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ABSTRACT

The article discusses the current state of development of supersonic transport, analyses the main limitation of the
use of gas turbine engines when flying at high supersonic flight speeds, proposes a method for expanding the range
of GTE limitations in these flight modes of the aircraft, using cold forcing of the engine, conducts an analytical
study of the effectiveness of this approach, proposes one of the possible devices for the implementation of cold
forcing, the efficiency of an engine with cold forcing is shown, which may be of significant interest for the applica-
tion of cold forcing methods in gas turbine engines of supersonic transport.
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INTRODUCTION

General information on the development
of promising supersonic transport

Several large American and European compa-
nies are engaged in the development of superson-
ic transport (SST), including Boeing (Aerion AS2
project), Gulfstream (SSBJ Quiet Spike aircraft),
Lockheed Martin (X-59 aircraft), supported by
NASA, EADS, Virgin Galactic Holdings and etc.
Foreign media call the creation of the Lockheed
Martin X-59 QueSST (Quiet Supersonic Trans-
port) demonstrator a world technological break-
through in the field of commercial supersonic air-
craft construction.

The SST developers see economic feasibil-
ity not only in the sale of aircraft to VIP clients
(although they certainly have their own market
niche), but also in the creation of breakthrough
technologies associated with the development of a
virtually new type of aviation technology. It is pre-
cisely with this that the desire of many countries of
the world, even traditionally far from innovations
in the field of aircraft construction, is associated
with the desire to engage in such kind of research.

International scientific research in the field of
increasing the speed of aircraft allows for the pos-
sibility of commercial travel at speeds of Mach 5
and higher, but at present this direction is still at
the stage of theoretical development.

From the analysis of existing projects and
technical proposals, the following three direc-
tions for the development of the SST can be
distinguished:

e SST with a flight speed of 1.4—1.6 Mach, the
most developed SST projects are designed to
carry from 12 to 22 people, the flight speed
will be 1.4-1.6 Mach over water surface and
1.2 M over land, the flight range at a speed of
1.4 M will be 7 800 — 10 000 km, the flight
altitude is about 18 000 meters (projects of the
American company Aerion Supersonic, AS2,
as well as a joint project of the Spanish Aer-
nova and the American company Spire Aero-
space, S — 512 Quiet Supersonic Jet [1] );

e SST with a flight speed of Mach 2-3, typical
representatives of this direction are the proj-
ect of the Boom Technology company, the
flight speed of the aircraft will be Mach 2.2,
range of 8 335 km, the number of passengers
up to 55 [2] and the project of Virgin Galactic
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Holdings, aircraft speed will be Mach 3, the
flight altitude is about 20 000 m, the number
of passengers will be up to 19 people [3];

e SST with a flight speed of up to Mach 5, a
typical representative of this direction is the
EADS project — Zero Emission Hyper Sonic
Transport (ZEHST), the flight speed will be
Mach 4, the flight altitude is over 32 000 me-
ters, the number of passengers will be 50—100
people, this aircraft will use a combined power
plant, consisting of ramjet and turbojet en-
gines, one of the main ideas of this project is
to reduce SST emissions of exhaust gases [4].

Aviation companies do not disseminate
information about engines for SST

An important requirement for the SST en-
gine is the provision of the required thrust and a
relatively low (necessary for solving the assigned
transport problem with acceptable commercial ef-
ficiency) level of engine fuel consumption at su-
personic cruising flight speed. At the same time,
the maximum values of the engine parameters (gas
temperature in front of the turbine, air temperature
behind the compressor, the physical speed of the
high-pressure rotor) are achieved precisely at the
maximum cruising (longest) and maximum pro-
longed supersonic flight modes, which necessi-
tates the development and use of design and tech-
nological solutions ensuring an acceptable ther-
mal state of the structure, the required reliability
and service life of the engine and other systems of
the SST power plant, including the use of effec-
tive cooling systems, structural materials, includ-
ing composite and non-metallic (to reduce weight
and increase the resource). The choice of the type
of engine and the characteristics of the power
plant and ensuring their coordinated operation at
critical points of the trajectory to minimize thrust
losses have a key effect on the fuel, economic
and environmental characteristics of the SST.
General Electric do not disclose the details re-
garding Affinity, noting only that the new engine
will be based on technologies used in the existing
GE engine family, which are operated by com-
mercial airlines. [5] One of the main means of ex-
panding the range of speeds and altitudes of mod-
ern aircraft is a significant increase in the thrust of
the aviation GTE, i.e. its forcing.

