yu] =,

s cmeopenns HOBUX KOHKYPEHMHUX nepeeédz CepeoHix mazi-
cmpanvrux aimaxie An-148 i An-158 pozensdaemocs sacmocyeanns
Ha yux simaxax osueyna [[-436-148DM. I[e do3601umv poswupumu
excnayamayiiinuil 0iand3on noavomie Aimaxie, IMEHWUMU WYM HA
Micuesocmi ma emicito wkioaueux euKuoie 3 deuzyHa.

Biominnoro ocobnusicmio € docsiznenns mseu 0sueyna /l-436-148O@M
HA MAKCUMATLHOMY HAO36uMatinomy pexcumi na 19,4 % euwe mseu
deueyna [-436-1487]. Ile cmano MoHCAUBUM WNAXOM OnMUMIZA-
uii eenmunsamopa, yooCKoHANeHHS KaMepu 320PAHHA i mypoinHo20
Kackaoy.

Buxonano neo6xionuii 06cse cmen0o8ux i NbOMHUX 6UNPOOY-
eéanv. B odanuii wac 3aeepmyemvcs cepmudpixauis oeuzyna. Ha
Il «Anmonoes i /I «Ieuenxo-Ilpozpec»> 6usueno numanus no
ycmanoeyi deuzyna J[-436-148@M na nimaxu cimeticmea An-148
i An-158. Byov-saxux 3min kKoHcmpyxuii déuzyna i Aimaxa e nompio-
Ho. /leuzyn 6cmano6a0emsCs Ha Midsc NiJloHU 6e3 3MiH MOMO20HO0U
i xanomie deuzyna.

Hocnidsceni enepzosanedncui cucmemu, AKi no6’a3aui 3 06UYHoOM.
Ha pesxcumax zacmocysanns dsuzyna 3ziono Kepienuumea 3 nvom-
HOI eKcnayamauii 1imaxié 6 NPUHYUNOBUX 3MIHAX NOG ’A3AHUX CUC-
mem nompedu Hemae.

Burxonano insceneprnuil ananiz nopi6HAHHA JTbOMHO-MEXHIUHUX
i 3nimnux xapaxmepucmux simaxa An-158 3 oeueynom [J-436-14871
i J-436-148®@M. [lani ompumani 6 pesyavmami oOpoOKu avom-
HUx eunpoodyeanv cepmuixoeanozo aimaxa An-158 3 ypaxyean-
HAM MPYOHUX 00CHI0IHCEHD, TbOMHUX 6UnPolOyeans simaxa An-178,
danux Kepisnuymea 3 avomnoi excnayamauii aimaxa An-158
i sucomno-weuodxichux xapaxmepucmux oeueynie /J-436-1487] ma
-436-148DM. IIpuiinami 6 po3paxyHKy 6UCOMHO-UWEUOKICHI Xa-
paxmepucmuxu deuzyna /[-436-148DM niomeepdsceni 6 rbomHux
eunpodyeanuax simaxa An-178.

Buxonana mexnixo-exonomiuna ouinka 3aminu oeuzymie, sxa
3acnoeana Ha NOPIGHAHHI MEXHIKO-EeKOHOMIMHUX XAPAKMEPUCMUK
aimaxa An-158 3 deueynom J[-436-148/1 i I-436-148DM npu exc-
nayamayii 8 pisHux ammocPepHux ymosax.

3anpononoeano npuHUUN CMEOPeHH Cimelicmea Jaimaxie mpam-
cnopmnoi xamezopii piznoi Kondizypauii ma npusnavenns na 6asi
001020 d8uzyna

Kniouosi cnosa: cimeticmeo nimaxie, asiauiunuil 06uzyH, aepo-
ounamiuni xapaKxmepucmuxu, 6UCOMHO-WEUOKICHT Xapakxmepucmu-
Ku, eKkcnayamauiini eumpamu
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1. Introduction

Under current conditions of intensive improvement and
rapid generational change of some aircraft models by others,
the ratio between development and operational time inter-
vals changes significantly, towards the reduction of the latter,
changes significantly. This general trend in technology brings
to the fore the task of reducing costs, including temporal,
at the development stage [1, 2]. This, in turn, requires the
development of relatively non-labor-intensive methods for
the reasonable selection of consistent indicators of a complex
technical system being created in the early (pre-sketch) sta-
ges of development. The theoretical basis for such methods

seems to be methods of comparing and evaluating design
options at the conceptual level.

As it is known, the main indicator of the comparative
assessment of modern transport and passenger aircraft (AC)
is the level of competitiveness in the aviation market. One
way to maintain the fleet of transport and passenger aircraft
at the level of modern competitiveness requirements is to im-
prove the traction and economic characteristics of the power
plant (PP) by replacing the engine.

