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CREATION OF AFTERBURNING
TURBOFAN ENGINE - HISTORY AND PRESENT

The main problems of the creation of afterburning turbofan engines, among which the irremovable surge of the
compressor, is disclosed by historical analysis. According to the published models, such surge is a hydrody-
namic instability in the form of rotating stall mutual transitions to surge with the primary cause of instability in
the form of stall or vibration combustion in the afterburner. The Pratt & Whitney F100 serial engine, which
based on TF30 is one of the first in which the irremovable surge was detected. As a result, several planes F-15
crashed, so far as the compressor could not be restored to a stable state without stopping and restarting the
engine. Dissection of the problem with this phenomenon led to the conclusion that this irremovable surge prob-
lem was generated by the engine design. To eliminate it, the company had to refine several systems, such as an
electronic engine control system, fuel supply of the afterburner along with the nozzle locations, firing belt,
combustion stabilization, an extension of flow separation along the contours, etc. According to the analysis of
publications, particular difficulties arose with the recoverable unsurge operation of such engines. It is note-
worthy that today, the F-135-PW100 engines have been installed on the F-35 aircraft, the predecessors of
which are the F-100 engines with the same problems. The results of experimental studies of a fan are presented
in the article to deepen in the stall flow mechanism and the occurrence of rotating stall of the fan blades. The
perturbations from vibrational combustion in the afterburner combustion chamber to the fan stall boundary in
the afterburning turbofan engine system at bench conditions were simulated by independent throttling of the
duct over a wide range of the bypass ratio. Numerous monographs and publications according to vibrational
combustion, in particular in afterburner combustion chambers TRDF AL-21F and TRDDF AL-31F, of
A. M. Lulka, confirm the possibility of the propagation of perturbations against the flow in the bypass duct and
the impossibility of their propagation through the turbines. The propagation of surge perturbations in the af-
terburning turbofan engine to the compressor of the internal duct behind the fan occurs through the interaction
of the duct. The more reliable way to prevent emergencies is to provide stability margin area of compressors.
Estimation of the pre-stall state of the flow traditionally is carried out by the diffusivity factor of Lieblein FD,
which is applicable in 2D calculations. The integral variational principle of nonequilibrium thermodynamics
of the “maximum flow of mechanical energy” of V. N. Yershov was applied.
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Introduction 1. History of the problem

Among the existing set of unstable gas_dynamic When Creating afterburning turbofan engine TF30,

phenomena in aircraft gas turbine engines (GTE), such
as itching and surge of supersonic air intakes, popping
in the inlet duct during high-altitude launching of heli-
copter power plants, surging, rotating stall, blade flutter
and rotating pressure field in compressors, vibration
combustion or flame failure in combustion chambers,
the most recurring problem of turbofan instability,
which was highlighted in this study. This combination
of rotating stall and surge of compressor with combus-
tion instability in afterburner are called “irremovable
surge”. The purposes of this study are analyse and sys-
tematize publications according to this issue.

F100 [1] among the first in the world, Pratt & Whitney
and NASA was faced with the problem of “irremovable
surge” of the turbofan compressor as a result, several
planes crashed. It took about 5 years to solve this prob-
lem (1970-1975). A similar problem was solved almost
simultaneously (on the F101X F101 DEE) engine by
General Electric [2], and later by other well-known
companies of the same class of engines M 53, RB 199,
AL-31F, RD-33, F 119, EJ 200, M 88, but with a lot of
time. The engine RB.199 with m = 1,0 was created by a
consortium of three firms MTU, RR, "Fiat" for 12 years
(1968-1980). During engine refinement, the occurrence
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of a single-zone rotational stall at the fan hub was de-
tected in the stall zone. The static pressure increase is
20 % below the average. The surge margin of the high-
pressure compressor (HPC) is shifted to the right by
22 %. It is important to note that the AL-31F engine was
developed under the direction of Arhip Lyulka, who
received a patent for the idea of creating turbofan en-
gine in 1937. The idea was born at Kharkov Aviation
Institute. The phenomenon of “irremovable surge” of
compressor in the turbofan system consists in the devel-
opment of hydrodynamic instability in the form of surge
cycles alternating with an unstable rotating stall during
transient engine operation and disturbances in the form
of pressure pulsations through a stall in the afterburner,
which occur the most often at high altitudes H>14 km
and at low speeds M, <1,0 of the aircraft. That effects

on the stability of the fan along the contours of the tur-
bofan engine, or with disturbances at the engine inlet
from the air intake during flight fighters including con-
tact with hot gases from the board arms [3].

Let brief historical instability problem turbojet en-
gine (TJE). Rotating stall was first discovered in 1938, a
group of researchers who was led by F. Whittle in Eng-
land [4] in a centrifugal compressor of a turbojet engine,
which developed rapidly during World War Il. The
results of these studies were published by L. J. Cheshire
only in 1945 [5]. As is well known, in this period in
Germany, efforts were directed to the creation of TJE
with axial compressor, in which were also highlighted
areas of stable and unstable modes with the boundary of
their separation, called the surge line, a phenomenon
that was little studied at that time, which was preceded
by a shear flow blades with the rotating stall zones for-
mation.

The intensive development and implementation of
gas turbine engines in aviation during the war years
caused many problems, among that loss of gas-dynamic
stability. It is one of the most complex and significant
for all aircraft engine manufacturing companies. Since
such instability is the cause of emergency situations.
The increased interest in this problem certainly led to
increase the number of publications in this research
area. As an example of such publications, we cite mate-
rials of a symposium of American Society of Mechani-
cal Engineers in 1960 [6], a monograph of
V. N. Yershov which is described the results of phe-
nomenal theoretical and experimental studies of rotating
stall in axial compressors. The monograph was written
at the Kharkov Aviation Institute and reprinted in the
USA [7]. Over the same time period as the Yershov
monograph, systematic review articles around the rotat-
ing stall of axial compressor was published by J. Fabry
[8]. Deeper analyses of publications and development
by E. Greitser about stall phenomena in axial compres-
sors [9] and loss stability of pumping systems [10] up to

1980 allowed us to deepen our understanding not only
about rotating stall as a local instability, but also about
surge such as global instability, violation of static and
dynamic stability, distinguish distinctive features in the
structure of the stall flow during surge and rotating stall
according to Taylor [9].