By forcing an aviation GTE is meant, as a
rule, a short-term increase in the engine thrust
in comparison with the thrust at its maximum
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operating mode. Forcing a gas turbine engine can
be used in an aircraft takeoff mode to shorten the
takeoff run or in flight for a short-term achieve-
ment of the maximum flight speed, climb rate and
flight altitude, etc. Engine thrust forcing is car-
ried out in those flight conditions of the aircraft,
where it is required to increase the total thrust of
the power plant in order to increase the power-to-
weight ratio of the aircraft, to ensure its limiting
characteristics, for example, flight at supersonic
speed. When using a traditional afterburner, the
thrust of the gas turbine engine increases by 30—
50%, and the specific fuel consumption increases
by 2-2.5 times [6,7,8,9].

Features of the use of GTE for SST

When an aircraft is flying at supersonic
speeds, due to the adiabatic compression of the
air in front of the flying aircraft, the temperature
of the complete deceleration of the air in front of
the aircraft rises. Full braking temperature Ty is
defined by expression [6]:

Ty =Ty + Ty0,2M? —273,2 (°C), (1)

where: Ty — absolute air temperature (K) at flight
altitude H < 11 000 m.

For flying in the stratosphere (H= 11 000 m)
the T}; is calculated by the formula [6]:

Ty =216,7+43,3M? - 2732 = @)
=43,3M? — 56,5 (°C).

So for SST flying at an altitude of more than
11 000 m at a speed of Mach 1.5-1.7, the tem-
perature at the inlet to the engine air intake will be
in the range from 41-68.5 °C; for a flight speed of
Mach 2-3, the air temperature at the inlet to the air
intake will be in the range from 116.7-333.2 °C;
and for a flight speed of Mach 4-5, the tempera-
ture at the inlet to the engine air intake will be
in the range from 636.3—-1026 °C. There are, as
noted above, three ranges of supersonic flight.

Flight at a speed of 1.4-1.6 Mach, in this
range, the achievement of the indicated flight
speeds can be achieved using a gas turbine engine
without an afterburner. As a rule, this is a turbojet
engine with a low bypass ratio (m = 0.5-1).

To ensure flights at a speed of Mach 2-2.2,
afterburning turbojet and reheated double-flow
turbofan engine with a low bypass ratio are used
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(m < 0,5). The main cruising supersonic flight

takes place in the afterburner mode.

However, at supersonic flight speeds M>3
GTEs degenerate. The reasons for the degenera-
tion are:

e decrease in the productivity of axial compres-
sors due to the kinetic heating of the working
fluid;

e decrease in the useful work of the Brighton
cycle due to the limitation of the gas tempera-
ture at the outlet from the main combustion
chamber.

Therefore, ensuring flight at supersonic speeds
of up to Mach 5 at an altitude of over 32 km re-
quires the use of a combined power plant, con-
sisting of a reheated double-flow turbofan engine
with a variable duty cycle, a ramjet engine and a
liquid-jet engine.

As it can be seen from the analysis above, all
three directions of development of modern ATP
include a gas turbine engine in the power plant of
an aircraft. It was also shown above that with an
increase in the aircraft flight speed, the air tem-
perature at the engine inlet rises, which signifi-
cantly reduces its thrust characteristics, and when
certain Mach numbers are reached, the gas turbine
engine degenerates and a transition to another jet
engine scheme, the ramjet VRM, is required. In
this regard, a contradiction arises between ensur-
ing high economic characteristics of a gas turbine
engine and its real capabilities. The solution to
this contradiction is the creation of various ways
to increase the engine thrust characteristics, pro-
viding lower fuel consumption for creating a unit
of thrust, i.e. forcing a gas turbine engine.