It is known that the technical perfection of the PP
predetermines the achievement of qualitatively new indi-
cators of flight and technical characteristics of an aircraft,
thus there is a priority need to study the power plant in an



AC system. The use of an aircraft PP is determined by the
requirements set for AC. In this case, a PP is the object of
evaluation while an AC acts as a means of evaluating adop-
ted technical solutions. Such a task is resolved through
flight tests with a deep justification for economic perfor-
mance. Therefore, the feasibility study of engine replace-
ment within a PP, based on comparing the technical and
economic characteristics of the aircraft with the new engine
when operating in different atmospheric conditions, is a re-
levant scientific and technical task.

2. Literature review and problem statement

As it is known, of the greatest interest in replacing the
engine in AC is the issue of operating costs, which is propor-
tional to fuel efficiency. Therefore, it is advisable to analyze
the products made by the world’s major aviation engineering
enterprises, which produce engines for regional aircraft.

In the field of aviation engine construction, a promising
direction is the development and use of more economical and
reliable PPs — conventional TFE and PP new designs, which
include engines of the changing cycle, turbo-propeller-fan
engines, as well as combined PP. The implementation of
scientific and technical development programs (IHPTET,
VAATE, UEET, ANTLE, CLEAN SKY) of the world’s lead-
ing aircraft engine companies was aimed at improving PP in
improving fuel efficiency, reducing harmful emissions into
the atmosphere, and reducing noise [3].

More than 70 years of development of passenger aircraft
with jet engines have helped reduce the cost of fuel per pas-
senger-kilometer by more than 80 % and almost 50 % of the
reduction was achieved through the modernization of the
aircraft engine [4, 5]. The improvement in civilian aircraft
engine performance comes with the constant tightening of
noise and emissions requirements [6—8]. At present, the en-
vironmental characteristics of aviation equipment are one of
the main indicators determining its competitiveness in the

world market, as well as the unhindered operation by interna-
tional airlines [9]. Many airlines cannot fulfill these require-
ments [10]. The main ranges of changes in environmental
characteristics for promising aviation equipment have been
identified, which requires the implementation of fundamen-
tally new layout schemes of the AC and the engines [11, 12].

The world’s aviation engine industry employs a limited
number of companies from America and Europe, which are
the leading manufacturers of aircraft engines and are fully
responsible for their design, production, sale, and after-sales
service [4]. They include General Electric (GEA viation),
Rolls-Royce (Civil and Military), United Technologies Cor-
poration (Pratt & Whitney and Pratt & Whitney Canada),
and SAFRAN Group (Safran Aircraft Engines). The inde-
pendent global manufacturers with a full cycle of engine
work are also Honeywell International (the Air Transport
division of Honeywell Aerospace), Williams International,
which supply engines for business aviation and regional
aircraft, as well as the Ukrainian aviation engine companies
Ivchenko-Progress and Motor Sich.

Analysis of the technologies for the development of
next-generation aircraft and engines [13] shows that for the
past two decades, European science and technology programs
have been actively developing to improve various engine
systems and nodes. The execution sequence of these pro-
grams (Fig. 1) has significantly improved the fuel efficiency of
modern and promising aircraft, as well as power plant engines.

Paper [14] describes possible improvements in fuel effi-
ciency for different aircraft when implementing the ENOVAL
demonstrator engine concept. However, the demonstrator
must be created by 2025; its application in AC has not yet
been investigated.

The 7th FP7 Framework Program funded three large
projects, LEMCOTEC, EBREAK, and ENOVAL, to con-
duct research on new technologies aimed at increasing full
pressure (OPR) and a bypass ratio(BPR) of aircraft engi-
nes [15, 16]. The main type of aircraft for the use of the new
technology engine has not yet been approved.
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Fig. 1. New technology programs in aviation



As of the end of May 2018 [4, 17], the leading position
in the aircraft engine market for the entire fleet of passenger
aircraft (Fig. 2) in operation was occupied by CFM Interna-
tional (a joint venture between General Electric and Safran,
~44 %) and General Electric (22 %). In the engine segment
for the long-haul narrow-body aircraft, the leaders are CFM
International (=71 %, the CFM56 TFE family) and the In-
ternational Aero Engines (~19 %, the V2500 TFE family).

In the engine segment for regional aircraft: General Elec-
tric (=72 %, the CF34 TFE family), and Rolls-Royce (=17 %,
the AE3007 TFE family). In the engine segment for wide-
body aircraft: General Electric (51 %, the CF6, GE90, and
GEnx TFE families), and Rolls-Royce (28 %, the RB211 and
Trent TFE families).

Aircraft companies are currently exploring many differ-
ent options for upgrading their aircraft, including the possi-
bility of installing several models of next-generation engines.
In addition, company specialists are exploring other ways to
modernize future aircraft in addition to the use of new PPs.
Among the upgrade options under consideration are the use
of a completely new wing and an increase in the height of the
chassis racks, which would make it possible to install engines
with a high bypass ratio on the aircraft, which could reduce
fuel consumption by 10 % compared to existing models.
Composite winglets and electronic steering system can also
appear on remotorized aircraft.

