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ABSTRACT

The current development trend of global civil aviation is the growth of passenger and freight traffic, which entails the consumption of
jet fuel. Under these conditions, increasing the efficiency of jet fuel used is of great importance. Global energy consumption is
constantly growing, and, first of all, the question of diversification of oil resources arises, resources from which the bulk of motor
fuels is produced. Other types of raw energy sources (natural gas, coal, bio-mass) currently account for only a small part. However,
an analysis of the development of jet fuels indicates that work is underway to obtain these from other sources of raw materials,
especially bio-fuels. Much attention is given to obtaining bio-fuels from renewable sources — such as algae. The issue of the mass
transition of civil aviation to alternative fuels is complex and requires the solution of intricate technical as well as economic issues.
One of these is the assessment of the impact of new fuels on GTE performance. It is important to give an objective and quick
assessment of the use of various types of fuels on the main characteristics of the engine — i.e., throttle and high-speed characteristics.
In this case, it is necessary to take into account chemical processes in the chemical composition of new types of fuel. To assess the
effect of fuels on the characteristics of a gas turbine engine, it is proposed to use a mathematical model that would take into account
the main characteristics of the fuel itself. Therefore, the work proposes a mathematical model for calculating the characteristics of a
gas turbine engine taking into account changes in the properties of the fuel itself. A comparison is made of the percentage of a
mixture of biofuels and JetA1 kerosene, as well as pure JetAl and TC-1 kerosene. The calculations, according to the proposed model,
are consistent with the obtained characteristics of a gas turbine engine in operation when using JetAl and TC-1 kerosene. Especially
valuable are the obtained characteristics of a gas turbine engine depending on a mixture of biofuel and kerosene. It was found that a
mixture of biofuel and kerosene changes the physicochemical characteristics of fuel and affects the change in engine thrust and
specific fuel consumption. It is shown that depending on the obtained physicochemical properties of a mixture of biofuel and
kerosene, it is possible to increase the fuel efficiency and environmental friendliness of the gas turbine engines used.

Key words: biofuel, kerosene, physical and chemical properties, mathematical model, thrust, specific fuel consumption, throttle
and altitude characteristics of the engine.
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INTRODUCTION

The intensive use of civil aviation in passenger and cargo transportation puts forward a demand
for increasing the fuel efficiency of aircraft. The use of traditional and new schemes of the aircraft and
engine, although increases the efficiency of their application, but it is approaching its maximum limit.
It is becoming clear that they can radically improve their performance and reduce CO, emissions with-
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out the development of new engine configurations and airframe layouts, as well as without the use of
alternative fuels' [1]. However, alternative fuels, as shown by studies [2], have physicochemical prop-
erties that are somewhat different from traditional aviation kerosene. Analysis of research in this area
shows that many world airlines are conducting research on the possible use of alternative fuels in gas
turbine engines2 [3-6].

As can be seen, in order to solve the question of the further use of alternative types of fuels, it is
necessary to analyse their influence on the characteristics of gas turbine engines and, first of all, high-speed
and throttle. Such an analysis can be carried out on the basis of a mathematical model of a power plant tak-
ing into account the variable properties of the fuel [7]. Therefore it is necessary to develop a mathematical
model that takes into account changes in the parameters of fuel mixtures such as calorific value, heat capac-
ity, saturated vapour pressure, viscosity, etc. This approach allows us to expand the possibility of studying
the influence of new types of fuel on the efficiency of their use in gas turbine engines.

FORMULATION OF THE PROBLEM

The main task of mathematical modelling of a gas turbine engine is to calculate its operational
characteristics, that is, to determine the thrust and specific fuel consumption under given flight condi-
tions (H and MH) at a given steady-state mode of operation, that is, the parameters of the gas flow at
any point in the engine’s flow part are taken, unchanged in time. It is assumed that before the start of
the simulation, the calculated engine parameters are known. These parameters can be obtained experi-
mentally or by gas-dynamic calculation of the engine, which is included in the mathematical model as
an independent module, or are known in advance.

