating modes on the
fan characteristic from the line of the steady-
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state conditions turns out to be less than that of a
TJE; whereby, the greater the bypass ratio, the
smaller the divergence. This issue is explained
by the fact that the air flow through the fan is
determined not only by the air flow through the
HPC, but also by the flow through the external
circuit, which insignificantly depends on the ro-
tor sliding.

For the transient-state conditions caused by a
slight variation of parameters compared to their
values under the original steady-state condition,
it is permissible to solve the problem under con-
sideration in a linear formulation.

Assume that the power balance on the rotor
shaft is disrupted as a result of some finite in-
crement in fuel consumption 6Gr. This will
cause an increase in n, Ty, g and other parame-
ters, which will lead to a variation of Ly and Lk
in accordance with the equations for the turbine-
compressor operation in the initial mode [19]
(hereinafter, for simplicity of calculations, for-
mulas for a single-shaft engine are used):

OLr= ST+ K36mr + onr, (8)
SLK = Kn81'1 + KLSTEK — 81’]1{, (9)
where K are the corresponding base coefficients.

Taking into account (8) and (9), equation (6) will
take the following form':

(51’1)' = S(éTr— K357Z'T— Kn5n - KL57Z'K). (10)

In the unsteady process under consideration,
we also neglect the variation of gas mass in the
engine air-gas channel volume (6Gp = oG =
const). The compressor characteristics are as-
sumed unchanged.

where

Civil Aviation High Technologies

The continuity equations after simple trans-
formations can be represented as follows:

(1 —K10)57TK—Km5n:0.5é7'r, (11)
(1 -0.5 K3K4 + K6)57TT = K657TK. (12)

Since power imbalance is caused by the vari-
ation of fuel consumption, we use an equation
that relates 6Gr to other parameter variations. In
this case, as already mentioned above, we ne-
glect the combustion efficiency7, variation, the
lag in heat generation with a sharp increase in
fuel consumption, as well as the heat accumula-
tion by the air-gas channel parts. According to
the equation of energy conservation in the com-
bustion chamber, let us write down:

5GT:5GB+K58['1"—(K5—1)8TK. (13)

As equations that close the system, we use
the expressions for air flow and temperature at
the compressor outlet:

5GB:Km5I’l +K1057Z’K, (14)
Tx= KK, on + K>2K; Onk. (15)

The system of equations (11)—(15) allows us
to determine all the main engine parameters
through on and 6G7r.

So, for example, it can be shown that:

onx = Ky 0Gr+ Ky on, (16)
5Tr:Ka 5GT—K[, 5]’1, (17)
§ﬂT:K6 KZ (KX 5GT+KY 5]’1), (18)

1

K =
Y 2(1-Ky ) Ks (K 1) K,K, + Ky

(Ks-1)K,K, +K, (2K 1)

' We assume that for the transient-state condition 957 = oy = 0.

Ky = K. [(K--1)K.K. +K. (2K. -1
' 2(1_K10)K5_(K5_I)KzKL+K1o X[( : ) 2 T ”’( 5 )]’
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K,

5

a_L-i_ -
Ky 2(1-K,o) K, —(Ks—1) KK, + K,

=2K, (1-K,),

KL[((l—KS)Kan +K,o) Ky —(Ks—1) K K, +K,, | =2(K,, - K (1-Ky)).

1

K,

Let us introduce an expression that establish-
es the relationship between the specified parame-
ters (for example, using a fuel supply controller)
in the form of a linear function:

(On) + adn = b3Gr, (19)

where a and b are constant coefficients:
a=M[K,— Ky (K:K¢K7;— K;) + K],
b=MI[K,+ Ky (Kz:K¢K7;— K)].

The general solution of the linear differential
equation (19) takes the form:

dn=e" U b3Gre"dt + const] : (20)

If the increment in fuel supply 6Gr (com-
pared to fuel consumption in the original mode)
is instantaneous and remains constant at the time
of the entire transient-state process, then from
(20) it follows that:

b —a
on=—58G, +const-e .
a

21)

The integration constant is determined from
the initial conditions. At # = 0 we have on = 0.
Accordingly

const = —QSGT
a

and

8n=§(1—e”’)8GT.