One way to improve the performance of AC is to replace
aircraft engines with more modern ones. However, the replace-
ment of one engine with another entails a change in the aircraft’s
FTCs due to the disagreement of the characteristics of the PP
and the AC airframe. In addition, this could lead to a change
in the parameters for harmonizing AC elements, which would
have a negative impact on the feasibility of AC application.
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Fig. 2. Distribution of the fleet of passenger aircraft by aircraft engine manufacturers [17]:
a — overall fleet; b — narrow-body aircraft segment; ¢ — regional aircraft segment;
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The integration of the PP and the AC airframe in the face
of uncertainty of initial engine information should be addressed
by considering the possible uncertainty of information on the
aircraft airframe [1, 2]. Changes in the process of creating the
technical design of the AC would lead to changes in the para-
metric performance of the engine and its operating conditions.

Analysis of the structural layout of the AN-158-type air-
craft shows [18, 19] that these aircraft have a good chance for
successful modernization even without a significant change
in the design of the airframe and systems. The modern layout
of the wing and the engine nacelle makes it possible to install
engines with a high degree of bypass ratio. However, in this
case, the question arises about the parametric alignment of
the integrated characteristics of subsystems, as well as the
choice of approaches to solving the problem on optimizing
the multi-criterion system [2].

Different ways of harmonizing the airframe and the PP are
used to justify the engine selection [1, 20]. They make it possible
to justify the requirements that are imposed on the projected
PP, to determine the basic parameters and laws of control, the
mass and geometric characteristics, at the initial stage of design.
At present, these principles are developed and supplemented,
serving as part of the automated engine design systems of the
PP and AC [21]. However, there is no single method for optimal
engine selection under the predefined requirements for the AC.

Existing approaches and methods [2, 21] do not fully dis-
close the formation of the parametric performance of the PP
integrated with airframe of the transport or passenger AC. That
makes it impossible to analyze the integration of its individual
subsystems, even taking into consideration experimental stu-
dies [22]. The practical experience of designing PP and the AC
airframe elements shows [3, 23] that existing regulations do
not reflect solutions to the issue of investigating the integra-
tive properties of the technical
systems being created. When
conducting flight tests of an
aircraft, such FTCs are often
obtained that differ from the
set ones, due to the emergence
of new integrative proper-
ties, which cannot be revealed
during the design and coordi-
nation of AC characteristics.

An analysis of the modern
scientific and methodological
apparatus on the problem of
b the integration of the PP and
the airframe of the AC for tran-
sport purposes [23, 24] does
not make it possible to deter-
mine unambiguous ways of
solving it. In this regard, based
on the results of our analysis,
one of the main tasks to improve
the scientific and methodical
apparatus of systemic research
can be considered the further
development and improvement
of the system approach in the
construction of a scientific and
methodical apparatus to form
the parametric performance of
the PP when it is integrated
with the AC airframe.

3%
6%

31,690
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3. The aim and objectives of the study

The aim of this study is to establish the principle of mo-
dernizing the An-158-type aircraft family made by the Anto-
nov State Enterprise, taking into consideration improved fuel
efficiency, economic performance, and improving the compe-
titiveness of the AC.

To accomplish the aim, the following tasks have been set:

— to improve the scientific and methodical apparatus of the
formation of the parametric appearance of the PP in the AC;

— to analyze the flight and technical characteristics of the
An-158-type aircraft;

— to calculate and build a «cargo-range» diagram for the
An-158 aircraft equipped with different engines;

—to conduct a feasibility study of the replacement of
the D-436-148D engine with the D-436-148FM engine in
the PP of the An-158 aircraft.

4. A method for studying the AC operational
characteristics

AC development patterns have resulted in a series of new
features that exert a significant impact on the process of creat-
ing promising aircraft [25]. Such features primarily include:

— the possibility of multivariate development of structu-
ral-layout solutions;

— expanding the task of selecting advanced
aircraft samples due to the increasing volume of

— physical and informational heterogeneity, as well as
significant difficulties in formalizing a series of factors in-
fluencing the decision-making process;

— the need to take into consideration scientific and tech-
nological advances in various fields of knowledge.

The second area is related to the introduction of inten-
sive research technology — the creation of automated design
systems. However, the AC state-of-the-art automated design
systems are constrained by the specified input information
flows and are more focused on the stages of technical propo-
sals and sketch design. The main drawbacks of these systems,
which makes it difficult to take full advantage of their capa-
bilities during the development phase of an AC concept, are:

— focusing on numerical optimization algorithms that
require a huge amount of raw data;

— inability to process informal information;

— the cumbersome, inflexible toolset used, making it dif-
ficult to adapt the system to changing types and conditions
of problem-solving;

— difficulties in the direct use of databases containing the
accumulated experience of designing elements of PP and AC
airframe, as well as the knowledge of specialists (experts).