2. The problem essence

“In compressor, flow stall can be observed during
part of the time on all blades or during all time on part
of the blades.” Such an idealized axisymmetric repre-
sentation of surge isn’t always observed in fact [11].
Axial dissymmetry manifested in the formation of back-
flow at the beginning of surge. The frequency of the
surge cycle is determined by the time of filling and
emptying of the compressor system capacity. Longitu-
dinal surge fluctuations and flow velocity are directed
along the axis of the compressor, which is usually short-
er than the circumference rotation of stall zones. At
surge, the compressor operating modes change in phase,
moving from an unstall flow to a stall flow and vice
versa. The presence of the reverse mass flow current is
called “deep” surge [11]. With a sluggish surge, the
operating point moves around the peak of the maximum
on the pressure characteristic of the compressor (in
other words, the point of dynamic stability violation
[9, 10]. Static instability occurs at the point to the left of
the dynamic stability violation, where the slope of the
compressor characteristic is greater than the slope of the
throttle characteristic. At a low air flow rate, rotating
stall can be observed with an oscillation frequency in
the range of 50-100 Hz. Surge is much slower than
rotating stall with the frequency of 3-10 Hz. The rota-
tion frequency of the stall zones alternation is deter-
mined by the rotation frequency of the stall zones and
their number. It is equal to their product and depends on
the flow structure in the stall zones. According to one of
the first publications [12] on a two-dimensional physical
model of the rotating stall zones formation in the com-
pressor rotor airfoil cascade of axial compressor based
on analysis of boundary layer development on the
blades, it is assumed that the moment of flow stall on
any one blade or in the inter-blade channel coincides
with the beginning of the rotating stall zone formation.
It means coincidence of the transition boundary to the
rotating stall mode and the initial stall of the flow from
the blade. However, this assumption was not confirmed
by experimental studies of the stall boundary in airfoil
cascade with sparse blades [7], where stall was achieved
on all blades of a rare airfoil cascade, without the for-
mation of stall zones. The critical incidence angles cor-
responding to the formation of stall zones can be much
larger than the incidence angles at which the boundary
layer comes off from the suction side of the blades [7].



ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOT'IfI, 2020, Ne 5(165)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

Thus, it can be argued that the formation of rotating stall
zones doesn’t always coincide with the moment of
boundary layer comes off. A similar trend was noted in
the work of N. Cumpsty [11], where it is stated that for
the formation of the rotating stall zone at the stall limit,
the circumferential length of stall channels should occu-
py about 15%, but not one channel. On the other hand,
A. Jackson study of the stall zones number development
[13] experimentally confirmed the possibility of form-
ing a new zone by stalling on a “labelled” blade with an
increased attack angle (i.e. new zones are formed not by
dividing them, but by the formation of an initial flow
stall on the blade with a critical attack angle). Here the
reference to the term “critical angle” of attack — inci-
dence onto the airfoil of a blade in boundary layer theo-
ry requires a retreat. Our understanding of the comes off
of the two-dimensional boundary layer is based on the
well-known monographs of Hermann Schlichting,
J. C. Rotta, Paul K. Chang. The development of
Yershov's ideas with the theoretical substantiation of the
variational principle "Maximum of energy" [7, 13] al-
lowed to expand the theoretical studies of rotating stall
in compressors by 3D modeling, as well as experimental
measurements of structure in stall zones, which was a
significant contribution to solving rotating stall prob-
lem.

NASA (National Aeronautics and Space Admin-
istration) as a criterion for evaluating the pre-stall state
of the flow, it is customary to evaluate the diffusivity
factor Lieblein Fy [49] both in the compressor blade

row and in compressor two - dimensional airfoil cascade

AW,
_%+0,5£ u , ()
W b W

P =

where W1 and W2 are average flow velocities in rela-
tive motion, respectively, at the inlet and outlet of the
blade cascade;

AWu - changing the circumferential velocity com-
ponent in the blade row;

t — airfoil spacing between the blades in the airfoil
cascade;

b — airfoil chord.

According to Liblein’s experimental studies of
NASA 65 —(A10) and C.4 airfoil cascades, a value of
the FD factor exceeding 0,6 corresponds to the flow
stall mode in the blade row, and Fy =0,45 is recom-

mended for choosing of the design mode. The right-
hand side of expression (1) consists of two components,
the first one characterizes deceleration of the one-
dimensional flow at the suction side of the airflow, and
the second is the flow rotation, which characterizes the
aerodynamic loading of the airfoil cascade of the two-
dimensional flow. Subsequently, the two-dimensional

boundary layer to comes off, the name of the Moor -
Rott - Sears model where F. K. Moor developed his
ideas about the nature of boundary layer unsteady
comes off in subsequent publications about the rotating
stall theory [15]. Thus, the above analysis of the condi-
tions for the transition to rotating stall indicates the lack
of uniqueness of the term “stall limit” [11]. There is also
no generally accepted understanding of the relationship
between surge and rotating stall, moreover, vibrational
combustion in the augmenter [10] of afterburner turbo-
jet engine at the irrecoverable surge mode. With the
existing confusion in terminology, stall is understood as
a broader concept from a fully developed stall [11] to a
dynamic stall [16], taking into account the effects of
delay in the manifestation of inertial properties in the
flow of the airfoil blade in the stall process with increas-
ing attack angles. If the combustion instability in the
combustion chambers is determined by the region of
poor flame stall [4, 17] and the three frequency ranges
of pulsating combustion are recognized, then the com-
bustion instability in the afterburner are caused by well-
known aircraft altitude and speed restrictions.

3. Modelling post stall processes
in gas turbine engines

The phenomenological approach proposed in [16,
19] for the rotating stall theory in axial compressor is
based on the form application of the generalized pres-
sure characteristic (as follows from the hypothesis
nonequilibrium thermodynamics about energy maxi-
mum and experimentally confirmed in Fig. 1 for a sin-
gle-stage compressor [7], the independence of the pres-

sure parameter Y1g(1) on the left stall branch of char-

acteristics from design parameters and in particular
from the curvature of the blades ), with the following
features: data of Fig. 1 indicate when the design pa-
rameters are changed, the maximum pressure increas-
es(at the unstall mode) more than two times. While the
pressure increases at the unstall mode, at the full rotat-
ing stall mode (at the flow coefficientop=0,5,

y1s(1) ~0,11) it is changed much less.