(22)

88

T1-05K,K, + K,

Formula (19) determines the law of change in
rotation speed in duration of the transient-state
condition caused by the fuel consumption varia-
tion by the value 6Gr. By specifying different
values of time t, you can determine the corre-
sponding value on, and then, substituting it into
the resulting expressions (11)—(15), find the val-
ue of the required parameters at any moment of
the transient-state process. From (22) it follows
that at # — oo:

n (23)

b s,
a

This rotation speed value n characterizes the
new final engine condition, which will be estab-
lished as a result of the fuel consumption varia-
tion.

In the case when the initial disturbance is not
instantaneous, but changes under the transient-
state condition depending on any thermogasdy-
namic parameter or time variation, coefficient b
in equation (19) will be a variable value and the
solution will take a more complex form.

Solutions can be obtained similarly if the im-
balance of power on the shaft is caused by other
factors, for example, a rapid change in the jet
nozzle area OoFc or in the combustion mode in
the afterburner.

To determine the behavior of a parameter
variation in a two-shaft GTE during the transi-
ent-state condition caused by an imbalance of
power on each compressor shaft, one should use
the system of equations written for a two-shaft
GTE and the general principles for calculating
unsteady modes outlined above.

After a series of transformations similar to
those carried out when composing a mathemati-
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Fig. 1. Schematic diagram of a three-shaft gas turbine engine

cal model of a single-shaft engine, instead of
(10), we obtain a system of two ordinary linear
inhomogeneous differential equations of the first
kind of the form:

Sn.) + Pon. + 08, = N.5Go.:
( 1 ) 1 1 Q] 2 1 T (24)

(8ny) + P8 +Q,8n, = N,8G,,

where P, O, N are numerical coefficients.

An example of the construction and calcula-
tion of a linear mathematical model of the transi-
ent-state condition for a two-shaft PS-90A-type
GTE is considered in detail in [19].

As a result of integrating system (24), the de-
pendences of the turbocompressor rotation speed
on the time and the change in fuel supply are de-
termined:

o, = f£;(1,8G,); dny = f;(1,8G,).

Using the linearized equations of the two-
shaft GTE processes as obtained for its transient-
state condition of its operation, from the values
on; and dn,, if applicable, as before for a single-
shaft one, to determine the laws of variation of
all other necessary characteristics.

It should be noted that, within the meaning of
the presented solution, the end effects retain the
basic properties of linear equations, i.e., the pro-
portional variation of the increments of all pa-
rameters at any moment of the transient-state
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process depending on the magnitude of the dis-
turbance (for example, from 6Gr). The joint in-
fluence of several disturbances is determined by
the summation of partial parameter increments.

Modeling of the transient-steady
processes of a generalized schematic
diagram engine

We will consider the transient-state process
that is caused by an insignificant parameter vari-
ation compared to their value in some original
mode. To ensure the versatility of the approach
to constructing a mathematical model, we will
consider a generalized aircraft GTE schematic
diagram. A mathematical model (MM) has been
compiled for a three-shaft by-pass TJE with flow
mixing in a common jet nozzle (fig. 1), since
most engines in use in civil aviation are its par-
ticular variants and can be obtained by excluding
some elements from it.

The construction of such a MM is practical
on the basis of the universal linear GTE MM
given in [20]. To do this, adjustments should be
made to it related to the dynamic nature of the
processes under consideration.

First of all, as shown earlier, it is necessary to
take into account the power imbalance on the
shafts of low, medium and high pressure turbo-
compressors by introducing additive components
Si(dnm)', S(dn)', and S»(dny)'on the right side of
the corresponding power balance equations.
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Here
(on) = 400n) ©5)
(0n) = d(df”), 6)
(on,) =4 (5’:2) (27)

are accelerations of the rotational motion of the
low, medium, and high-pressure rotor, respec-
tively, and the constant

2
S, = (ﬂj GBO_I;BO (28)
T In, 0
g (ﬂjz Griolkio (29)
r In}

2
s, = [ﬂ) Grolyo (30)

2
4 Iy,

characterize the relationship between power and
kinetic energy of rotation of the corresponding
rotor.

