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SYNTHESIS OF AUTOMATIC SYSTEM
OF ANTI-SURGE PROTECTION FOR THE AVIATION GTE

Gas-dynamic stability of compressors of aircraft gas turbine engines is one of the most important conditions
that determines their reliability and level of flight safety. Pumping phenomena in the gas turbine engine leads
to a loss of traction, accompanied by an increase in gas temperature in front of the turbine and an increase in
vibration and mass flow along the engine path. The work allows a small probability of surge, but it is proposed
to equip gas turbine engines with emergency surge protection systems.

When creating high-pressure compressors, special attention is paid to ensuring high efficiency and the
required margin of gas-dynamic stability in the entire range of changes in the modes of operation of the gas
turbine engine during operation. The solution to this problem while maintaining large values of the degree of
pressure increase in the compressor is associated with the need to ensure optimal flow of the line of operating
modes on the characteristics of the engine compressor. When creating an automatic anti-surge system used as
a control factor — the change of fuel supply to the combustion chamber of the engine. Because it has the most
significant effect on the gas-dynamic stability of the compressor.

The proposed system for controlling the position of the line of operating modes, which can be included
as a component in the digital electronic system of automatic control of the engine, which will ensure its gas-
dynamic stable operation throughout the operating range. 1o prevent surges, an automatic device is proposed
that allows you to detect surges at an early stage — pre-surge. In the work, the pre-surge is considered as the
transition of the operating point across the boundary of the design margin of stability in this mode of operation
of the engine. The adiabatic efficiency of the compressor is considered as a diagnostic sign of pre-surge. The
device for implementing this algorithm registers the values of pressures and temperatures of the inhibited flow
at the inlet and outlet of the compressor and the speed of the rotor. It is proposed to use an ionic anemometer
to measure the flow rate.

The capabilities of the proposed system can be expanded by using a temperature sensor of the inhibited flow
behind the compressor. That is, the developed combined device based on an ionic anemometer can be used
both to solve the problem of determining the actual margin of gas-dynamic stability of the compressor stage
and as a sensitive element of the control system of aviation gas turbine engines, which prevent surges.

Key words: aircraft gas turbine engine, surge, pre-surge, gas-dynamic stability, line of operating modes,
automatic surge warning device.

Introduction. Gas-dynamic stability of compres-
sors of aircraft gas turbine engines (GTE) is one of the
most important conditions that determines their reli-
ability and level of flight safety. Unstable operation
of the compressor in the engine system, the so-called
surge, causes intense fluctuations in the pressure of
the working fluid in the flow part or gas-dynamic
shocks. Surge is the cause of engine shutdown in
flight, fire or burning of the turbine blades [1; 2].

Analysis of the causes of surge compressors of
aircraft GTE shows that in most cases in the process
of development of this phenomenon there are events

that consistently complicate the situation in flight.
According to statistics [1], more than 70% of aviation
events occur due to a combination of several adverse
factors. Usually this set of several different factors is
related to the activity of the crew, the functional effi-
ciency of the GTE and flight conditions.

Analysis of research and publications. As
shown by the results of studies presented in [1-4],
surge phenomena in the GTE lead to thrust penalty,
accompanied by an increase in gas temperature in
front of the turbine and increased vibration levels as a
result of large amplitudes of pressure pulsations and
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mass flow through the engine passage. The possibility
of these phenomena is a serious obstacle to increas-
ing the reliability of the GTE in particular and flight
safety in general (4).

Short-term loss of thrust in the event of a surge on
one of the engines for a multi-engine aircraft or even
for a single-engine in the case of sufficient to bleed
off the reserves of altitude and speed does not lead
to a catastrophic situation [1]. However, an increase
in the temperature in the turbine and an increase in
vibration can lead to burnout of the turbine nozzles
and other failures [2]. Usinf aircraft experience [2—4]
shows that especially unacceptable for the engine is
an unacceptable increase in gas temperature in front
of the turbine.

Setting objectives. To increase the stability
margins of the aircraft reserve factor the follow-
ing options are used [4; 6]: control of the compres-
sor guides, air bleed off from the individual booster
spool, adjustable dosing of fuel supply at start-up
modes, throttle intake, etc. These measures reduce
the likelihood of surges, but cannot guarantee their
elimination, as surges may be the result of failures
in the systems themselves to prevent disruptions. In
addition, the increase in stability margins leads to a
significant reduction in the efficiency of the compres-
sor and, accordingly, the efficiency of the GTE [4].