In particular, it should be noted the absence of any
systematic increase dependence in pressure at the stall
mode from unstall characteristics of the compressor.
Whereas the complete stall y5() =0,11 it is con-

firmed by correlation information [9, 19, 20].

Then, for the characteristic of the N stage com-
pressor at the stall mode in the form of a dimensionless
difference between the static pressure at the outlet and
the total pressure at the compressor inlet, the pressure is
N times higher than the same parameter for one stage

W1s(N) = N-yrg(D). 2
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Fig. 1. The influence of the blades profile curvature
0 on the pressure characteristic y =f ()

with the full single-zone rotating stall at the unstall
and stall modes (experimental data [7])

It should be noted that, since an increase in pres-
sure under consideration is the difference between the
static pressure at the outlet and the total pressure at the
compressor inlet, this assumption indicates a fundamen-
tally different case from the unstall mode. If we assume
that the pressure increase occurs at N identical stages,
then under the conditions of the unstall regime, a rea-
sonable approximation is the assumption that for N
stages, the increase in both total and static pressure is N
times higher than for one stage. In other words, if both
y1rr(@ and wyr(N) are dimensionless increases in

total pressure in cases of one and N stages, their rela-
tionship takes the form:

N-yrr@)=wrr(N), 3)
similar for the parameter above (2) yrs.

For the single stage with an axial direction of flow
at the outlet, the dimensionless value of the difference
between the static pressure at the inlet is described for a
continuous mode by the relationship

vrs® =wrr®-%-o%. @

Similarly for N stages in unstall mode, the expres-

sion is
2
yrs(N) = Nyp = 2%, 5)

i.e. it isn’t means that it in N times larger than y5(2),
because

Ny7s@) = Ny7r (@) -Nj-o?. ©)

It is easy to see that the right sides of equations (5)
and (6) are completely different, therefore the assump-
tion that the expression y1g(N) =N-y15(2) is valid

for compressors at the stall mode cannot be considered
as a summation result of the steps pressure y , but can

characterizes a fundamentally different hydrodynamic
model. It is completely different from the model that is
usually used in analysis of the unstall flow. In particu-
lar, if a partial stall is often formed in a single-stage
compressor, then their multistage execution leads to a
complete stall [7].

The assumption of the constancy of the dimension-
less increase in pressure by one stage in the stall mode
raises one more remark. The stall zone and the non-
discontinuous region are characterized by the same
values y15(2). This ¥ means that during throttling of

compressor at the rotational stall mode, the operating
points of both of these flow zones remain unchanged.
Rather, the ratio of the areas of the cross-sectional sec-
tions of the annular channel of the compressor occupied
by each of both types of flow changes: with the cover-
ing of the throttle, the proportion of the cross-section
occupied by the stall flow region increases. These pro-
visions were used to determine the left branches of the
pressure characteristic of the axial compressor stages
based on the Yershov hypothesis of maximum energy
approach.

Exit from the surge is possible by opening the
throttle of the engine outlet nozzle at the moment the
throttle characteristic intersects with the maximum pres-
sure point without hysteresis and from the rotating stall
—with it (Fig. 2).

1.0 ¢=Cx/U

Fig. 2. Total-to-static characteristics of four three-stage
constructions of different design
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These features require both consideration at the
development of surge and at the modelling of post-stall
processes [1, 15]. Also including to clarify the effect of
a circumferential flow irregularities at the inlet to the
compressor. The increase in circumferential flow irregu-
larities at the compressor inlet during surge or rotating
stall shifts the surge line to lower airflow [18]. And the
way out of instability occurs at the points on the charac-
teristic of violation of dynamic or static stability, re-
spectively. It is known [11] that compressor can satis-
factorily operate when the presence of large areas of
flow come off. The appearance of stall is called a break-
away in the separate blade row, which does not portend
loss of compressor gas-dynamic stability without taking
into account the fact that under conditions of multi-stage
axial compressor, the stages are mismatched, which is
different manifested in the stall process in stages. Vast
areas of flow come off can be without the formation of
rotating stall. The listed features can naturally be taken
into account in the mathematical modelling of the com-
pressor in the engine system, especially afterburning
turbofan engines, where the adjacent nodes have a sig-
nificant effect on the compressor stability. The low-
pressure compressor (afterburning turbofan engine fan)
usually has 2-4 stages with compressor pressure ratio

n; increase up to 4,3 at the design mode. In this case,

all stages lose stability approximately at the same time,
and their characteristics break off near the maximum
pressure (Fig. 2) [19]. The first stage with the flow

coefficient ((p* =0,35) (Fig. 2) at the same time works

to the left of the maximum pressure point with the sub-
sequent formation of a partial stall and a small gap
without the hysteresis loop on characteristic that turns
out to be the same for matched and mismatched com-
pressor [9, 11, 19]. The compressors with high values

design flow coefficient(p*ZO,SSare characterized by

the formation of the complete stall with a significant
hysteresis loop, which precedes a hard surge.

Such a wide variety of reasons of stall processes
development indicates the sufficient complexity of the
task of restoring the unstall operation of afterburning
turbofan engines. Extensive physical studies of post-
stall processes in F100 [1] made it possible to create a
model with their reflection, which allows to deep an
understanding of their development. The deep under-
standing of compressor system processes instability is
necessary in order to further prevent gas-dynamic insta-
bility of GTE. The model is based on use of some regu-
larities of the generalized compressor pressure charac-
teristics during rotating stall [15, 19, 20, 21] and devel-
opment of surge oscillations [10]. It was established that
the irremovable surge is preceded by an irrecoverable
stall, and this stall depends on duration of destabilizing

disturbance [18]. In this case, there may be a situation of
self-eliminating stall (Fig. 3) when opening the throttle -
nozzle with a duration of less than 0,2 s for highly
mechanized engines.
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Fig. 3. Recovery from rotating stall
4. Recovery from rotating stall