When calculating the operational characteristics of a gas turbine engine, the flight conditions
and its operation mode are specified by setting control factors. It is believed that in the configuration of
turbofan engines considered below (figure 1) there is only one control factor — i.e., fuel supply to the
main combustion chamber (GT). Therefore, using this control factor, only one (controlled) parameter
can be controlled, for example: the reduced rotor speed npr; the physical rotor speed n; the gas temper-
ature in front of the turbine Tg; and the engine thrust F.

INTAKE COMPRESSION COMBUST]ON EXHAUST

Air Inlet/ Combustion Chambers Turbine/

Fig. 1. Scheme of turbojet engine

Since this is an arbitrary choice, it is used in this paper as a managed (modal) physical parame-
ter of selected rotor speed n.

To assess the effect of new fuels on the characteristics of gas turbine engines, a fuel mixture of
FT SPK biofuel with JetAl fuel in the ratio of 50:50, 17% HDO SAK in HEFA SPK was selected as a

" ICAO Secretariat. Alternative Fuels. Potential Effects of Alternative Fuels on Local and Global Aviation Emissions
ICAO Environmental Report

% Alternative aviation fuels. Proceedings of the meeting on international aviation and climate change. ICAO HLM-
ENV/09-WP/9.
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working fluid and a comparison was made with the obtained characteristics when using pure JetAl and
TC-1 kerosene.

FT SPK biofuel is produced from coal by Fischer-Tropsch synthesis (FT) and is characterized
by a low content of aromatic hydrogens and sulfur®”.

HDO SAK is a hydro deoxygenated synthesized aromatic kerosene, which consists of approx-
imately 95% mono-aromatic compounds.

HEFA SPK is used to denote biologically active biofuels based on biogenic hydrocarbon raw
materials — i.e., a wide range of vegetable oils and fats.

The properties of the working fluid, which is fuel, primarily include the adiabatic exponent k
and the gas constant R. In approximate calculations, they can be considered constant, taking the value
k = 1.4 for air, and for gas, i.e., mixtures of air and fuel combustion products, — kg = 1.25...1.33. The
gas constant for air is taken equal to R =287.05 J / (kg - K), and for gas — Rg =287.6 J / (kg - K).

For more accurate calculations, it is recommended to use approximation dependencies. So, the
adiabatic exponent for air can be determined by the following formula:

_ (1+1.511073T%)
(0.672+1.2:1073T*)

(1)

where T* - is the absolute temperature in the corresponding design section.
To calculate kg, there is a similar expression:
.1073T*
k, = _HLSI07T) 00 4 qg2 ©)

&  (0.672+1.2:1073T%)

where the relative amount of fuel consumption g; in the main combustion chamber is equal to:

_ p(Tg=Ti) 3)

T NgHuy

H, is the calorific value of the fuel. The conditional heat capacity of the heat supply process in
the combustion chamber ¢, kJ / (kg - K) is determined by the following formula:

C, = 0.883 +2.09-107*(T; + 0.48 - Ty) 4)
The gas constant can be calculated by the following approximate formula:
Rg =287.05+24.5g, (5)

The coefficient taking into account the physical properties of air or gas in any section of the
engine and included in the flow rate formula is determined by the expression:

(6)

When calculating, it is necessary to take into account that the adiabatic exponent and gas con-
stant are substituted into these formulas for air or gas. All expressions given here, with the exception
of (3) and (6), are semi-empirical. Their validity was tested for a wide class of tasks.

3 A new alternative source of fuel for aircraft. Available at: http:/spacefacts.ru/news/planet-earth/eco/725-novyy-
alternativnyy-istochnik-topliva-dlya-samoletov.html (accessed 09.12.2019).
* Aviation needs alternative fuels. Available at: http://www.aviaport.ru/news/2012/07/27/238185.html (accessed 09.12.2019).
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Given the information above, as the initial data for calculating the effect of new types of fuel on
the characteristics of gas turbine engines, the following variable parameters of fuel mixtures were se-
lected:

e H, — calorific value of the fuel, kJ/kg;

e 1), is the coefficient of heat generation (completeness of combustion);

e ¢, — conditional heat capacity of the heat supply process during the combustion of kerosene

in air;

o klJ/(kg - K);

e k, is the adiabatic exponent;

e gris the relative fuel consumption in the combustion chamber.