The expressions for S}, S and S, comprise the
inertia moments /;, I and I, of the low, medium,
and high pressure turbocompressors.

Further neglect the working substance mass
variation, combustion efficiency, lag in heat
generation and its accumulation by engine parts
(we assume that the engine is warmed up). Oth-
erwise, the system of equations developed for
the steady-state condition remains unchanged.

Some information about the original system
of equations is given in [15, 20, 21].

This system of equations establishes a con-
nection between parameters characterizing the
engine (factors) condition, the condition (re-
sponses) characters and operating parameters.

The MM comprises 53 linear equations and
91 variables. As independent MM variables we
take all the areas of the flow sections (Frp, Frc,
Fru, Fei, Feoa, Fo), tightness coefficients (g1, g2,
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dox» q¢), efficiencies of the main components
(78, M, Nx1, Mk, Mrs MrB, NTCs MTHs MMis Nt
), as well as total pressure conservation coef-
ficients (osy, okc, OB, OrC, OrH, OCl, OC2, O%
ocum, oc). Generally, the subscripts correspond to
the sections shown in Figure 1.

Furthermore, there are independent operating
parameters: rotor speeds n;, n, n,, fuel consump-
tion Gr (or time ¢), flight Mach number, as well
as environmental parameters: Py and Ty. Since
there are m = 38 independent variables, the
number of unknowns is equal to the number of
equations (n = 53), and, accordingly, the above
system is defined.

It should be noted that the stated universal
linear MM comprises the most common list of
thermogasdynamic parameters and standard
formulas for bringing the parameters for the
standard atmospheric conditions. If applicable to
introduce additional parameters, control laws,
formulas for given parameters, etc. for a specific
type of gas turbine engine, additional equations
may be included into the linear MM.

The main operations for calculating and ana-
lyzing diagnostic parallel matrices for the
steady-state GTE operation conditions are de-
scribed in [20, 22, 23].

Research results

Computational studies show that methods for
calculating and analyzing diagnostic parallel ma-
trices for the steady-state conditions are also
suitable for calculating diagnostic models of the
transient GTE operation conditions. At the same
time, despite the external MM similarity of the
steady and transient-state processes, diagnosing
with their help is based on completely different
principles. Under the steady-state condition, var-
iations of the technical condition are determined
by the variation of the value of the group of con-
trolled responses, while under the transient-state
condition, this operation is based on a compari-
son of changes in the transient behavior.

It should be noted that this circumstance al-
lows the joint use of both models, which in this
case, complement each other, thus, significantly
expanding the diagnostic capabilities.
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So, for example, after determining o775, o7k,
onrs, onru, onr and og under the steady-state
condition, you can take their values as a first ap-
proximation, then substituting them into the MM
of the transient-state process. This makes it pos-
sible to use it to calculate changes in a group of
other factors, for example, doxc, OF r5 and OF .
The first factor, along with o7, characterizes the
combustion chamber condition, its operation ef-
ficiency, and records the appearance of burnout,
while an increase in oF'7p or oF 7y may indicate
burnout of one of the turbine nozzles. By substi-
tuting the obtained values of doxc, OFrs and
OFry into the diagnostic model of the steady
process, it is possible to determine o075, o7k,
onrs, ONru, onr u &g in the second approxima-
tion. Iterations should be repeated until the dif-
ference in the results of the i"™ and (i+1)™ approx-
imations satisfies the specified requirements for
calculation accuracy [13].

If you do not expand the range of diagnosed
parameters, you can increase the accuracy of
their determination by increasing the number of
independent calculation formulas.

To perform a comparative analysis of chang-
ing controlled parameters of the transient-state
process, you can use their average integral val-
ues for a selected control period of time. From
the resulting mathematical model, it is not diffi-
cult to obtain the corresponding calculation for-
mulas.

A higher quality processing of the results of
calculating diagnostic matrices for the transient-
state operation conditions can be carried out tak-
ing into account the assumption of equal proba-
bilities of damage to the GTE gas-air channel.
Accordingly, when constructing adequate multi-
system diagnostic models, there is a need to take
into account the probabilities of occurrence of
various gas-air channel malfunctions and their
possible combinations in relation to a specific
GTE type.