Forcing a gas turbine engine to obtain
high traction characteristics

It is known from the theory of aircraft engines
that to identify the main parameters of the work-
ing process, flight altitude, and speed, as well as
other factors for the thrust of a gas turbine engine,
the following approximate expression for the en-
gine thrust can be used:

R~ Ga(C; Vi), ()

where: G, — air flow through the engine,
C; — rate of gas flow from the nozzle,
Vi —flight speed.

Formula (3) is obtained from the following
conditions:

e on the assumption of equality of the second air
flow rate at the engine inlet and the second gas
flow rate flowing out of the jet nozzle.

e it is also assumed that there is a complete ex-
pansion of the gas in the nozzle and the gas
pressure at the nozzle exit is equal to the atmo-
spheric air pressure.

The rate of flow of gases from the nozzle is
determined by the expression:

iR T |11 = ﬁ K 4

where: ¢; — velocity factor, takes into account
internal losses in the nozzle,
Tg* 7 —temperature of gases flowing out of
the nozzle,
P, — static pressure in the surrounding
atmosphere,
P; — total pressure in front of the nozzle,
R, _ gas constant,
k4 — adiabatic exponent.

From formula (3) it follows that the amount
of thrust is affected by the air flow through the en-
gine and the speed of the gas flow from the nozzle.
Air flow through the engine (G,) is practically
determined by the operation of the compressor,
and the gas flow rate C; temperature of gases dur-
ing fuel combustion in the main and afterburner
combustion chambers. Thus, an increase in thrust
(forcing) of a gas turbine engine can be carried
out in two ways:

e increase in air flow through the engine at max-
imum gas temperature — cold forcing;

e anincrease in the gas temperature by using ad-
ditional fuel combustion — hot forcing.

Hence, it can be seen that all methods of
forcing a gas turbine engine are reduced to two
groups, which are fundamentally different from
each other, this is an increase in the mass of the
working fluid and an increase in its temperature
before leaving the engine.

An increase in the temperature of the working
fluid to increase the rate of its outflow from the en-
gine is associated with significant fuel consumption,
which greatly impairs the efficiency of the engine
and is limited by the heat resistance of the materials
used in the design of the gas path of the engine.
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The most common way of forcing a gas tur-
bine engine is additional heat input behind the
turbine. Another frequently used method of forc-
ing a gas turbine engine is to increase the rotor
speed due to an additional short-term increase in
the temperature of the gases in front of the tur-
bine. The disadvantages of these methods are
described above. Additionally, it should be not-
ed that with an increase in the supersonic flight
speed of the aircraft, the temperature of the air
(working fluid) at the engine inlet increases, as
noted above. Considering the limitation of struc-
tural details in terms of heat resistance, it is im-
possible to increase the amount of heat input with
an increase in the air temperature at the engine
inlet. As a result, the total amount of supplied heat
decreases, which leads to a decrease in the trac-
tion and economic characteristics of the GTE at
supersonic flight modes.

Another group of methods for forcing a gas
turbine engine is based on an increase in the
mass of the working fluid passing through the
engine. This group of forcing methods is attrac-
tive in that it does not require additional fuel
consumption to increase the air consumption
through the engine, and, consequently, the en-
gine thrust. This fact is very important for the
economic indicators of the SST.

Cold forcing GTE

At present, cold forcing as a direction for
increasing the thrust of a gas turbine engine has
been little studied and this has been one of the
reasons for underestimating the capabilities of a
gas turbine engine as a gas-dynamic scheme for
use in power plants of aircraft with high super-
sonic flight speeds.

The main idea is to use a high cooling re-
source of promising cryogenic fuels, in particular,
hydrogen. The system of heat exchangers, built
into the structural elements of the compressor
and its channels, allows to reduce the temperature
of the working fluid and thereby increase the air
flow through the compressor.

The requirement of time, and modern tech-
nological capabilities make it possible to take a
fresh look at the introduction of intercooling of
air during its compression in a gas turbine engine.

The main parameters of an axial compressor
are known from the theory of aircraft engines:

e adiabatic work of compression, i.e. work of

rotation of the compressor shaft (L)
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k LA
Le=3—7RTa <nck_1 - 1) (5)

where: k — adiabatic exponent,
R — gas constant,
T — inhibited air temperature at the com-

pressor inlet,
P*
* _+C . Pri
= P compressor pressure rise (P¢ in-
A

hibited pressure behind the compressor,
P, — inhibited pressure at the compressor
inlet)

e the specific performance of the compressor,
i.e. air flow through a unit of total front area at
the compressor inlet (G,4.)