In case of rotating stall at the maximum pressure
point of compressor characteristic, the trajectory on the
phase plane and the system operating mode point goes
to the surge loop intersection point A (Fig. 3) with the
characteristic of the throttle. When the throttle is cover-
ing, the system moves to the point B according to the
throttle lines intersection. When the throttle is opening,
the movement occurs to the opposite point C of touch-
ing the characteristics of the throttle and compressor. In
[18], an attempt was made to create a general model that
combining into one previously developed two separate
models of surge and rotating stall [10, 15, 19], which
takes into account the interaction and mutual transitions
of one type of unstable mode operation to another. In
this case, it is important to keep in mind frequency and
time properties of the analysis processes of irrecovera-
ble stall [22] and the identification of characteristics
[23]. The process of leaving the stall mode proceeds
according to the throttle characteristic that close the
hysteresis loop (Fig. 2). At the same time, with repeated
self-eliminating stall with surge, as a result, their recov-
erable stall (surge) can occur. Therefore, it is very im-
portant to prevent it by eliminating the initial disturb-
ance, for example, flame failure, delaying its ignition
[1] or oscillations in afterburner [10]. Due to the danger
of the GTE compressor stalling modes has developed
various mathematical models of post-stall processes [1,
2, 21, 23, 24] that are used to restore normal operation
mode. For calculation of the irrecoverable stall, e.g., in
the turbofan F 101X [2], the calculating transient pro-
cesses program in the engine is improved, namely: the
range of fan characteristics at the ends of the blades is
expanded with the identification of stall conditions,
including counter flow; the ignition limits are estab-
lished for the fuel-air mixture. For surge and rotating
stall, the calculations have satisfactory agreement with
the experiment. Thus, the resulting model can be de-
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scribed surge, rotating stall and irrecoverable stall, simi-
larly to [1]. In [25], for such a turbofan engine, flight
conditions (H = 6-16 km, M = 0,6-1,2) were simu-
lated by experimental verification of protection possibil-
ity against the irremovable surge. It has been established
that the engine stability is not restored when the stall
duration is from 0,125 to 2,5 s. In addition, it was con-
firmed that unsteady heat transfer [26] adversely affects
the gas-dynamic stability margin of the compressor
during transient engine operating modes. In particular,
with counter-throttle response, the stability margin de-
creases due to the high-pressure compressor, and with a
sharp discharge of gas, due to the low-pressure com-
pressor. In mathematical modelling when the engine
control systems turned on [27], in contrast to [1, 2],
where the surge often required an unacceptable engine
shutdown with restarting. The use of variable guide
vanes and air discharge from high-pressure compressor
[27], regulation of fuel supply and ignition are especial-
ly effective in combination. Furthermore, it was found
that compressor output from stall depends heavily on
the shape of its characteristics at the equilibrium point
of rotating stall and the location of the gas network
characteristics [19]. Thus, a simple two-dimensional
mathematical model in the form of axial compressor
stages active disk at the rotating stall mode is reduced to
solving the Poisson equations for ideal gas pressure
(Cousins& O’Brien, 1985). It confirms that the devel-
opment of stall phenomena in compressor depends on
its characteristic form, hydraulic network characteristics
and its volume [19, 20, 29]. So with a small volume, the
loss of stability occurs in the form of rotating stall, and
with a large one - surge. The known methods of actively
suppressing compressor instability by periodically flow
perturbing and impacting the surge or stall line which is
one of the reserves for eliminating it [30]: slotted casing
treatment [31, 32];control of the output (recovery) of
unstall compressor operation mode, taking into account
the differences in surge and rotational stall for favoura-
ble conditions [33, 34]; the manifestation of acoustic
impedance [35] and parallel work of the compressors
[36] of the main and bypass afterburning turbofan ducts,
between them there is a dynamic interaction with a
natural leakage flow of air and changes in the bypass
ratio [37]. Naturally, the volume of compressor and the
adjacent engine network has complex acoustic and elas-
tic-damper effect at their removable surge due to the
unsteady flow processes along the contours, unsteady
transitional engine operating modes in the service con-
ditions of a highly manoeuvrable aircraft in an disturbed
atmosphere, which creates uneven and pulsating entry
and disturbance conditions in any of the mechanisms of
vibrational combustion and flame failure [17] in the
afterburner or main combustion chamber [37]. Despite
the fact that such a large list of agreed factors is unfor-

tunately still impossible to take into account in calcula-
tions to prevent the instability of GTE. The existing
ideas about the development of surge and rotating stall
in axial compressors make it possible to recover the
unstall operation mode of GTE, based on the patterns of
characteristics changes.

Namely: the beginning of surge from the limit stall
point manifests itself in the form of an intensive cyclic
decrease in the airflow through the compressor to zero
and negative values (Fig. 4) [33]. Further, rotating stall
periodically appears in the form of separate stall zones.
The possible restoration regime of unstall operation
during the reverse movement along the surge loop in the
direction of increasing airflow at the point of the pres-
sure characteristic with a normal flow (Fig. 4) is being
approached by control and regulation means.
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Fig. 4. Generic compressor map showing differences
between surge and rotating stall

In general, surge is a more recoverable condition
that rotating stall because the compressor is transiently
operating on the unstalled portion of its performance
characteristic for part of the surge cycle (Fig 4). As a
result, surging will cease if the surge-producing mecha-
nism is relieved i.e. throttle is opened sufficiently to
prevent the stall limit from being reached). Rotating
stall, however, is characterized by quasi-steady perfor-
mance at a reduced flow rate and pressure rise.

5. Supervisor type engine
electronic control system

A lot of attention (when creating F100 engine) was
given to control system [38] to prevent the irremovable
surge for both the twin-engine F-15 aircraft and the
single-engine F-15 aircraft, wherein instead of hydro
mechanical elements mainly the engine electronic su-
pervisory control system (EEC) was used. Considering
the positive experience of the EEC system on F100
engine, the works were done to create a fully electronic
digital automatic control system ACS. It were done
together with specialists from engine and aircraft manu-
facturers with the participation of the US Air Force. As
a result, the digital ACS DEEC (Digital Electronic En-
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gine Control) was created in a variant suitable for con-
ducting demonstration tests on the F-100 engine taking
into account the identification of its qualities.

ACS DEEC is made in the form of a fully elec-
tronic and digital, but with simplified duplication of
hydromechanical regulator, allowing continuing flight
of aircraft with engines at dry thrust operation mode
when the main electronic system completely failed.
Improving the electronics reliability is achieved by
duplicating its most critical circuits.