Thus, modern toolset and techniques do not contain all
the tools needed to rationally integrate the PP and AC air-
frame, as a complex technical system, in the early stages of
design. In this regard, an improved scientific and methodical
apparatus of the formation of the parametric appearance of
the PP in the AC (Fig. 3) is presented.
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The scientific and methodical apparatus has been im-
proved in terms of determining the dependence of the para-
metric appearance of the PP engine on the characteristics of
the aircraft airframe. In this case, several structural-layout
solutions of the airframe and engines within the PP have
been created. Refinements of the boundaries for expanding
the range of application of experimental data in the analogy
method have been made. Experimental studies involved flight
data on the family of the An-158-type aircraft, made by Anto-
nov State Enterprise, equipped with different engines in the PP,

Based on our research employing the scientific and me-
thodical apparatus, the basic principle of aircraft moderniza-
tion has been proposed, which was tested and implemented
on the example of the family of the An-158-type aircraft,
made by Antonov State Enterprise.

To form the basic principle of aircraft modernization, it
is necessary to investigate the characteristics of engines and
aircraft. The construction of a cargo-range diagram for the
An-158 aircraft, and the feasibility study of engine replace-
ment within the PP, would show the advantages and disad-
vantages of aircraft remotorization.

5. Studying the flight-technical characteristics
of the An-158-type aircraft.

5. 1. Justification and a choice of the research object

The study object is the family of An-1X8 aircraft,
which includes aircraft of different passenger capacity —
An-148 (Fig. 4), An-158 (Fig. 5), and the transport version of
the An-178T aircraft (Fig. 6) [26].

Maximum take-off weight — 43.7 tons;
Maximum number of passengers —

92 people;

Flight range — up to 4,400 km;
Cruising speed — 800...870 km/h;
Cruising altitude — 12,200 m;
Required runway length — 1,900 m

Fig. 4. An-148-100 aircraft

Maximum take-off weight — 43.7 tons;
Maximum number of passengers —
102 people;

Flight range — up to 3,100 km;
Cruising speed — 800...870 km/h;
Cruising altitude — 12,200 m;
Required runway length — 1,900 m

Fig. 5. An-158-100 aircraft

Maximum take-off weight — 52.4 tons;
Maximum capacity — 18 tons;

Flight range with cargo:

— 18 tons—>990 km;

— 15 tons —1,900 km;

— 10 tons —3,690 km;

Cruising speed — 750...825 km/h;
Cruising altitude — 12,200 m;
Required runway length — 2,200 m

Fig. 6. An-178T aircraft

Common to the entire family of aircraft is the removable
part of the wing, pylons with a suspended engine nacelle,
the same tail plumage. In addition, the aircraft are equipped
with the same life support systems, almost identical fire and
fuel systems, almost the same aircraft remote control system,
de-icing systems.

The on-board radar system and the cockpit are as unified
as possible.

The production of An-148, An-158, and An-178 aircraft
is concentrated in Ukraine at a single plant, the Antonov
State Enterprise [26], where the unification of technical
processes in the manufacture of units and assembly of air-
craft is widely used.

In order to meet the requirements to improve the AC
fuel efficiency, economic performance, and competitiveness,
a single D-436-148FM engine (Fig. 7) is planned for the en-
tire family of these aircraft [27].

I - New Parts and Assembles

_ Modified Parts and Assembles of D-436-148D and D-436T1 (TP)
Engines to increase Service Life

[ - Parts and Assembles that borrowed from D-436-148D and D-436T1 (TP)

Fig. 7. The dual-circuit turbojet engine D-436-148FM

Next, we investigated the use of a single propulsion system
for the aircraft family of An-148, An-158, An-178 at the con-
solidated modernization of the aircraft’s technical appearance.
Thus, all the global challenges of our time regarding the stric-
ter regulatory requirements for an engine or aircraft would at
the same time be met for the entire family of aircraft at conso-
lidated modernization, including engine replacement (Fig. 6).

5. 2. Analysis of the AC take-off characteristics

The result of our estimation studies is the derived de-
pendence of the maximum allowable take-off weight of the
aircraft on the airfield altitude and the temperature of the
outer air based on the condition of ensuring a climb gradient
of 2.4 % when taking off with flaps released at 20° [19].

Fig. 8 shows the dependences demonstrating the value
of the maximum altitude of an air field depending on the
temperature of the outer air, which provides for take-off with
a climb gradient of 2.4 % with flaps released at 20°.
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Fig. 8. Take-off data for the An-158 aircraft weighing 4.3t
with a gradient of 2.4 %



Fig. 9 and Table 1 illustrate the dependence of the max-
imum allowable take-off weight on an airfield altitude [19]
based on the condition of providing a gradient of 2.4 % with
flaps released at 20° for temperature conditions of the stan-
dard atmosphere (SA), SA+20 °C and SA+30 °C.