*

P, —2
qAa)(1-dg) (6)

VTi

where: m — dimensional factor depending on the
type of gas,
q(A,) — relative current density,
T} — inhibited air temperature at the com-
pressor inlet,
P, — inhibited pressure at the compressor
inlet;
d,; — relative diameter of the impeller
sleeve at the compressor inlet.

GAC:m

As it can be seen from formulas (5) and (6),
by increasing air temperature at the compressor
inlet (T}) the specific performance of the com-
pressor decreases (G, ) and the work required to
rotate the compressor shaft increases L¢.There-
fore, to reduce L¢ and increase G 4 it is necessary
to reduce the air temperature (T} ).

Water injection at the compressor inlet

One of the best-known methods of cold forc-
ing is by injecting water into the compressor inlet.
The heat that is taken away from the air stream
by atomized water consists of three components:
e the heat spent on heating water droplets to the
boiling point

Q1 - CPWgW(TB - T())’ (7)

where: Cpy, — specific heat capacity of water,
gw —relative flow rate of injected water,
T — boiling point of water,
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Ty —temperature of injected water at the
compressor inlet;

e the heat of vaporization
Q, =4y, (8)

where: g, — specific heat of vaporization of
water,
e heat spent on heating the steam to the air tem-
perature in the compressor

0, = Cpy gw(Tc —Tp); )

where: Cpy - specific heat of water vapor,
T — temperature behind the compressor.

The total heat removed by the water from the
air flow will be determined by:

O,=0,+0,+0;=Cpy (Tec —T¢), (10)

where: Cp, — specific heat capacity of air,
T¢c — temperature behind the compressor
without water injection.

The amount of water injected into the com-
pressor is limited and does not exceed 3% of the
total air flow. Water injection not only increases
engine thrust, but also reduces (N O,).emissions

Refrigerated axial compressor applications

The authors propose a method for forcing
a gas turbine engine for high supersonic flight
speeds by removing heat from the working fluid
through a cooled axial compressor.

Compressor operation determines the air
flow through the engine (G4) and, consequently,
the thrust of the gas turbine engine. As the flight
speed increases, so does the air temperature at the
compressor inlet ( Tj), which leads to a decrease
in the reduced speed (n),

288
n=n T; ,

(1)

where: n —the physical speed of the compressor
rotor.

At constant temperature of gases in front
of the turbine T7. = const and a constant rota-
tional speed n = const, it leads to a decrease in

the degree of pressure increase in the compres-
sor ( 7r¢) and the degree of heating in the engine

(a= Tec T;)-

Accordingly, the air temperature behind the
compressor also rises (T¢), which reduces the
amount of heat input (0. ) in the thermodynamic
cycle, because.

Oc=Cpg (Tée — TE) (12)

where: Cp, — specific heat capacity of gases.

Figure 1 shows the change in the position
of the design point on the operating line of the
compressor characteristic with an increase in the
temperature at the compressor inlet (T). 1 -2,
-3 — line of operating modes in the compressor
characteristic field. 4™ — line of the boundary of
stable operating modes of the compressor. 5™ —
line of the direction of reduction of the reduced
speed of rotation with an increase in the tempera-
ture of the working fluid at the inlet to the com-
pressor ( Ny < Mgy ). 6" — line of direction of
increasing the reduced speed of rotation during
the operation of the cooling system of the work-
ing fluid, i.e., decreasing its temperature.

Figure 2 shows the dependence of the work of
the thermodynamic cycle (L7¢) on the degree of
pressure increase (1) and the degree of heating
of the working fluid (A) with increasing tempera-
ture at the compressor inlet (T ). With an increase
in the temperature of the working fluid, the degree
of its heating decreases, while the optimal value
of the degree of pressure (T() increase also de-
creases and the work of the thermodynamic cycle
also decreases. When the working fluid cooling

v

()

Fig. 1. Compressor characteristics
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system is operating, all parameters of the thermo-
dynamic cycle tend to return to optimal values.