Comprehensive design and research work around
the DEEC ACS, over a five-year period (1974-1979)
made it possible to establish importance of consider the
flow disturbances at the engine inlet, as well as the
feedback of the position of the main geometric parame-
ters for regulating the compressor flow path, the main
and afterburner fuel dispensers according to the after-
burners chambers and nozzle flaps Fn.

Checking the influence of the level of perturba-
tions at the engine inlet during compression in the air
intake during complex manoeuvres of the aircraft was
found that a high level of perturbations arising, for ex-
ample, when control over the compression planes of the

- - - * -
air intake fails, leads to a decrease m, compared with a

small level of perturbations. Such behaviour of nz with

the increase in the level of perturbations reduces the
probability surge of the engine. Individual units bench
tests led to decision to form a system from them as a
whole. Further bench tests with modelling the engine as
a single system were the basis for conducting ground
tests on F 100 engine in F-15 aircraft system by model-
ling of installation of the DEEC ACS, which became the
basis for preparing for flight tests [38]. A similar way to
improve ACS using the DEEC system was chosen by
General Electric in F101X engine, as well as for many
similar afterburning turbofan engines. Detailed tests of
the DEEC ACS [38], in a wide range of experimental
flights, confirmed the possibility of ensuring the relia-
bility and safety of flights by introducing regulation of

the DEEC ATS vianz with refusal of manual adjust-

ments of engine performance. However, this requires a
continuous check of engine systems state and the im-
provement of the diagnostic system in addition to the
DEEC ACS that already installed on F-100 engine. At
the same time, it must be recognized that the problem of
afterburning turbofan instability is so complex in flight
conditions that it cannot be considered finally solved to
install it on F-16 single-engine aircraft, since it is char-
acteristic of the engine design itself. A clear understand-
ing of all interrelated (different in nature) processes, that
are described above can be a success in solving such a
difficult task as the elimination of surge. It is evidenced
by the wide variety of afterburning turbofan subclasses

of various engine manufacturers F101, F404, TF30,
F119, EJ200, M.88, RB.199, RD-33, AL -31F. Distinc-
tive features of this subclass of afterburning turbofan
engines are the presence after mixing flows of main and
bypass duct with parallel working compressors of the
afterburner chamber. As a result the emergence of vi-
brational combustion leads to flame failure and it is the
main root cause of the development of hydrodynamic
unstable stall and surge. The possible flow leakage of
air between the ducts behind the fan is accompanied by
a change in the bypass ratio and certainly affects the
development of stall processes. The study of this issue is
also given due attention in this article, because in the
above analysis of publications it was not given such
attention. As is known [1, 9, 36], the natural change in
the bypass ratio of a turbofan engine due to overflow
affects the gas-dynamic stability of GTE.

6. Results and discussion

Analysis of bypass ratio influence on an aerody-
namic characteristics of an afterburning turbofan fan is
one of the main purpose of this study. It is known that
bypass air from the main duct to the bypass one in tur-
bofan engine contributes to the expansion of the range
of its stable work, while increasing the bypass ratio m.
However, in flight operation of afterburning turbofan
engine, presence of an afterburner as a source of pertur-
bation (when changing its operating mode) leads to a
different change in the stability range and aerodynamic
characteristics of the fan, which is accompanied by the
mutual influence of the fan ducts, and, consequently, the
engine as a whole. Blade of axial fan, as well as stages
of axial compressor are initiates of the zones appearance
of rotating stall as a result of separation phenomena in
blade channels [39]. A particularly difficult change of
the flow pattern in a fan is the transition to unstable stall
processes with a significant redistribution of flow along
the ducts behind the fan RB.199 [40] due to the throt-
tling effect of the afterburner with the flap mixing de-
vice of the bypass duct air flows with the main duct gas
behind the turbine and the subsequent jet nozzle.

When compressor gas-dynamic stability is violated
adjacent nodes and even the separator ducts behind the
fan, as is known, significantly affect the flows separa-
tion aerodynamics and the shape of rotating stall. In
mathematical modelling of the violation stability pro-
cess of turbofan engine, it is necessary to have infor-
mation about the aerodynamic characteristics of fan that
can be used to identify fan model. Such information was
obtained by the authors in KhAI on a specially created
experimental setup (Fig. 5) and according to the appro-
priate test procedure. The bypass ratio was changed by
throttling with a common bench throttle after mixing of
the flows behind the separator ducts and throttle rings
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on each duct (they were fixed to the output of the sepa-
rator). As a result, the fan characteristics are obtained
separately for the main (I) and bypass (Il) ducts in a
wide stall and unstall flow range (Fig. 6) [52].

160
r
By 3

Fig. 5. Scheme of the air gas channel
of the bypass fan stage

The characteristics are presented for reduced cir-
cumferential speed of the blade U =100wm/c . When the
bypass ratio m=0,5(Fig. 6, a) stability violation oc-
curred as a result of the occurrence of a six-zone partial
rotating stall with a relative rotation speed 3 =0,59
that subsequently transfers to a complete single-zone

stall with a speed ®3 =0,36 with a sharp deterioration
in characteristics with a break of the main contour. The
partial rotating stall leads to a sharp deterioration of the
characteristics of the bypass duct, while the characteris-
tic of the main duct undergoes only a kink.

At the bypass ratio m=2(Fig. 6, c) the appear-
ance of a complete single-zone rotating stall with

@3 =0,5 was appeared after irregular pressure pulsa-

tions, especially in the bypass duct with a sharp deterio-
ration of the characteristics. The break of the character-

*

istic of the main duct occurs without decreasing pres-
sure and efficiency. In this case, there was a sharp de-
crease by 30 % of the bypass ratio. In all cases, when
there is the complete stall, outflow (at the entrance of
the blade) is observed.

The presented results have good correlation with
preliminary studies of the stall regimes of two two-link
of high-pressure fan stages with wide-chord working
blades of small elongation that are close in geometrical
characteristics with the presented one. In particular,
detailed studies of one of the blades of the flow separa-
tion process from the suction side of the blade by visual-
izing the surface of the blade by oil paint are showed
that the critical separation conditions are primarily
achieved, similarly to the fan of afterburner turbofan
engine RB.199 [40], acquiring a three-dimensional
character near the hub in the dihedral angle (Fig. 7).