D-436-148FM
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Fig. 9. An-158 aircraft. The maximum allowable take-off
weight, which ensures the take-off of the aircraft with
a gradient of 2.4 %

The data above show a significant advantage of the An-158
aircraft equipped with the D-436-148FM engine. In this

case, as one can see from the data in Table 1, the An-158 air-
craft has an excessive thrust with the engine D-436-148D to
the temperature of the cut at the altitudes of an airfield not
higher than ~1,000 m, and with the engine D-436-148FM —
at the altitudes of an airfield not higher than ~2,000 m.

5. 3. Analysis of the AC flight and technical charac-
teristics

The data presented indicate a significant expansion of
the area of operation, in terms of the cruising altitude, of the
An-158 aircraft when the D-436-148FM engines are in-
stalled, especially at elevated outdoor air temperatures.

Table 2, give a comparison of the flight characteris-
tics (practical range, medium-haul hour-long, and medium-
haul fuel costs, as well as fuel efficiency in practical
range) of the An-158 aircraft equipped with engines
D-436-148D [28] and D-436-148FM [29]. The data are valid
for transporting a maximum cargo of 9,800 kg with a ma-
ximum take-off weight of 43.7 tons, when flying at cruising
speeds of 780 km/h and 820 km/h in SA and SA+10 °C.

The data from Tables 2, 3 indicate lower fuel costs and,
accordingly, higher fuel efficiency in the operation of an
aircraft equipped with D-436-148FM engines relative
to the D-436-148D engines. This advantage is increased
when operating at elevated speeds and elevated outdoor air
temperatures.

Table 1
Maximum allowable take-off weight that ensures the take off with a gradient of 2.4 %
Hm | Tec Maximum allowable take-off weight, t | Increase in the maximum | Increase in the maximum Ir}crease in the
’ ’ D-436-148FM D-436-148D payload, t number of passengers maximum range, km
2,000 | 30 39.839 35.018 4.821 50 2,163
3,000 | 30 36.835 32.594 4.241 44 1,998
4,100 | 30 33.459 29.500 3.959 41 1,984
2,000 | 20 42.142 37.914 4.228 44 1,782
3,000 | 20 38.807 35.048 3.759 39 1,681
4,100 | 20 35.108 31.639 3.469 36 1,665
2,000 0 43.700 40.833 2.867 30 1,110
3,000 | 0 41.092 37.837 3.256 34 1,367
4,100 0 37.159 34.481 2.678 28 1,197
Table 2
Comparative characteristic of the An-158 aircraft with different engines
Engine type Cruising altitude? | Fuel reserve' | Practical range consuﬁ’[ftri?)glfg;e[l)ro file congu}ﬁgffoglri\l,;tr;gee t}:) qu)1"41§ étlf iSD
m kg km kg/h %
Cruise speed 780 km/h (indicator speed)
SA conditions
D-436-148D 10,970 1,703 2,363 1,874 -
D-436-148FM 11,580 1,681 2,336 1,873 ~0
SA+10 conditions
D-436-148D 9,750 1,811 2,220 1,953 -
D-436-148FM 11,280 1,687 2,330 1,882 -3.6
Cruise speed 820 km/h (indicator speed)
SA conditions
D-436-148D 10,970 1,889 2,203 2,008 -
D-436-148FM 11,580 1,818 2,232 1,983 -1.2
SA+10 conditions
D-436-148D 9,750 2,008 2,059 2,101 -
D-436-148FM 11,280 1,807 2,259 1,970 -6.2

Note: 1 — fuel reserve for 60 minutes of flight at cruising altitude and speed; 2 — residual climb rate at the echelon of 1.5 m/s



