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Abstract

The problem of design parameters selection of the turbine engine is the most important task at the preliminary
design stage of the multi-purpose aircraft. A special feature of the multi-purpose aircraft mission is a sudden (even
pulse) weight change, especially its decrease as a result of discharge of cargo bombing or rockets due to the
ammunition consumption during air combat manoeuvring. In this article the attempt to use economic and mass
criteria to assess the impact of the type of air missions on the choice of the design parameters of the engine was done.
As the design, parameters there were selected the following measures: compression ratio, the turbine temperature and
the bypass ratio. A mathematical model of the engine — aircraft — air task system was built (taking into account the
flight conditions, the mission elements — the subsonic and supersonic flight, flight time, thermo-gas-dynamic and mass
model of the engine). The model enables to conduct the simulation research of the complex flight missions and their
assessment on the basis of the constructed criteria. The model includes a parametric description of physical processes
in the turbofan engine, thereby allowing a direct assessment of the impact of the selection of engine parameters on the
effectiveness of the mission. The paper presents the results of calculations according to the classical criteria (e.g.
kilometre fuel consumption, specific fuel consumption of the engine). New criteria for evaluation were presented, they
are the energy efficiency of complex mission of an aircraft and the relative total and specific fuel consumption. The
values of circuit parameters that need to be taken as design constraints for the engine to allow the implementation of
the aviation missions were determined. The results are shown in an illustrative way on the number of graphs.
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1. Introduction

The assessment of the energy efficiency of an engine as a structural element of the aircraft
consists of a set of indicators based on which one can assess the energy rate supplied to the engine
to perform the entire aviation mission. In order to assess the quality of the selection of the engine
to the aircraft and indicate the physical aspects for this selection, an assessment of the overall
engine — aircraft — aviation task system needs to be performed. In the paper there were discussed
some selected evaluation criteria of matching the engine to the aircraft that runs the specified
mission, and then for the selected missions the results of calculations will be presented. The
influence of thermo-gas-dynamic parameters of the engine (Total Turbine Temperature (TT3),
compression pressure ratio 7, bypass ratio p) on the appropriate mass and economic criteria were
researched [3].

2. Comparative criteria
Mass limitations arising from the mass balance equations aircraft are closely related to the

mass of fuel. The basic criterion, which results from mass balance equations of an aircraft [1-3, 5,
10], is the relative mass consumption:
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where mass of the consumed fuel during the mission execution:

— \'k
Mspar = Zn=1Mpaln> 2)
where:
k — number of stages the mission was divided into, (take off n=1, climbing n=2 etc.),
ms — take-off weight of an aircraft,

Mpal,n — Mass of the fuel consumed during a selected stage of the mission,
Myain = Cj,nKsil,nAtna (3)

where:

Cin — specific fuel consumption for the n-th stage of the mission,
Kiin — available thrust of the power unit on the n-th stage,

At, — time of the n-th stage of the mission.

The criterion (1) acts as a constraint to check for which parameter combinations of the engine
thermal cycle during a mission an acceptable value myya can be achieved. According to research
carried out in [7] for modern multi-purpose aircrafts the value of mwpa = 0.2....0.25. To assess the
economical efficiency of the aircraft engine a specific fuel consumption of the engine ¢; [1, 7] is
applied. The value of this ratio is determined for a given value of thrust and flight conditions and
usually is given for the most economical operating range of the engine. The smaller the ratio, the
engine (or rather the operating range of the engine) is more economical. It is the criterion which
only evaluates the engine in economic terms and it does not take into account the characteristics or
parameters of the aircraft or an aviation mission. When assessing the mission of the aircraft from
an economical point of view, it is usually assessed by indicators such as total fuel consumption,
fuel consumption related to range, or the weight of the load (commercial). Each aircraft mission, in
order it could be performed, requires the delivery of a specific energy, which is assessed globally:
for the entire mission, for several series of missions (in the case of multi-purpose aircraft). The
comparison of the selected mission ratios (different in purpose and method) provides an
opportunity to assess the mission not only in terms of energy expenditure but also in economical
terms. For the purposes of the article it was introduced a new criterion called specific fuel
consumption indicator in the mission defined by the formula:

my pal
_ XAt
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where Ez — range energy-consumption [11],
k .
EZ — Zn=}cKSLl,nLn . (5)
Zn:l LTl