It is already universally recognized that the bound-
ary layers on the surfaces of the airfoil channels of tur-
bomachines are three-dimensional rather than two-
dimensional [41, 42, 43]; therefore the flow separation
is also three-dimensional. In contrast to the two-
dimensional model of the appearance of rotating stall
based on the separation of the two-dimensional bounda-
ry layer according to the Moore - Rott - Sears’s model
item (2), a three-dimensional rotating stall is modelled
on a model of three-dimensional separation of the
boundary layer. This separation is characterized by the
presence on the surface of the blades of runoff lines
(separation), which separates the continuous and separa-
tion regions with flows of various origin. This line is
directed along the height of the blade and bends at the
ends of the blades and is close to the limiting stream-
lines. At the hub, the root vortex reunites in the dihedral
angle with the separations and continuous regions,

*
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Fig. 6. Characteristics of the fan ducts in the stall and unstall flow range:
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which at the tip clearance are reunited with the overflow
vortex (Fig. 7).

Fig. 7. llustration of the limiting lines flow

As the main flow throttles through the blade, the
limiting streamlines directed along the height of the
blade, on the surface of its suction side, coincide with
the lines of surface friction, and the separation line is
the envelope of the limiting streamlines. Often, our
habit thinking in two-dimensional categories of separa-
tion makes it difficult to understand the process of a
three-dimensional separation even on relatively simple
bodies, not to mention complex blade rows. That makes
it difficult to explain both the three-dimensional separa-
tion and the reasons of separation. A more important
reason for our inability to accurately predict the three-
dimensional separation is the complexity of the analyti-
cal problem due to the addition of another third spatial
coordinate. Based on the calculated attempts to develop
the three-dimensional boundary layer on an elongated
spheroid (an ellipsoid) of rotation, taking into account a
number of results of visualizing of the flow of existing
publications at that time, K. Wang [44] made a sensa-
tional statement about a “new” the three-dimensional
type of separation. Although the model of the three-
dimensional separation of the boundary layer was first
suggested in 1956 by F. K. Moor simultaneously with
[12], and then by H. Werle on axisymmetric bodies. He
distributed its success in the methods of flow visualizing
to studying the structure of the flow in the rotating stall
zones in compressor cascade [45]. Later [46], signifi-
cant successes were achieved in recognizing the flow
structure with cavitation and stalling processes in axial
compressors during the formation of rotating stall zones
by the flow visualization methods.

Development of theoretical ideas of nonequilibri-
um thermodynamics by V. Yershov [7] about the occur-
rence of rotating stall and the determination of the left

branches of the pressure characteristics ¥ (®) with the

transition from the two-dimensional flow in the com-
pressor airfoil cascade to the three-dimensional flow in
axial turbomachines led to the condition of the blade
airfoil cascades interaction along the radius r [47].

o(Prs®) , 10 {ra(wTs .®)

o(®) rarl @)

} =0, (7
where: A — Lagrange multiplier,

el

(@)= 20

a(r)
given O.
The generalized pressure characteristics obtained
in the work [47] that are presented in figure 8 and are
used to solve equation (7).

— coefficient with a fixed value at a
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This kind of characteristics make it possible to de-
termine the shape of the flow in compressor stage in the
continuous region, at the boundary layer separation
modes and at the rotating stall modes.

A particularly significant interaction of the airfoil
cascade along the radius occurs (during the three-
dimensional separation of the flow boundary layer) on
the surface of the blades with a small relative diameter
of the hub, which was confirmed not only by visualiza-
tion (Fig. 7) but also by a generalization of the static
characteristics of elementary sections along the blades
height. In particular, the critical separation condition is
primarily achieved at the hub, where the flow stabilizes
as a result of the outflow of the boundary layer, while
equation (7) takes the form (8)

o(W1s-9P) _

o ®)
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Measurement of the three-dimensional structure of
the flow in the rotating stall zones in the blade, on
which the aforementioned (Fig. 7) visualization of the
separation in the dihedral angle was carried out by using
a specially developed technique with low-inertia equip-
ment and spherical nozzles, which was confirmed by
G. Werle visual studies (Fig. 8). In addition to the sig-
nificant interaction between the cross sections along the
height of the blades due to the radial overflow along the
surface of the boundary layer, also equally important
information about previous conditions of the stall
boundary in the form of periodic flow disturbances at
front of the blade at the tip region with the frequency of
the subsequent rotating stall was found. This interpreta-
tion is very valuable for preventing compressor instabil-
ity. Both the indicated disturbances and the counterflow
in the stall zone can be eliminated by the help of an
annular grooves casing treatment (in the case which
provides annular bypass). An equally important task is
the search for criteria of the occurrence of rotating stall.
In the methods of design calculation compressors, the
Leiblain diffusivity factor is known as such a criterion,
which is used as a criterion for assessing the aerody-
namic load both when choosing the design mode with
minimal losses and to determine its limiting values in a
prestall mode of the two-dimensional flow.

A criterion for axial compressor for estimating the
size and strength for the three-dimensional hub-corner
stall is presented in [48]. The articles shows that for
cases without incoming endwall boundary layer skew
there is a rough correlation between the two parameters.
However, the diffusion parameter, D, does not correlate
with Fy when cases with incoming boundary layer

skew are included. Also, for skewed incoming boundary
layers there are compressor geometries a diffusion fac-
tor of Fy =0,7 greater than the “critical value” of 0,6

[49] in which the passages are free of hub-corner stall.

Conclusions

The irremovable surge some unstable hydrody-
namic phenomenon, that all aircraft engine manufactur-
ers collide when create the afterburning turbofan engine.
As a result of the publications analysis relevant to over-
coming the various causes of emergencies on highly
manoeuvrable aircraft was established that the problem
of the irremovable surge is characterized by the con-
structive scheme of the afterburning turbofan engine
with mixing flows along the contours in afterburner
front. The main reason of this phenomenon is the simul-
taneous combination of three forms of instability: the
surge and rotating stall in compressor with vibration
combustion in afterburner. The brief historical digres-
sion into the beginning of the creation of the first such

engines by the well-known firms TF30, F100, F101,
RB199, M53, AL-31F [50], Al-322F [51] in parallel
with the publication of information about the phenome-
non of rotating stall, surge and vibration combustion,
including participation of the authors, allowed us to
come to conclusions:

- the irremovable surge is an interesting complex
poorly described phenomenon;

- information about the post stall processes and re-
covery hydrodynamic stability in the compressors is
theoretically described, however, it is practically diffi-
cult to implement, since they do not guarantee the re-
quired accident-free operation of the aircraft when en-
tering the surge;

- requires a deeper study and modelling of the three-
dimensional structure of the flow of stall phenomena in
afterburning turbofan engine compressors, which would
help prevent aircraft accidents due to fatal surge.