Therefore, it is advisable to allow a small prob-
ability of surge, but to equip the GTE with emergency
surge protection systems and ensure maximum effi-
ciency of the engines [6].

Thus, we formulate the research objectives as the
following — to create an automatic system of anti-
surge protection for the aircraft GTE.

Automatic anti-surge protection system for the
aviation GTE.

When creating high-pressure compressors, special
attention is paid to ensuring high efficiency and the
required margin of gas-dynamic stability in the entire
range of changes in the modes of operation of the gas
turbine engine during operation. The solution to this
problem while maintaining large values of the degree
of pressure increase in the compressor is associated
with the need to ensure optimal flow of the operating
line (OL) on the characteristics of the engine compres-
sor. The displacement of the OL at the intake leads to
a decrease in the stock of gas-dynamic stability of the
booster spool. To prevent surges, the displacement
of the OL in transient modes must be ensured within
safe limits by limiting the rate of change of the engine
mode and adjusting the compressor.

Existing aircraft engines do not have high-speed
OL position control systems based on the booster
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spool characteristics. Active control of the AeroDeriv-
ative Gas Turbine with digital automatic control sys-
tems (ACS).

The most promising are continuous closed control
systems for axial compressors in terms of parameters
that characterize the state of air flow in the compres-
sor or behind it. The NGTE Institute, together with
Rolls-Royce and General Electric, has conducted
tests to substantiate the feasibility of using the num-
ber M on a compressor or its individual spool as an
adjustable parameter.

The application of this parameter in the control
systems of the axial compressor is due to the fact that
the number M uniquely corresponds to each value of
the reduced rotor speed and decreases monotonically
when approaching the operating point to the limit of
gas-dynamic stability of the compressor. This allows
when approaching OL to the limit of stability to form
a preemptive command to control the compressor by
reducing the number of M to a certain value.

A typical dependence of the number M on the
reduced air flow at the inlet to the compressor is
shown in fig. 1.

Thus, as controlled parameters in the system of
closed control of axial compressors it is supposed to
use value of number M of an air stream on each spool
of the compressor.

The number M is determined by the formula:

C
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To determine the number M of air flow in the
cross section of the compressor surge, it is advis-
able to use the developed combined device (Fig. 1),
which allows measuring the temperature of the stag-
nant flow and its speed, and formula (2). In contrast
to the existing method of determining the number M
[7] using formula (3) and the ratio of static pressure
drop Ap to the full p”, the proposed method allows
to increase the speed of the ACS and the accuracy
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Fig. 1. Compressor characteristics

of measurements by eliminating the operation of
smoothing the pressure pulsations of periodically
non-stationary air flow.

The following can be used as control factors in
compressor operating:

— air passage from the inner circuit of the low pres-
sure compressor (LPC) (from the cavity at the outlet
of the connected stages) through the adjustable sash
to the outer circuit;

— air passage from the intermediate stages of the
high pressure compressor (HPC) in the outer circuit;

— change of angle of installation of blades of the
adjustable directing device of the first degree of HPC;

— change of fuel supply to the combustion cham-
ber of the engine.

The first control factor can be used to prevent a
surge or rotating failure in the HPC.

The control of the position of the operating line
modes of the HPC can be carried out at low engine
operating modes by the second control factor, and at
higher modes — by the third.

The most significant effect on the margin of gas-
dynamic stability of the compressor has a change in
fuel supply to the combustion chamber. This control
factor can be used to remove the HPC from the surge
when the influence of other means on the mode of
operation of the compressor is insufficient.

Thus, the existing surge protection systems [4]
include sensors that respond to the rate of change
of air pressure behind the compressor and when the
parameter is reached 4 = Ap,/ p* At > 7, influenc-
ing the fuel-regulating equipment, reduce the engine
operation mode to 0.7 nominal and switch on the
“ENGINE SURGE” light board. Operating mode 0.7
nominal is chosen for the reason that it is in this mode

in most engines the maximum margin of gas-dynamic
stability of the compressor.