For the studied fuels, these characteristics are summarized in Table 1.

As a rule [8, 9], in the process of operation, mainly 12 basic properties of aviation fuels are
used. However, their determination in the Russian Federation and abroad differs by the determination
methods and experimental conditions. This complicates their objective comparison. As can be seen
from the data presented, the main physicochemical properties of the studied fuels differ from 5 to 8%.
However, as will be seen from the calculations, this affects the resulting characteristics of the gas tur-
bine engine.

Table 1
Initial data for the mathematical model of fuels
Ne n/m Fuel grade H,, kl/kg Mg k, &r cp, kl/(kg - K)
1 JetAl 42800 0.98 1.11 0.02 2.01
2 50% FT SPK B Jet A-1 44200 0.995 1.14 | 0.0196 1.98
3 TC-1 43000 0.98 1.33 0.031 1.276
4 17% HDO SAK B HEFA SPK 43600 0.99 1.13 0.0198 2.0

PRIMARY PROVISION

The operational characteristics of an aircraft gas turbine engine are the dependencies of thrust
and specific fuel consumption on flight conditions and engine operating conditions. The operational
characteristics include high-speed and throttle characteristics.

Along the line of limit modes, an engine control program is formed at maximum speed. GTE are
usually equipped with on-board systems for measuring parameters such as: n — rotor speed; T}, — air tem-
perature at the inlet to the compressor; T; — temperature behind the turbine, by which one can indirectly
monitor the temperature in front of the turbine Tg. In our case, we do not change the gas turbine engine
regulation program, but we only change the characteristics data of the jet fuel used (Table 1).

High-speed characteristics are composite of high-speed and high-altitude characteristics of a
gas turbine engine.

Based on the obtained values of thrust and specific fuel consumption, depending on the fuel
used, the graphs P = f (My) and C,q = f (My) are constructed, as shown in Figures 2 and 3.

According to the obtained dependencies (figure 2 and 3), it can be seen that the engine thrust
and specific fuel consumption decrease with increasing height when using all types of fuel.

Such changes in traction parameters and specific fuel consumption are associated with a de-
crease in pressure, temperature and density of atmospheric air with a rise to a specific altitude.

The use of new types of fuel affects the gas turbine engine working process (thrust P and spe-
cific fuel consumption) mainly by the heat of combustion of the fuel, as well as the thermo-physical
properties of the products of combustion of this type of fuel in the air [10]. We can say that the effi-
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ciency of a gas turbine engine, in this case, will depend on the energy capabilities of the type of fuel
used, which is confirmed by the obtained dependencies of thrust and specific fuel consumption.

As can be seen from Figure 3, at the beginning (with My = 0), the specific fuel consumption
has the lowest value when Py4 has a maximum value, then, with a decrease in specific thrust, the spe-
cific fuel consumption increases.

From the foregoing, it is clear that the operation of the engine is advantageous at altitudes of
about 11 km, since at these altitudes the specific fuel consumption is the lowest, which characterizes
the efficiency of the engine.

Let now analyse the data obtained at these altitudes. As can be seen from Figure 2 and 3, the
propulsion system has slightly higher thrust when using Jet A-1 kerosene and a mixture of 17% HDO
SAK in HEFA SPK. Slightly lower with 50% FT SPK in Jet A-1. However, the lowest specific fuel
consumption was obtained using a mixture of 50% FT SPK in Jet A-1.

As mentioned above, the performance of a gas turbine engine depends on the physicochemical
properties of the fuels used. The calculated design characteristics of gas turbine engines are also con-
firmed by comparing the properties of the studied fuels (Table 2) [11].
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80000 H= 80000 >
— \ LY \\
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20000 e ~ 20000 — — —
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Fig. 2. Dependence of engine thrust on flight speed at different heights when using jet fuel:
a) TS-1; b) JetAl; c¢) 17% HDO SAK in HEFA SPK; d) 50% FT SPK Jet A-1
Table 2
Comparative data of kerosene and biofuel quality indicators
50% 17% HDO SAK
Fuel characteristics TC-1 1 et Al B gpg g Jet A-1 B HEFA SPK
net calorific value, MJ / kg 43.2 43,1 43.6 43.6
volumetric heat of combustion, MJ/m’ - 10° | 33.9 35,1 34.3 33.8
hydrogen content, % 14.0 13,7 15.0 14.43
carbon content, % 86.0 86,1 85.0 85.54
hydrogen / carbon ratio 0.16 0,16 0.18 0.17
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Thus, the data obtained allow us to conclude that the use of a mixture of biofuel with kerosene
allows under conditions not to reduce the thrust of the gas turbine engine, while reducing the specific
fuel consumption. In addition, a change in the percentage of biofuels and kerosene can affect the take-
off-speed and throttle characteristics of a gas turbine engine.