Solution of these problems as we see facilitates the
holding of special association’s symposia such as an
ASME. We have given only the limited information
about: the dynamic stall, the acoustic impedance and the
three-dimensional study of the rotating stall develop-
ment and individual surge models in axial compressors.

A well-adjoining direction to that discussed above
topic with axial compressors is the study of systems
with centrifugal compressors, and in particular turbojet
engines, which significantly deepened our understand-
ing of the development of unstable phenomena.
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CTBOPEHHJI TPAJI® — ICTOPISA I CYUACHICTD
B. II. I'epacumenko, B. A. /lauyenxo, M. A. Illeguenxo

HInsxoM iCTOPUYHOTO aHaNi3y PO3KPUTI OCHOBHI mpoOiiemu crBopenHs TP/, cepen sikux — HeyCyBHHMU
MOMIaX KOMIIpecopa. 3TiHO OmyOIiKOBAHUM MOJIENISIM TaKWil MOMIIQX IPEACTABISE COOOI0 TiAPOANHAMIYHY He-
CTIHKICTh B ()OpMi B3aEMOIIEPEXO/IiB 00EPTOBOIO 3pUBY B IIOMITAX TP MEPBUHHIN HECTIMKOCTI B BUJII 3pUBY IIOTOKY
B (hopcaxHiii kamepi 3ropanHs, abo BiOpauiiiHomy ropinti. Cepiitauii nurys F100, crBopenwuit Ha 6a3i TF30, ¢ip-
Mmu «Pratt & Whitney» - oauH 3 nepimx, B skoMy OyB BHSBJICHHI HEYCYBHHI MOMIIAX, B Pe3yJIbTaTi 4Oro 3a3HAIIN
aBapii kinbka JitakiB F-15, yepe3 HEMOXKJIMBICTh BiIHOBJICHHS CTIMHKOI'O PEXUMY pOOOTH KOMIIpecopa 0e3 3yIMHHKH
1 MIOBTOPHOTO 3aIlycKy ABUrYHA. JlOCHipKeHHS MpoOJeMHU 3 HUM SIBUILEM IIPUBENTH IO BHCHOBKY NPO Te, LIO I
npobJiieMa HEYCYBHOTO TMOMITaXy MOPOKEHA CaMOI KOHCTpYKIi€ro nBuryHa. s 11 ycyHeHHs ¢ipmi noBenocs
JOTIPAIbOBYBATH KiTbKA CHCTEM, SIK HAIPHKJIAJ, eNEKTPOHHY CUCTEMY YIIPaBIiHHS ABUTYHOM, Noxavy nanusa ¢op-
CaXKHI# KaMepi Mo mosicax po3TallyBaHHs (JOPCYHOK, BOTHEBOI JIOPIKKH, cTalliTi3amii TopiHHs, MOI0BXKYBaya pPo3.ii-
JIEHHS TIOTOKIB MO KOHTYypax Ta iH. OcoOIMBI TPYIHOIII BUHUKAIH, CYASYU 3 aHAJ3y MYyOJiKaIiii, 3 BiAHOBICHHAM
6e3moMITaykHOi poOOTH TaKWX OBUTYHIB. II[pUMITHO, IO B HUHIMIHIX yMOBaX Ha JiTaky F-35 BcTaHOBICHI OBUTYHH
F-135-PW100, nonepennukamu sikux € F-100 3 takumu x mpoGiemamu. J[Jsi MOrIMOICHHS B TPOIEC 3PUBHOTO
00TiKaHHS BEHTIIATOPHUX JIONIATOK, BHHUKHEHHS 00epTOBOTO 3puBY 1 mommnaxy TPJ/I® HaBeneHi B CTaTTi pe3yib-
TaTH eKCIIepUMEHTAIBHUX TOCITIHKEHb JBOKOHTYPHOI'O BEHTHIIATOpA. IMiTatis 30ypeHs Bix BiOpaIliifHOro TOpiHHS B
(dopcaxkHiil kaMepi 3ropsHHA Ha TpaHULS 3puBY BeHTWIATOpa B cuctemi TPJIJI® B cTeHmOBMX yMOBax 3IiHCHIOBA-
JIacsl HE3aJICKHUM JIPOCETIOBAHHAM KOHTYpPIB B IIMPOKOMY Iiama3oHi 3MiHM CTYNEHS IBOKOHTYPHOCTi. UWCIeHHi
MoHorpadii 1 myOmikamii 3  BiOpamifiHOro TOpiHHS, 30KpemMa B  (POpcakHMX KaMmepax 3TOPSHHS
TPAD AL-21F i TPAAD AL-31F A.M. JIronpKu TiATBEPHKYIOTh MOXKIIHBICTD PO3TIOBCIOIKCHHS 30YPEHb TPOTH
MTOTOKY B 30BHIIIHROMY KOHTYPI 1 HEMOXKIIMBICTB iX TMomupeHHs dyepe3 TypOinu. [lommpeHHs moMImaKHIX KOTHBAHb
B TPJZI® Ha KOMIpecop BHYTPIIIHEOTO KOHTYPY 3a BEHTHJISTOPOM BiAOYBAa€ThCS IDISIXOM B3a€MOJii KOHTYPIB.
3abe3medeHHs 3amaciB CTiKOI poOOTH KOMIIPECOPIB B IBUTYHI - OUTBIN HAMIWHUHA crocid 3amobiraHHs aBapiitHUM
CHTYyaIlisIM HiK BUXig 3 moMmnaxy. OmiHKY 3amacy 6e33puBHOI poOOTH TPaAMIIIHO 3MIHCHEHOI 3a 3HAYCHHAMH (hak-
Topa mudy3oprocTi JlibmsaitHa, skuit MOoXKHa 3actocyBatd B 2D pospaxyHkax. ms peamizamii TpHBUMIpHHUX Tediit
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CO3JJAHUME TPAJA® - UCTOPUSA U COBPEMEHHOCTD
B. II. I'epacumenxo, B. A. /lauyenxo, M. A. Ille¢uenxo