According to the developers of such a system,
reduce the engine operating mode to the mode in
which the condition AK =AK,,,, is met, will eliminate
the surge. This is only true in the event of a compres-
sor surge in the presence of certain external distur-
bances. If the surge is caused by damage to the struc-
tural elements of the flowing part of the compressor
or shading of the inlet device, then reducing the oper-
ating mode of the engine will not ensure the output
of the compressor from the surge. In addition, this
method of engine control cannot be recommended
for modern GTE with a small combustion chamber
volume. Small masses of air connected to the com-
pressor do not allow eliminating the surge, if it has
already begun.

Therefore, the proposed method of OL control at
the stage when the surge has not yet developed, is the
most promising for gas turbine engines of any type.

The functional diagram of the closed system of
automatic control of the compressor of a low pres-
sure of the two-shaft turbofan engine (TFE) is given
in fig. 2, and the scheme of the closed ACS for HPC —
accordingly in fig. 3, where TS is a temperature sen-
sor of the stagnant flow (TS); SS is the sensor of
speed of an air stream (SS); SM is a sensor number M
air flow (SM); SD is a software device that gener-
ates the output and the maximum achievable for this
mode of operation of the engine number M of the air
flow at the outlet of the compressor surge (SD); EC is
an element of comparison of real and minimum num-
bers M; ¥ is a mismatch signal amplifier; EM,, KS, —
the executive mechanism and the controlling body of
the control system of the air bypass flaps from the
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Fig. 2. Functional diagram of a closed ACS of a low pressure compressor
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Fig. 3. Functional diagram of a closed ACS of a high pressure compressor

external circuit; EM,, KS, — actuator and control
body of the sash or air bypass valves due to the inter-
mediate stages of the high pressure compressor; EM;,
KS; — the actuator and the control body of the system
to reduce the supply of fuel to the combustion cham-
ber during the surge of the HPC.

Control of OL of the compressor of low pressure is
carried out by bleeding off air from a cavity on HPC
in an external contour, and the minimum number M
at which this bleed off opens depends not only n,, but
also n,,, that is, from the engine mode. The value of
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the minimum number M can be obtained by calcula-
tion using the formula given in [7]

2 Vv
2
pram /pK.O < kM VC
1_p/\:m 4

p)(.()

An example of the result of calculating the mini-
mum values of the rupture p, , / p,, the characteris-
tics of the compressor that lead to the surge are shown
in fig. 4.
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Fig. 4. Conditions of surge (reverse flow) in the compressor

These results show that the more connected the
volume of the working fluid behind the compressor
compared to its own volume, the smaller the rupture
of the characteristics of the compressor, the reverse
flow occurs. A similar result occurs when reducing
the calculated flow rate in the compressor.

The amount of bleed off air into the outer circuit,
including from the HPC (Fig. 4), can vary, provid-
ing AK,=AK,,,,. In this case, the reduction in engine
thrust is negligible and occurs smoothly rather than
discretely, as was the case with the relay control cir-
cuit of the air bleeding means. This engine control
not only increases the level of flight safety, but also
reduces fuel consumption.

The proposed OL position control system can
be included as a component in the digital electronic
ACS [8] of the engine, which will ensure its gas-
dynamic stable operation in the entire range of oper-
ating modes.

Synthesis of the anti-surge ACS device.

To prevent surges, a fragment of ACS, which
allows detecting surges at an early stage is proposed.
Below the theoretical references and directly a frag-
ment of the ACS are proposed.

The loss of gas-dynamic stability of GTE com-
pressors is preceded by pre-surge [5]. Pre-surge
occurs when the compressor is operating on the left
ascending branch of the characteristic, and the rea-
son for its appearance is the presence of fluctuations
in the flow, ie small deviations of parameters from
their average values. For example, when operating

the compressor stage on the left ascending branch
of the characteristic, if the value of the relative flow
velocity in front of the impeller blades is less than
average, the pressure created by these blades will
decrease, and there is a pre-surge.

The methods currently used make it possible to
capture the surge, rather than the pre-surge, which
reduces the time to remove the compressor from
the breakdown mode and reduces the level of flight
safety. Automatic control systems (ACS) are used to
bring the compressor out of the breakdown mode,
in which the opening of air bypass valves, change
of installation angles of adjustable inlet guides and
guide devices, change of fuel consumption are used
as control factors [5].