Table 3
Comparative characteristic of the An-158 aircraft with different engines

., Average kilometer fuel | Change in the average kilometer L Change in the fuel
. Cruising . . . . Fuel efficiency . .
Engine type | | ltitude! | comsumption by flight fuel consumption relative in a practical range efficiency relative
a profile to D436-148D b 8 to D436-148D
m kg/km % g/(t-km) %
Cruise speed 780 km/h (indicator speed)
SA conditions
D-436-148D 10,970 2.579 - 263.2 -
D-436-148FM 11,580 2.566 -0.5 261.8 -0.5
SA+10 conditions
D-436-148D 9,750 2.696 - 2751 -
D-436-148FM 11,280 2.571 -4.6 262.3 -4.6
Cruise speed 820 km/h (indicator speed)
SA conditions
D-436-148D 10,970 2.682 - 273.7 -
D-436-148FM 11,580 2.625 -21 267.8 -21
SA+10 conditions
D-436-148D 9,750 2.811 - 286.9 -
D-436-148FM 11,280 2.598 -7.6 265.1 -7.6
Note: 1 — residual climb rate at the echelon of 1.5 m/s
When taking off under colnditior.ls of the ele'vated ouF— 0.8 T D236.148 with ECS bieed
door air temperatures and high altitudes, the increase in e D-436-148FM with ECS bleed
the maximum take-off weight of the aircraft equipped with 075 X = = D-436-148 without ECS bleed
D-436-148FM engines makes it possible: ) - —s— D-436-148FM without ECS bleed
—to increase the available passenger capacity by = NS —— D-436-148 with clarified ECS
30...50 people at an unchanged flight range; & 07 N L bleed
. . oh 8 - 1
— to increase the flight range to 1,100...2,100 km — at the =~ % ~—- — St >
same number of passengers. © = ———— =
The results from Table 2 demonstrate that the D-436-148FM 0.65 - - -
engine shows a significant advantage in fuel efficiency. = —
0.6
B B 800 1,000 1,200 1,400 1,600 1,800
6. Construction of a cargo-range diagram for Thrust. kef
the An-158 aircraft equipped with D-436-148D sk e
and D-436-148FM engines Fig. 10. Throttle characteristic of
the engines (at Fp o200 =6,800 cm2) under SA conditions,
The required thrusts, which ensure a cruising flight H=11,000 m, M=0.75
at the specified altitude and speed, are in the range of
1,400...1,300 kg. The throttle characteristic of the D-436- 12,000 |
148D and D-436-148FM engines is shown by the chart in ‘
Fig. 10 [18, 19]. 10,000 .
The cargo-range diagram of the An-158 aircraft equipped ‘ \\
with D-436-148D engines at a speed of 780 km/h (indicator £.000 ‘ \\
speed) under SA conditions is shown in Fig. 11. This diagram %D ’ N
was built by using the engineering and navigational calculation & ‘ N N
of the aircraft’s flight characteristics on a standard flight cycle. £ 6,000 i ‘\
Flight conditions: cruising altitude, 10,970...11,890 m (for E ‘ '
D-436-148D), and 11,580..12,190 m (for D-436-148FM); & 4000 |
cruising speed, 780 km/h (indicator speed); emergency fuel \
reserve — 60 minutes of flight at cruising altitude and speed at | Z2D-436-148D ISA ‘
the end of the flight over the echelon. The maximum weight of 2000 | —D-436-148FM V=780 km/h TAS )
fuel is 11,750 kg. SA conditions are calm. ‘ ‘ ' ‘ ‘ ’ } ) ) ‘ 2
The above diagram shows a change in the practical range 0 :
of the flight with the engines being studied. It is obvious that 0 1,000 2,000 3000 4000 5000 6000
the average flight hourly and medium-haul fuel costs would Range, km
also change, as well as fuel efficiency, depending on the prac- Fig. 11. A cargo-range diagram for the An-158 aircraft
tical range of the flight. (SA conditions, V=780 km /h)



7. Technical and economic assessment of the replacement
of the D-436-148D engine with the D-436FM engine
in the aircraft An-158

For civil aviation, the main requirement is to ensure
the high cost-effectiveness of the AC operation. Therefore,
all operational processes, including flight, are evaluated by
economic criteria, subject to specified safety requirements.
The challenges of improving economic performance and im-
proving AC’s competitiveness are being met by optimizing
the aerodynamic characteristics of the airframe, design and
technology solutions, power plant parameters, flight modes,
under specified restrictions and operating conditions. If AC
reliability issues are not addressed, nor the associated costs
of maintenance, repair, and delays, the economic efficiency
of a transport AC would primarily be determined by the
available payload and the required fuel costs. The payload
determines the size of an airline’s possible revenue per flight
while fuel costs are one of the main items of expenditure.
As an indicator of the economic efficiency of an AC, a cer-
tain function is usually considered, depending on six groups
of factors [30, 31]:

—a combination of aerodynamic and mass characteris-
tics of AC;

— a set of parameters that characterize the flight mode;

— a combination of altitude-speed and throttle characte-
ristics of engines;

— a combination of passenger comfort and safety charac-
teristics;

— a combination of operational factors;

— a combination of technical-economic parameters.

The main task of research to improve flight efficiency is
to find the optimal combination of parameters that provide
an extreme value of the objective function.

In this work, the main indicators adopted for the feasibi-
lity study were the level of fuel consumption, the number
of passengers transported over a year, the cost of passenger-
kilometer in different operating conditions. The main indi-
cators are determined on the basis of studying the flight and
technical characteristics of aircraft in different atmospheric
operating conditions.

The base of the feasibility study is:

1. Comparison of the difference in prices for the indust-
rially produced An-158 aircraft equipped with the D-436-148D
and D-436-148FM engines at the predefined release program.

2. Determining the fuel efficiency of the aircraft, annu-
al passenger flow, depending on the flight and operational
(take-off, resource) characteristics of the compared engines.

3. Comparison of direct operating costs (DOC) per pas-
senger-kilometer, taking into consideration the technical and
resource indicators of each engine, depending on the route
network with different atmospheric conditions separately.

4. Analysis of the impact of the take-off of the An-158
aircraft equipped with the D-436-148-FM engine under re-
gimes that reduce the engine’s operating modes and improve
its operational (resource) characteristics, namely, the impact
of the «Maximum Long» mode on the cost of DOC per pas-
senger-kilometer.