[Tyrem mcTopuyeckoro aHamu3a pacKpbIThl OCHOBHBIE mpooiemMsl co3nanus TPAJI®, cpean koTopbix — He-
yCTpaHUMBIH MoMIax KoMmmpeccopa. CorjacHo OmyONMKOBaHHBIM MOJESIM TAaKOW MOMIIaX HPENCTaBISIET COOOM
THJIPOAMHAMHYECKYIO HEYCTOMYMBOCTH B (hOpME B3aMMOIEPEXOI0B BPAIIAIOIIETOCS CPhIBa B MOMIAX INPH MEPBO-
MIPUYMHE HEYCTOMYMBOCTU B BHJE CPbIBa MOTOKA B (hOPCAKHOM KaMepe CropaHus WM BHOPAIIOHHOTO TOpEHHSI.
Cepwiinbiit aeuratens F100, co3panusiii Ha 6aze onbitHOro TF30, dupmer «Pratt & Whitney» - oguH U3 nepBbIX, B
KOTOpOM OBbUT OOHApy)XK€H HEeyCTpaHWMBIN TOMIIaX, B Pe3yNbTaTe 4ero MoTepreino aBapHi0 HECKOJIBKO CaMOJIETOB
F-15, Tak kak He MOT' OBITH BOCCTAHOBJIEH YCTOHUYMBBIM pexuM pabOThl KoMITpeccopa 0e3 OCTaHOBa M MOBTOPHOI'O
3arycka ABHratess. BckpbiTre npoOiieMbl ¢ JaHHBIM SIBIICHUEM NPHUBENU K BBIBOAY O TOM, 4TO MpoliemMa HeycTpa-
HUMOTO TTIOMITa)Ka IMOPOXKIEHA caMOil KOHCTpYKIMel nurarens. s ee yctpaHeHus: upMe NpUIILIOCH 10padaThl-
BaTh HECKOJILKO CHUCTEM, KaK HalpHMep, 3JIEKTPOHHYIO CHCTEMY YIPaBJICHHUS JBUTATEIEM, TOILITMBONUTAHUS (op-
Ca)KHOW Kamephl IO ToscaM PACIoNIOKEHUsI (POPCYHOK, OTHEBOW JOPOXKKH, CTAOMIM3allMK TOPEHHs, YIUTMHUTEINs
paszeneHus MOTOKOB 10 KOHTypaM U 1p. Ocobble TPYIHOCTH BO3ZHUKAIIH, CYIsl IO aHAJM3Y MyOJIMKAaIUid, ¢ BOCCTa-
HOBJIeHHEM (recoverable) Oe3momMmakHON pabOThI TaKMX JBHraTesnci. [IprMedaTenbHO, YTO B HBIHEITHUX YCIOBHUSIX
Ha camorere F-35 ycranosiens! asurarenu F-135-PW100, npenmectBeHHrKaMu KOTOpBIX siBisercst F-100 ¢ taku-
MU ke rnpobiemamu. [ist yriyOneHus: B MPOLECC CPHIBHOIO OOTEKAaHUsI BEHTUIIATOPHBIX JIONATOK, BO3HUKHOBEHHS
Bpaujaromerocs cpeia 1 nomnaxa TP/ npuseneHsl B cTaTbe Pe3ybTAThl 3KCIEPUMEHTAIBHBIX UCCIEIOBAHUM
JBYXKOHTYPHOT'O BEHTHJIsITOpa. MIMUTaLMs BOBMYIIEHHH OT BUOPAIIOHHOTO TOpeHHst B (JOpCaKHOM Kamepe cropa-
HUS Ha I'paHuLly cpblBa BeHTWIsATOpa B cucreme TP/IJIMD B CTEHNOBBIX YCIIOBUSX OCYILECTBISUIACH HE3aBUCUMBIM
JpOCCeMPOBaHUEM KOHTYPOB B HIMPOKOM JHMAana3oHe M3MEHEHHs CTENEHH JABYXKOHTYPHOCTH. MHOroO4HCICHHBIE
MOHOrpaduu U MyOJNUKAlMU MO0 BUOPAIIOHHOMY TOPEHHIO, B YacTHOCTH B (POpPCaKHBIX KaMepax CropaHHs
TPAD® AL-21F u TPJA® AL-31F A. M. JItonbku NOATBEP)KIAIOT BOZMOXKHOCTh PAacCHpOCTPaHEHHs] BO3MYIIEHHUH
IPOTHB IIOTOKA B HApyKHOM KOHTYpE ¥ HEBO3MOXXKHOCTh MX PACIIPOCTPaHEeHUs depe3 TypOuHbL. Pacmpoctpanenue
nomMnaxHeix konebanuii B TPJI/IdD Ha xommpeccop BHYTPEHHErO0 KOHTypa 332 BEHTWJIATOPOM IPOUCXOAUT MyTeM
B3auMoJieiicTBHA KOHTYpoB. OOecnedeHue 3amacoB yCTOWYMBOH pabOTBI KOMIIPECCOPOB B IBHraTene — Oonee
HaJEeXHBII CrIOcO0 NMPEAOTBPAILCHUS aBapUIHBIX CUTYAllMi 4eM BBIBOZ (recovery) u3 mommaxa. OLEHKy 3amaca
0e3CpBIBHOW PabOThI TPAAUIIMOHHO OCYIIECTBICHHOH 10 3HaueHusIM (akropa auddyszoproctu Jlnbnsiina, KOTOpbIii
npuMeHuM B 2D pacuerax. [l peanm3ani TPEeXMEPHBIX TEUCHHMH NPHUMEHEH WHTETPaJbHBIN BapHAIlMOHHBINA
IIPUHLIAII HEPABHOBECHOM TEPMOJIMHAMUKH «MAaKCUMyMa II0TOKAa MEXaHU4eCKoM 3Heprun» B. M. Epiuosa.

KnrodeBble cjioBa: aBuanys; JBYXKOHTYPHBIA TypOOpEaKTHUBHBIN ABUraTellb; KOMIpeccop; GopcaxHas Kame-
pa cropaHus; BpaIlaIOIUICs CPbIB; OMITaX.
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