As follows from the above, in order to im-
prove the characteristics of an axial compressor,
it is necessary with an increase in the temperature
at the compressor inlet (Ty), i.e. with an increase
in flight speed, apply measures to reduce the tem-
perature of the working fluid, i.e. reduce T.

In this method, when the GTE thrust increas-
es at large numbers M of the aircraft flight (M>
2.5), it is done by cooling the air in the compres-
sor using the cooling resource of the fuel by sup-
plying the refrigerant to the compressor casing
and the stator of each stage, and the amount of re-
frigerant supplied from the first to the last stages
for each flight mode are increased according to
the law of increasing the temperature of the air
flow along the compressor path. When changing
the flight mode using the cooling control system,
the maximum possible reduced speed (1) near its
optimal value (,,¢) (Fig. 1) is maintained by
changing the amount of supplied refrigerant (lig-
uid hydrogen).

Additionally, a heat exchanger can be in-
stalled in front of the high-pressure compressor
(for reheated double-flow turbofan engine). The
heat exchange elements are the hollow blades of
the guide vanes of all stages of the axial compres-
sor and its casing.

The amount of heat removed from the work-
ing fluid is determined by the expression:

Oy =xFs T, (13)

where: k — heat transfer coefficient
F5. — the total area of the surface washed
by the working fluid,
T — average temperature head.

>
»
*

e

Fig. 2. Dependence of the work of the thermodynamic

cycle (L) on the degree of pressure increase (77 %)
and the degree of heating of the working fluid ()
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The automatic control system provides refrig-
erant supply from the first stages to the last ac-
cording to the law of increasing air flow tempera-
ture along the compressor flow path. In Figure 3
the authors have presented a diagram of one of
the possible variants of a hypothetical GTE (re-
heated double-flow turbofan engine) for an SST
with a cold forcing system.

In the Figure 3: 1 — aircraft fuel tank (hydro-
gen fuel); 2 — control unit with temperature values
coming from sensors at the engine inlet Ta and
temperatures behind the compressor Tc 3 — block
of injection pumps; 4 — cooler distributor for con-
sumers; 5 — block of supplying fuel pumps to the
main and afterburner combustion chambers; 6 —
block of pumping out pumps from cooling ele-
ments; 7 — cooled fan guide vanes; 8 — cooled fan
case; 9 — heat exchanger for cooling the air en-
tering the high pressure compressor; 10 — cooled
high pressure compressor; 11 — main combustion
chamber; 12 — afterburner combustion chamber.

The order of operation of the device: depend-
ing on the temperature at the inlet to the engine
and the temperature behind the compressor, the
control unit (3) regulates the supply of coolant by
the injection pumps (3) to the cooling elements
(7,8,9,10) from the aircraft fuel tank (1), then the
refrigerant is pumped out of the cooling elements
by the pumping out pump unit (6) and supplied to
the fuel supply pump unit (5), which distributes
the fuel supply between the main (11) and after-
burner (12) combustion chambers.

In a gas turbine engine for high supersonic
flight speeds, as a rule, low-pressure axial com-
pressors are used, which makes it possible to
place cooling channels in the guide vanes of an
axial compressor.

CONCLUSIONS

The use of cold forcing at high flight
speeds will expand the range of flight speeds
(Fig. 4). In the figure, line 1-1 is the limitation
of engine operation according to the maximum
permissible temperature of the working fluid at
the engine inlet (T,). Line 2-2 shows the dis-
placement of the limitation on the maximum
allowable temperature at the engine inlet when
implementing (turning on the cold forcing sys-
tem) the method of cooling the working fluid
in the gas turbine engine to higher values of
the M flight numbers.
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Fig. 3. Diagram of a hypothetical GTE for SST with a cold boost system.
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Fig. 4. The area of limitation of the operating
modes of supersonic transport

It should be noted that the specific fuel con-
sumption (Cg) will decrease with cold forcing,
because increased thrust (R) occurs not due to an
increase in fuel consumption, but due to the use of
its cooling resource:

Gr
= — 14
CR R ) ( )

where: G — hourly fuel consumption.

Thus, the direction of cold forcing of a gas
turbine engine may be of interest when creating
promising power plants for SST due to its econo-
my, which does not require additional fuel com-
bustion with an increase in engine thrust.
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