To take into account the operational GTE
features when assessing its technical condition,
the method of constructing multi-system diag-
nostic GTE models is employed, using elements
of centralist hierarchical structures [20]. The es-
sence of the method is to localize GTE defects

91

Civil Aviation High Technologies

through sequential optimization of a set of fac-
tors used in the linear diagnostic models. The
process of selecting factors (optimization) is re-
duced to constructing several levels of the linear
diagnostic models, at each of which the follow-
ing procedures are performed:

1) calculation of the linear diagnostic model
of the i™ level;

2) analysis of the reliability of the results of
calculating factor divergences using the i level
model, analysis of the significance of the result-
ing deviations for each factor;

3) checking whether the boundary conditions
have been achieved (if the result is positive, the
optimization process is completed);

4) modification of the current set of factors
by:

* excluding factors with zero (insignifi-
cant) deviations from the model,

* determining the “leading” factors (factors
with maximum divergences) and intro-
ducing additional factors into the model
that characterize the same node as the
“leading” factors;

* construction of a new set of factors, al-
ternative to that calculated in the i®
model;

5) construction of a linear diagnostic model
of the (i + 1)™ level.

The significance of the ;™ factor of the cur-
rent model is determined both by its absolute
value (absolute significance) and by the relative-
ly obtained divergences of other factors (relative
significance). When analyzing the resulting di-
vergences, in most cases the relative importance
of the factor should be considered priority.

Discussion of results

The completed studies provide a theoretical
basis for the development and substantiation of
practical methods and algorithms for diagnosing
the technical condition of the GTE gas generator
elements based on the values of thermodynamic
parameters (responses) recorded directly during
the GTE operation. The use of such methods will
increase the validity of assessing the technical
condition (if the methods are employed in con-
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junction with other methods for diagnosing the
condition of the flow part), as well as increase
the efficiency of obtaining an assessment of the
aircraft GTE condition under operational condi-
tions.

Conclusion

Modern algorithms for assessing the tech-
nical GTE condition and early detection of faults
use various methods and models of dependencies
between the measured GTE parameters and the
conditions classified by the algorithms. In order
to achieve a reliable classification of the GTE
condition by analytical models based on the re-
sults of measured thermogasdynamic parame-
ters, it 1S necessary to carry out primary pro-
cessing of time series. After standard processing,
the values of the series are reduced to standard
atmosphere conditions and deterministic engine
operating modes.

Deterministic models for diagnosing aircraft
GTE can be expressed through a system of equa-
tions for the engine condition, the solution of
which makes it possible to assign the technical
GTE condition under study to one or more clas-
sification elements in the state tree. Linear (line-
arized) diagnostic equations are a finite set of
expressions constructed for the increment of air
flow, turbine inlet temperature, specific flow and
other thermogasdynamic parameters. The right
side of these equations contains the parameter
divergences, which are determined by comparing
the current values with the reference values.

The number of diagnostic equations is de-
termined by the classes of possible GTE condi-
tions, as well as the nomenclature, frequency,
and error of the measured parameters. Recently,
for the GTE diagnosis, it has been proposed to
use complex parameters that, in an analytical
form, connect several parameters with each other
and, thereby, most fully characterize the operat-
ing procedure occurring in the engine.

It should be noted that the universal linear
MM specified in the article contains the most
common list of thermogasdynamic parameters
and standard formulas for reducing the parame-
ters to the standard atmospheric conditions. If it is
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necessary to introduce additional parameters, con-
trol laws, formulas for reducing the parameters,
etc. for a specific type of aircraft GTE, additional
equations may be included in the linear MM.

As a result of the research, a method for con-
structing mathematical and diagnostic models of
an aircraft engine, using transient response data,
was proposed, and the capability of employing
the methods used to construct linear mathematical
and diagnostic models for the steadystate opera-
tion condition was shown. As a result, the model
makes it possible to extract and interpret diagnos-
tic information from data series obtained during
the process of loading and unloading, as well as
to expand the amount of information obtained
about the technical aircraft GTE condition.
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