Comparative assessment of the performance of the
An-158 aircraft equipped with the engines D-436-148D
and D-436-148FM, which has the greatest potential of
demand and sales, was carried out depending on the an-
nual flight, the route network for different atmospheric
conditions.

For the feasibility study, the price of the An-158 indust-
rially produced aircraft was accepted with the cost of experi-
mental-development operations (Fig. 12).
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Fig. 12. Comparison of the price of the An-158 aircraft
depending on the type of engine

The technical and economic assessment of the operation
of the An-158 aircraft with different engines was performed
at a yearly flight time of 2,500 hours, on routes with a dis-
tance of 1,000-3,000 km, depending on the altitude of an
airfield, outdoor temperatures.

To compare the passenger flow and DOC for the corre-
sponding types of atmospheric conditions, the runway length
of the aircraft equipped with the D-436-148D engines is
reduced to the runway length of the aircraft equipped with
the engine D-436-148FM. In this case, the maximum take-
off mass of the An-158 aircraft equipped with the engine
D-436-148D has limits on the length of the runway.

To assess the operation of the aircraft equipped with the
engine D-436-148FM exclusively when flying under the
mode of «Maximum duration», we took into consideration
the effect of a given regime on the number of planned visits
to the shop by the engine and, as a result, on the cost of
maintenance.

The fuel efficiency assessment was carried out in the Euro-
pean Region under comparable conditions, without taking
into consideration the possible increase in the annual flight
by the An-158 aircraft equipped with the D-436-148FM engi-
nes by expanding the network of operation on flights with
high outdoor temperatures and high altitudes; the results are
given in Table 4.

Table 4

Fuel efficiency of the An-158 aircraft under maximum
payload on the compared engines

Operating . Flight range, km
.. Engine type
conditions 1,000(2,00012,200{2,400|3,000
SA D-436-148D | 28.2 | 25.7 | 25.4 | 25.2 | 28.2
D-436-148FM | 28.0 | 25.5 | 25.3 | 25.0 | 27.9
D-436-148D | 29.3 | 25.7 | 26.5 | 27.2 | 30.8
SA+10°C

D-436-148FM | 284 | 25.5 | 25.3 | 25.6 | 28.0
SA D-436-148D | 28.0 | 28.6 | 29.5 | 30.5 | 36.0
Hairfieta=2,000 m | D-436-148FM | 27.8 | 25.5 | 25.3 | 25.5 | 27.9
SA+20°C D-436-148D | 35.0 | 39.6 | 41.9 | 44.6 | 58.1
Hairfiela=2,000m | D-436-148FM | 28.2 | 26.2 | 27.1 | 27.9 | 32.0

Table 5 gives the cost of maintenance of the aircraft An-158
equipped with engines D-436-148D and D-436-148FM.



Table 5

Maintenance cost (USD per hour)

Flight duration, f. h. Engine type 1 9 3 4
Annual flight, f. h. hour | hours | hours | hours

1,500 D-436-148D | 875 | 650 | 575 | 564
D-436-148FM| 851 | 656 | 615 | 604

2000 D-436-148D | 857 | 628 | 553 | 541
D-436-148FM | 833 | 634 | 593 | 581

2,500 D-436-148D | 846 | 618 | 538 | 527
D-436-148FM | 822 | 624 | 578 | 567

D-436-148D | 832 | 611 | 529 | 518

5,000 D-436-148FM | 808 | 617 | 569 | 558

We compared the maximum number of passengers trans-
ported per year by the An-158 aircraft equipped with engines
D-436-148D and D-436-148FM at 100 % of the passengers
loading the aircraft on flights over 1,000-3,000 km. The re-
sults of the comparison are shown in Fig. 13, 14.
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Fig. 13. The difference in the annual passenger flows
of the An-158 aircraft equipped with two types of engines
in relative terms, depending on the atmospheric
operating conditions
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Fig. 14. The difference in the annual passenger flows
of the An-158 aircraft equipped with two types of engines
in relative terms, depending on atmospheric operating
conditions when taking into consideration
a take-off distance limit

Fig. 15 shows the comparison of DOC, pass-km, for the
An-158 aircraft equipped with the engines D-436-148FM
and D-436-148D, depending on the speed flight modes, the
percentage of flights under different temperature and alti-
tude operating conditions for the range of 2,400 km.
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Fig. 15. Comparison of DOC per passenger-kilometer
of the An-158 aircraft

We considered conditions of the standard atmo-
sphere (+10 °C) and an airfield altitude along a route
network Hyifieiq=2,000 m.

8. Discussion of results of studying the aircraft
characteristics

Based on the results of our study in to the aircraft
performance (Fig.7,8), we can argue that the use of the
D-436-148FM engines on the An-148-100 and An-158
aircraft leads to an improvement in the take-off cha-
racteristics of these types of aircraft compared to the
D-436-148D engine. In this case, the aircraft equipped with
the engine D-436-148FM has maximum cruising altitudes
with two operating engines, exceeding the corresponding
characteristics of the aircraft equipped with the engine
D-436-148D (Table 2):

— by ~500...600 m — under conditions of SA...SA+5 °C;

— by ~1,100...1,400 m —under conditions of SA+10 °C;

— by ~2,000...2,100 m — under conditions of SA+20 °C.