SFC, SFC,
kg/(N.hr) Kg/(N.hr)
0.24 [ H=0 /H=0
5 )5
0,16
AJ 11 Y 1
0,16 g //_ __ﬁ'#
//
/
0,08 0,08
0 0,5 1 1,5 Mn 0 0,5 1 1,5 Mnu
a b
SFC, SFC,
Kkg/(N.hr) Kkg/(N.hr)
/ =0 /H=0
0,16 /> 0,16 /°
0,08 / 0,08 /
0 0,5 1 1,5 Mnu 0 0,5 1 1,5 Mu

Fig. 3. Dependence of specific fuel consumption on flight speed at different heights in the application including Arctic
marks: a) TS-1; b) JetAl; ¢) 17% HDO SAK in HEFA SPK; d) 50% FT SPK Jet A-1

CONCLUSION

1. A mathematical model has been developed for calculating the characteristics of gas turbine
engines depending on the physicochemical properties of jet fuel.

2. The throttle and high-speed characteristics of gas turbine engines obtained by using a mix-
ture of biofuel with kerosene in various proportions were calculated.

3. The reliability of the results is consistent with the results of the throttle and altitude-speed
characteristics of the gas turbine engine when using massively used brands of kerosene JetAl and
TC-1.

4. It was found that the use of a mixture of biofuels and JetAl kerosene allows to obtain higher
characteristics of a gas turbine engine.
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BJIUSAHUE ®U3NKO-XUMUUYECKHUX CBOMCTB KEPOCHUHA
N BUOTOIIVINB HA XAPAKTEPUCTHUKU I'A30TYPBUHHBIX
JABUT'ATEJIEN

I1I. Apnemmpu’

I - g
Asuampancnopmuoe 610po 6 MedxcoynapooHoil opeanuzayuu 2parcOancKoll aguayuu
(UKAO), Moupeanv, Kanaoa