In the formula (4) total consumption is divided by the total flight time (total time performing
the elementary stages of flight) and related to the so-called [10, 11] range energy-consumption Ez.
The indicator (5) determines the amount of work done by thrust force from 1 kg of burned fuel per
time to move the mass of the aircraft to the distance unit. An analysis of any of the criteria (1, 4)
gives the opportunity to examine the degree of “processing” of the fuel energy into useful work of
thrust force. The equations (1-5) are also applied at the elementary stage of the mission, and they
enable to show the most and least energy-consumption stage. The smaller the value of ¢; g, the
more useful energy created from burning of the mass of fuel unit.
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3. Assumptions and analysis

On the basis of [2-6], a model of turbofan engine with a jet mixer and an afterburner was built,
as well as the model of aerodynamic characteristics of an aircraft [1, 11], and the mission models
[1, 3]. The connection of fuel mass and aircraft take-off weight (1) is a standard criterion to assess
the ability of the aircraft to stay in the air. The results of calculations of the impact of the
compression pressure ratio m , total turbine temperature TT3 bypass ratio p on the my,. value was
shown in Fig. 1. The results of the calculations relate to the LoLoLo mission (so-called battlefield
support missions for which the characteristic is an approaching by air to the combat zone, air
combat and return to the airport at subsonic velocity and low altitude flight (Lo)).

0.28

0.34

3
e ¥

7.7 P 0P ST S 1 ot A R R A R 2

e s S A A T TS

024 028

-« TT,=1300 [K] 3 I S

al

s L R R et TT,=1300 [K]
Ek —TT,=1700 [K] Ek 026 e -
- J —TT,=1700
0 o2 K]
\ _ 022
0.2
L 02
0.1 018
15 20 25 30 35 6s 06 07 08 09 1 11 12 13 14 15
T n
a) b)

Fig. 1. Influence of a) compression pressure ratio w (u=0.5) , and b) bypass ratio p (m=25)on my,y, for two values
of TT;, (LoLoLo mission)

The influence of compressor compression on fuel mass required for the LoLoLo mission
depends largely on the total turbine temperature TTs (Fig. 1a). For temperatures below 1500 K,
the my;,q; = f (1) function has a minimum for =, in the range between m,p, due to the maximum
specific thrust and 7., due to the minimum of the specific fuel consumption [3]. This value is
related to the mission parameters (the range and flight velocity). When one adopts a higher total
turbine temperature of ca. 1700 K, the my,,,; = f (1r) function decreases monotonically. If assume
for [3, 7] that the relative fuel weight of modern multi-purpose aircraft is my,,q; = 0.2, then to
obtain such an indicator of relative mass of fuel is possible at relatively high total turbine
temperatures and compressor pressure ratio above the values indicated in Fig. 1a by “MIN” index.
The higher the TT;, the value of myn is lower. The effect of bypass ration on myy,,q,; is opposed to
the static compression (Fig. 1b). The increase in the bypass ratio leads to an increase in the relative
weight of fuel, the more quickly the lower the total turbine temperature is. When the total turbine
temperatures are, lower than 1500 [K], then to obtain my,, = 0.2 virtually impossible. In
addition, for high total turbine temperatures as in the calculation example -1700 K the increase of
p above a certain limit value (u> 1.1) exceeds the limit value of relative mass. The characteristic is
a flat course of the curve my,,,; = f (1) in the accepted range of p changes, for large values of
TTs. If no restrictions for p because of the mission energy requirements, such a curve course
would give the designer of the engine a relatively large range of the selectable values of p bypass
ratios.

The economical criterion, which allows assessing the degree of energy consumption during the
mission, is specific fuel consumption during the mission c;g, whose courses in the
function f (m, TT3, 1) are shown in Fig. 2. This parameter (5) should be treated as an average
parameter for the entire mission, as a change at every stage of the mission is equivalent to the well-
known parameter — the criterion of engine specific fuel consumption ¢; [3,10,11]. To comparison,
the values of ¢j g, and ¢; (only for the engine) in Fig. 2 show the course of the specific fuel
consumption for the engine as a function of the same parameters of f (T, TT3, u), at ¢;
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Fig. 2. Influence of a) compression pressure ratio m© and b) bypass ratio u on the specific fuel consumption in
LoLoLo mission