The aircraft equipped with the D-436-148FM engine has
guaranteed ceilings with a single running engine, exceeding
the corresponding characteristics of the aircraft equipped
with the engine D-436-148D:

— by ~300...600 m — under SA conditions;

— by ~500...750 m —under conditions of SA+10 °C;

— by ~750...1,100 m —under conditions of SA+20 °C.

The An-158 aircraft equipped with the D-436-148FM
engine has almost the same range at a cruising speed of
780 km/h (indicator speed) under SA conditions (Fig. 10).

When flying at cruising speeds of 820 km/h (indicator
speed) under SA conditions, the advantage in the range of
flight with the D-436-148FM engine is 1.3...3.3 %, and un-
der temperature conditions ofSA+10 °C and above reaches



4..7 % (780 km/h, indicator speed), and 9...12 % (820 km /h,
indicator speed) (Table 2).

Increasing the maximum takeoff weight of the An-158
aircraft equipped with D-436-148FM engines (Table 1)
under conditions of elevated outdoor air temperatures and
highlands makes it possible to increase passenger capacity by
30...50 people or increase the range to 1,100...2,100 km.

The comparison of the fuel efficiency of the An-158
aircraft equipped with two types of engines (Table 3) shows
that regardless of flight range, temperature, and altitude
operating conditions, the An-158 aircraft equipped with
D-436-148FM engines has advantages due to lower fuel costs
per flight and higher maximum loading.

The comparison of passenger traffic by the An-158 air-
craft equipped with two types of engines (Fig. 12, 13) shows
the advantage of using the D-436-148FM engines. The
aircraft can carry more passengers at all distances and under
atmospheric conditions due to the difference in the payload
load of the aircraft, from 5 % to 36.3 % (Table 4).

When using the engine D-436-148FM exclusively under
the mode of operation «maximum length», working hours
before the first and subsequent scheduled visits to the repair
shop would increase (Table 5). Under normal operating con-
ditions, by working out 40,000 hours, the number of planned
visits to the workshop will be reduced from three to two. The
first scheduled visit to the workshop: 12,000—-14,000 hours
or 4,500—6,000 cycles, the second scheduled visit to the
workshop: 25,000-27,000 hours or 10,500—11,500 cycles.
This will lead to a 10.4 % reduction in the cost of an engine’s
flight hour (with a flight cycle of 2 hours) and, as a result,
will reduce the DOC value.

The comparative analysis of the operation of the An-158
aircraft equipped with different engines (Fig. 14) shows that
DOC per passenger-kilometer for the aircraft equipped with
D-436-148FM engines decrease when the temperature of
operation increases, and in the high lands, relative to the
aircraft equipped with the D-436-148D engines.

Further research into the development of next-gene-
ration engines for passenger and transport aircraft needs to
separately investigate the extent of integrating aPP with the
AC airframe. The new engines would significantly exceed

modern design developments in terms of performance. The
technologies used in them would be aimed not only at reduc-
ing fuel (energy), noise, and emissions but also at reducing all
components of the cost of a life cycle.

9. Conclusions

1. We have refined and presented the scientific and me-
thodical apparatus for the formation of the parametric appear-
ance of aPP in the AC. Using a single procedure of studying
the performance of the aircraft and the engine, the basic
principle of aircraft modernization has been proposed and jus-
tified — the installation of the aircraft engine D436-148FM on
the An-158-type family of aircraft made by the Antonov State
Enterprise. Implementation of this principle would improve
fuel efficiency, economic performance, and increase the AC
competitiveness.

2. Our analysis of the flight and technical characteristics of
aircraft equipped with different engines has shown the advan-
tage of using the engine D436-148FM. When flying at cruis-
ing speeds, the advantage in the range of flight is 1.3..3.3 %,
and, under temperature conditions of SA+10 °C and above,
reaches 4...7 % (780 km/h), and 9...12 % (820 km/h).

3. The change in the practical range of the aircraft
equipped with the examined engines has been illustrated by
a «cargo-range» diagram. The use of the D-436-148FM
engine under various atmospheric conditions provides the
An-158 aircraft with the ability to fly approximately 7-12 %
more compared to the D-436-148D engines.

4. Based on our investigation of the performance of the
engine and the An-158 aircraft, a feasibility study has been
carried out to replace the D-436-148D engine with the
D-436-148FM as part of the aircraft’s PP. The use of a single
engine D-436-148FM for the family of AN-1X8 aircraft shows
a clear advantage of such modernization. The data obtained
demonstrate that, based on placing a single engine D-436-
148FM in the PP system of aircraft the type of An-158, it
becomes possible to create a competitive family of aircraft of
a given type. Such activities could be proposed for practical
implementation at the Antonov Company State Enterprise.
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