Because surges lead to flight events, there is a
need to develop devices for earlier detection. As the
analysis of literature sources shows [1-7], research
in the field of detection of pre-surge phenomena is
very relevant.

The causes of pre-surge are changes in the geo-
metric dimensions of the elements of the flow part of
the gas turbine, uneven field parameters at the com-
pressor inlet, non-stationary flow in transient modes,
foreign objects entering the inlet device, failure of the
supersonic inlet device, decreasing Reynolds number,
increasing humidity. The most difficult task is to find
diagnostic signs of parameters that would character-
ize the pre-surge state of GTE compressors.

In [2], the pre-surge is considered as the transi-
tion of the operating point across the boundary of
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the design margin of stability at a given mode of
operation of the engine. The adiabatic efficiency of
the compressor is considered as a diagnostic sign of
pre-surge 1,. To determine its value, the following

formula i1s used:
E

=7+ >
T,

The instability boundary is set in the form of
inequality;

n,>4, “
where 4 — set limit value.

The essence of the method [2] is to determine the
difference between the values of efficiency and the
degree of pressure increase n:gp on the border of sta-
bility and current values 7, and efficiency for a given
reduced rotor speed. Variable An,=(n,,-n,)
characterizes the possible margin of stability in terms
of efficiency by the value of the constant in inequality
(4). Time At, at which the operating point reaches
the limit of stability, is determined by the rate of
change of current values m,, m, and variables An_,
Am, = (n,@ - n,() . Setting the value Az, get the con-

dition for the forecast of the surge:
(nmp - nk) > kan 5
(Tclcep - TEK) > kZTCK 4 (5)
where k,, k, — coefficients of proportionality.
The device for implementing this algorithm reg-
isters the values of pressures and temperatures of the
stagnant flow at the inlet and outlet of the compres-
sor and the speed of the rotor and includes a device
for differentiation, multiple, two computing and limit
devices. The signal from the output of the multiple
device is formed by the usual reduction formula

n,, = n\/288/T . . The limit device compares the val-
ues m and T, .

At the output of the first computing device, a value
N, is formed, and at the output of the second — 1,
depending on the turnover frequency #,, .

A pre-surge signal is generated when signals from
both limit devices appear.

In the considered method of recognition of pre-
surge phenomena on the basis of control of adiabatic
efficiency of the compressor it is offered to use the
worst limit of stability. However, during operation, as
aresult of the influence of several of the above factors,
the shift of the stability limit may exceed the calcu-
lated value. In this case, the device operating accord-
ing to algorithm (5) will detect the surge with a delay.
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The disadvantage of this method is that the
authors do not take into account the shift of the sta-
bility limit during operation due to the factors that
cause pre-surge.

In [8] to determine the pre-surging state T-shaped
pressure sensors are used, and which allow record-
ing the rotational failure and determine whether or
not there is a countercurrent. The beginning of the
countercurrent corresponds to the zero value of the
dynamic pressure on the T-shaped sensor.

The start of the surge can also be taken as the
moment of increasing the pressure at the inlet to the
compressor, which is fixed by the sensor. Time inter-
val At from the beginning of the transient process or
the occurrence of a rotational failure [2] to the occur-
rence of surges is calculated by the formula [3].

axtle L
aV. kM [1_

where / — compressor length; M,a — the average
length of the compressor Mach number and speed of
sound; V), — network volume or output receiver; V. —
compressor volume; p, , — the average pressure of the
stagnant flow behind the compressor in steady-state
operation immediately before the stability boundary;
p...— the average pressure of the stagnant flow behind
the compressor after disturbance of steady work.

This time is for the compressors of aviation GTE
and allows providing protection of the compressor
from surges using electronic digital automatic control
systems and autonomous servos of the air bleeding
valves [8].

However, the use as a signal that would reflect the
approach of the operating point to the limit of stabil-
ity, the magnitude of the pressure drop or dynamic
pressure has a number of disadvantages. In the case
of reverse flow in a few milliseconds after the appear-
ance of instability, the pressure behind the compres-
sor has time to fall by only 3—5% of the original value
[7]. The duration of the reverse flow is 20-30% of the
surge period. The change in pressure by 3—5% coin-
cides with the error of the measuring path, in this case
the pre-surge will be recorded with some delay.