The increase in TT has a significant impact on both economical parameters: ¢; g, and c¢;. The
increase in compression does not cause significant changes ¢;g,, and the reason for this is the
relatively flat curve of the specific thrust for a selected, the maximum level of temperature change
in function of 7 [3]. The increase in bypass ratio u has a beneficial effect on the course of ¢; g,
(Fig. 2b). Unfortunately, because of the energetic restrictions for the presented mission, the need to
choose the engine variant with low u causes that ¢; g, will be relatively high.
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Fig. 4. Influence of a) compression pressure ratio m and b) bypass ration u on relative fuel mass myyq (HiLoHi
mission)
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The second test mission (HiLoHi mission) consists of two distinctive stages, i.e. supersonic
flight of the maximum loaded aircraft to the combat zone and return to the airport at the high (Hi)
altitude for with a navigation fuel supply. Air fight takes place at low altitude with subsonic
velocity of manoeuvring. It is important to investigate the influence of engine cycle variables on
fuel mass. Fig. 4 shows the effect of compressor compression and the degree of bypass on the
relative fuel mass. The attention was drawn to the fact that by the relatively high parameter values
of the engine circuit (TT3 = 1700 K) the relative fuel mass is not less than 0.2 (as in the LoLoLo
mission 1). The increase in the compression causes the lowering of the fuel mass and the increase
of the bypass ratio causes the opposite effect, i.e. the relative fuel mass increases with the increase
of . Therefore, to minimize the mass of fuel required to complete a task, it is necessary to use
a variant with the lowest possible value of the bypass ratio (from the tested range) and the possibly
highest compression pressure ratio selected for calculation point, in this case for the take-off.
Calculations have shown that each of the missions, for its implementation requires a different mass
of fuel. The third research mission is HiHiHi mission (all stages are supersonic, executed at high
altitude (3xHi)) is the most fuel-consuming mission (Fig. 5). Reducing the radius of operation of
the aircraft , allows reducing the mass of the fuel, but may be an operation, which diminishes the
range of possibilities of modern fighter aircraft. On the other hand, the increase of fuel mass, while
maintaining unchanged the take-off mass may reduce the expense of the constituent masses the
aircraft including the mass of weapons, which further impairs the tactical abilities of an aircraft.
Such engine parameters of the engine cycle cause that it is not possible to reduce the fuel mass
during the HiLoHi and HiHiHi missions below mypa< 0.2 (as is the case of the LoLoLo).
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Fig. 5. Change of relative fuel mass my,q for various functions of a) compression pressure ration m, (TT3=1700 K,
u=0.5) and b) bypass ratio function y (TT;=1700 K, 7=25)

4. Conclusions

The use of large compression compressors compensates the effect of an adverse increase of
relative fuel mass for each mission selected for calculations and improves the mass efficiency of
the aircraft. The rise in the engine bypass ratio p increases the relative fuel mass (Fig. 5 and 6),
wherein the increase is the greater, the greater the share of the range of subsonic to supersonic
flight. Fuel mass required to achieve LoLoLo mission (entirely subsonic) depends slightly on the
bypass ratio, but it results from the fact of mission execution in a narrow range of flight velocities
changes (from Ma=0.5 to Ma=0.8), at a constant height. The presence of supersonic flight
velocities during the mission forces to reduce the degree of bypass ratio p, which helps minimize
the relative fuel mass.

The parameter of specific fuel consumption in the mission c;jz., accepted for economical
analyses of the engine, should be treated as an average parameter which characterizes not
a selected flight stage (as is the case of determining the specific fuel consumption of the engine),
but the whole mission. Fig. 6 and 7 show the courses of criteria parameter c;z. in a function of
thermodynamic parameter of engine cycle. It is characteristic that the curves of change c; . are
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monotonically decreasing functions of compression and bypass ratio, and the differences between
the values of c¢;. for the analysed missions are relatively small. The increase in compressor
compression (TT3 = 1700 K) is beneficial for reducing the specific fuel consumption during the
mission. The parameter c; g (Fig. 6 and 7), clearly depends on the range, while a small reduction in
range calculation results in a relatively large increase in ¢;z.. LoLoLo mission is characterized by
the lowest value of ¢; g., which makes it attractive from an economic point of view. However, it is
important to note that the multi-purpose aircraft must perform a number of different missions,
often performing different parts of the mission in the next, combined missions, which makes the
problem of engine parameters selection even more complicated. Significant in this case is the fact
that the economic characteristics of the mission, such as ¢z, can be significantly improved by
increasing the compression of the compressor. If there were no restrictions with regard to the
bypass ratio, which had been mentioned before, also, it would be advantageous to use higher
degrees of bypass, but it would result in a deterioration of the dynamic properties of the engine.
The obtained results also show why the aircraft designers increase them mwya value even by 0.5.
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