CoBpeMeHHO TeHAEHIIMEN Pa3BUTHSI MAPOBOM TPayKIaHCKOM aBUAIMH SIBIISIETCS POCT MACCAKUPCKUX U TPY30BBIX MEPEBO30OK, UTO
BJICUET MOTPEOICHNE aBUaKePOCHHA. B 3THX YCIIOBHSX Ba)KHOE 3HAUCHHE MPUOOpETaeT NOBBIIICHHE TOILTMBHON 3(h()EeKTUBHOCTH
NPHMEHSEMOT0 aBHaTOILIMBa. MHpOBOe MOTpeOIeHIe SHEPrOPECyPCOB HETIPEPHIBHO BO3PACTALT, U MPEX/IE BCETO BCTAET BOIPOC
0 IMBepcH(HKALUK pecypcoB HeTH, N3 KOTOPOH MPOM3BOAUTCS OCHOBHAS JIOJISI MOTOPHBIX TOILUIUB, HA JIPYTHE BHIbBI CHIPbS
(puponHEIi Ta3, yroib, Onomaccy) B HacTosiee BpeMsl IPUXOAUTCS TOJBKO HE3HAUMTENbHas 4acTh 00beMa IPOW3BOJCTBA.
OpHako aHaMW3 Pa3BUTHS ABUATOIUTMB CBHIETEIBCTBYET, YTO MHTEHCHBHO BeXyTcs pabOTHI MO TOJMYYCHHIO aBHATOIUIAB W3
JPYTUX WCTOYHUKOB CBHIPhS, W OCOOEHHO OuWoTorumBa. bonblmoe BHUMaHWE yhelseTcss MONMydeHHI0 OHOTOIUTNBA U3
BOCCTaHABJIMBAEMBIX MCTOYHHKOB — Bomopocieid. [IpobdmemMa MaccoBOro repexona rpakKIaHCKOH aBHAIMN Ha aJbTepPHATHBHBIC
BUJIBI TOTUTHBA SIBISIETCS CIIOXKHOU 1 TpeOyeT perieHrs] KOMIUIEKCHBIX KaK TEXHUUECKUX, TaK ¥ SKOHOMHUYECKUX BOIPOCOB. OTHIM
W3 TaKUX BONPOCOB SIBIIETCSI OIEHKA BIMSIHUS HOBBIX BHIIOB TOIUIMBA Ha CIy>keOHbIe Xapakrepuctuku [T/, Baxkso mats
OOBEKTUBHYIO U OBICTPYIO OIIEHKY BIIFSTHHS IPHMEHEHHS PA3INYHBIX BHIOB TOIUIMB HA OCHOBHBIC XapaKTEPUCTHKHU JBUTATEIIS —
JIPOCCENBHYI0 W BBICOTHO-CKOPOCTHBIE. [Ipy 3TOM HEOOXOAMMO YYMTHIBaTh CJIOXHBIE XHMHYECKHE IIPOLECCHI B
XUMMOTOJIOTUYECKOW CHCTEME HOBBIX BHJOB TOIUIMBA. JIJI1 OLEHKM BIMsAHUS TOIUIMB Ha xapaktepuctuku ['T/ npemnaraercs
MPUMEHHUTH MaTEMaTHYECKYIO MOJIENb, KOTOpast Obl YUUThIBAJIa OCHOBHBIE XapaKTEPHCTUKK camoro Toruiiea. [loatomy B pabore
HpeUIoKEeHa MaTeMaTHIecKas MOJIENb pacuera Xapakrtepuctuk I'TJ[ ¢ yueTroM u3MeHeHHs! CBOMCTB caMoro Torwiusa. [IpoBeneHo
CpaBHEHHE IPOLIEHTHOIO COOTHOIIEHHs cMecH OMOTOIUIMBa M KepocwHa JetAl, a Tawke umcthix kepocuHoB JetAl u TC-1.
JlaHHBIE pacdeTsl MO MPEUIOKEHHOM MOJEIM COINIACYIOTCS C MOTydaeMbIMU XapakTepuctukamu [T/l B skciulyaTanuu npu
ucnonb3oBaHun kepocHHOB JetAl u TC-1. OcoOeHHO IEHHBIM SIBIITIOTCS TIONy4YeHHBIe XapakTepuctiku [ T/ B 3aBHCHMOCTH OT
cMecH OWOTOIUIMBA ¥ KEPOCHHA. YCTAHOBIICHO, YTO CMECh OHOTOIUIMBA M KEPOCHHA W3MEHSET (H3UKO-XUMHIECKUE
XapaKTEepUCTUKU TOIUIMBA U BIMSET HA U3MEHEHHUE TSI JBUTATENs M YIEIBHOIO pacxoa Tomwmsa. [lokazano, 4To B 3aBUCHMOCTH
OT MOJTy4YaeMbIX (PU3UKO-XUMUYECKHX CBOWCTB CMeCH OHOTOILIMBA U KEPOCHHA MOYKHO HOBBICUThH TOILTHBHYIO 3(p(eKTHBHOCTD U
3KOJIOTMYHOCTH TipruMensieMbIx ['T/1.

KiroueBble cjioBa: OHOTOIUIMBO, KEPOCHH, (DU3MKO-XHMMHYECKHE CBOWCTBA, MaTEeMaTHUYECKas MOJIEIb, TSIra, YACIbHBIA pacxo]
TOIUTHBA, IPOCCENbHAS U BBICOTHAS XaPAKTEPUCTHKHU JIBUTATEIIS.

ABTOD BbIpa)kaeT CBOIO OjarogapHocTh JoKkTopy Bamkuny A. Yumtu u3 HaunonanbsHoro uccienosa-
TeNnbcKoro coBeta Kanazpl 3a Bce €ro COBETHI M TOMOIIIb.
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