It is also worth noting that the pressure behind the
compressor drops not only with the appearance of
instability, but also when the combustion chamber is
turned off or the restrictions in the ACS are triggered,
which can lead to erroneous operation of the surge
prevention system. Thus, it can be concluded that the
most suitable signal to disrupt the steady operation of
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the compressor is to change the direction of flow rate
behind the compressor. In this regard, the author pro-
poses a scheme of the ACS fragment for early detec-
tion and prevention of surges (see Fig. 5), which uses
an ionic anemometer as a speed meter, which allows
us to determine the direction of flow [8].

The proposed method uses the fact that a measure
of the flow rate in the ionic anemometer is the redis-
tribution of current at electrodes 1 and 2. The means
of ionization in the anemometer is a central electrode
made in the form of a cylindrical rod having a region
of curvature. According to the theory of corona effect,
when a high voltage is applied from the power sup-
ply to the central electrode, a corona effect appears
with the occurrence of a unipolar charge in the outer
discharge zone between the central and two symmet-
rically arranged galvanically separated electrodes 1
and 2. Electrodes 1 and 2 receive unipolarly charged
ions, the charge sign of which depends on the polarity
of the voltage at the Central electrode.

At zero flow velocity as a result of volumetric
pushing of the unipolar charge on electrodes 1 and
2 (Fig. 5) ions from the Central electrode fall evenly

Compressor bleed

and the current is equal (/, =17,). A measure of the
flow rate is the redistribution of current at the elec-
trodes depending on the magnitude of the speed and
direction of flow.

At a steady current in the compressor as a result of
attrition wear of ions there is a redistribution of cur-
rent strength on electrodes, i.e current strength 7, at
electrode 2 becomes greater than the current load 7,
on the electrode 1 (/, >1,).

The numerical value of the flow rate in the cross
section at the outlet of the compressor stage is deter-
mined by formula (1).

The calculation of the speed is carried out in
a computing device (Fig. 5), the signals to which
come from the electrodes 1 and 3 through the match-
ing device. The matching device provides signal
encoding.

To prevent damage to the electronic units of the
proposed device in the event of a breakdown in the
ionic anemometer used supports R, i R,, equal in
value.

With a steady flow, the value of the flow veloc-
ity ¢ has a positive value, and with the appearance
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Fig. 5. Scheme of automatic surge warning device
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of instability, as indicated above, the direction of the
flow changes. In this case (/, >1,) the computing
device generates an amplified signal and is fed to the
solenoid valve 4.

When the solenoid valve 4 is opened, the sealed
cavities of the air bypass bleed valves installed in the
3rd and 5th stages of the high-pressure compressor
are connected to the atmosphere, and the tributary 5
is squeezed by the spring 7 and the air bypass bleed
valves open. After the normal operation of the com-
pressor, when (/, > 1), in the computing device, a
signal is generated to open the solenoid valve 3 and
close the valve 4. When opening the valve 3, the air
taken from the compressor under pressure p, is fed
into the sealed cavities of the air bypass bleed valves 6
and they close.

If the engine has adjustable guides of the first
stages of the high pressure compressor or adjust-
able propelling nozzle [1] and digital electronic
ACS, for example, type FADEC [8], which imple-
ments the control principle for deviation of con-
trolled parameters, the proposed device for mea-
suring speed can be used in such a control system.
In this case, it is possible to more effectively con-
trol the position of the line of operating modes, and
hence the margin of stability of the compressors.
At the steady operation of the compressor, control
of valves of bypass bleeding of air is carried out
by the accessory of type 762 MA in a regular mode

depending on physical frequency of rotation of a
rotor of a high pressure.

Conclusions. Methods are offered, and functional
schemes of fragments of automatic control systems
of GTE are developed, providing control of position
of lines of working modes, on characteristics of cas-
cades of compressors, and also allow to warn a surge
at an early stage.

This system for recognition and prevention of
pre-surge phenomena and, accordingly, surge, can
be integrated into the digital electronic ACS aviation
GTE [8], which performs the following operations:

— conversion of analog signals coming from sen-
sors into discrete (digital) signals;

— calculation of values of inconsistency between
measured and calculated values of controlled and
limited parameters;

— conversion of digital values of control actions
into analog electric signals;

— conversion of analog electrical signals into
hydraulic signals;

The capabilities of the proposed system can be
expanded by using a temperature sensor of the stag-
nant flow behind the compressor. That is, the devel-
oped combined device based on an ionic anemometer
can be used both to solve the problem of determin-
ing the actual margin of gas-dynamic stability of the
compressor stage and as a sensitive element of the
ACS aviation GTE, which allow us to prevent surges.
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11io wac cmeopeHHsi BUCOKOHANIPHUX KOMAPECOPI8 0cobaugy ysazy npuoiisioms 3a0e3NneUeHHio 8UCOKO20
KKJ/] ma neobxionoeo sanacy eazoounamiunoi cmitixocmi y ecbomy dianazoui sminu pexcumie pooomu I'T/] 6
npoyeci excniyamayii. Bupiwenns yiei 3a0ayi 3a 30epedcents 6eNUKuxX 3Ha4eHb CmyneHie nio8UueHHs mucKy
8 KomMnpecopi nog’szame 3 HeOOXiOHicmI0 3a0e3nedumu ONMUMATbHEe NPOMIKAHHS JiHIT pOOOUUX DedcumMis
Ha xapaxmepucmuyi xomnpecopa o0gucyna. 110 yac cmeopenns asmomamuiroi aHMUNOMAAIICHOT cucmemu
BUKOPUCMAHO K KepyIouull (paxmop 3miHy nooaui naiuea 6 Kamepy 320paHHA 08UZYHA, OCKIIbKU 6iH MdAc
HAUOLIbUWL 3HAYHULL GNIIUE HA 3ANAC 2A300UHAMIYHOT CIITIKOCME KOMNpecopa.

3anpononosana cucmema Kepy8anHsa NOJLONCEHHAM AIHII POOOUUX pedcUMiB, Wo Modice Oymu 6KI0UeHa
K KOMNOHEHmM V Yupposy ereKmpoHHy Cucmemy aGmMOMAMUYHO20 KePY8aHHs O08USYHA, WO 3abe3neuums
11020 2A300UHAMIYHO CMIUKY pOOOMY Y 8CboMY 0Iiana3oHi eKCHIAyamayiiunux. /s nonepeodtcents noMnaicy
NPONOHYEMBCA AGMOMAMUYHUL NPUCIPITL, WO 00360IAE BUABIAINU NOMNANC HA PAHHIL cMadii — nepeonomnaic.
Y pobomi nepeonomnasic posensoacmuvcs sk nepexio pobouoi mouku yepes epaHuyio po3paxyHko8o2o 3anacy
CMIUKOCMI HA YbOMY pedcumi pobomu deuzyna. B axocmi diaeHocmuunoi 03HaKu nepeonomnaica po3eiaoaioms
adiabamuunuii KKJ] komnpecopa. Ilpucmpiti 011 peanizayii yboeo ancopummy peecmpye eiutunu MmucKis i
memMnepamyp 3a2arbMo8aH020 NOMOKY HA 6X00i i 6UX00i 3 Komnpecopa i yacmomy obepmants pomopa. [{is
BUMIPIOBAHHS WBUOKOCHE NOMOKY NPONOHYEMbCS BUKOPUCTNOBYBAMU IOHHULI aHeMOMemp.

Mooicnugocmi  npononoganoi  cucmemu  MOdXCYymMv  OYmMuU  poWUpeni npu  GUKOPUCMAHHI  OamyuKa
memMnepamypu 3a2aibMo8aH020 NOMoKy 3a komnpecopom. Toobmo po3podrenuii KomOIHOBaHUU NPUCMPIL HA
0as3i ioHHO20 aremomempa Modce 0YMmu BUKOPUCAHUY 5K OJIsL BUPTUIEHHS 3A80AHHS BUSHAYEHHS (DAKMUUHO20
3anacy 2a300UHAMIYHOI CIILIKOCMI KACKAdy KoMnpecopa, mak i 8 AKOCMI Yymaugo2o eiemMenma cucmemu
Kepyganns agiayivunux I'T]], axi 003801810ms nonepeodicamu HOMRAIC.

Knrouoei cnosa: asiayitinuil ea30mypOiHHULL 08USYH, HOMAAIC, NEPEONOMNAIIC, 2A300UHAMIYHA CIITIKICMb,
JIHISL pODOYUX PeNCUMIB, ABTMOMAMUYHULL NPUCMPIT NONEPEONCEHHI NOMNAICY.
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