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Abstract

A conception of a two-combustor turbofan engine is the main scope of this paper. At the beginning, the problems
of turbofan engines development are briefly discussed as a background of this work. In this part the turbofan engines
innovation activities are presented. It is mentioned the engine’s innovations consists of many aspects but some
important ones are: lowering of production operation cost, maintenance, reduction of noise and exhaust gases
emission while engine reliability should stay on the same level or event increase. Next, the conception of turbofan
engine with two combustors is presented in this context. Some positive aspects for environment, production and
maintenance of such engine are discussed. Then the thermodynamic cycle of two-combustor engine is presented and
analysed. On this basis, the engine numerical model is prepared. Next, some information about the model
simplifications and calculations done to determine performance of the engine is presented. Then the results of the
simulation calculations of the engine performance are presented and discussed. The relationship of engine thrust and
specific fuel consumption vs. engine flight conditions are shown. Based on the results there were discussed the
advantages and disadvantages of two combustors engine as an airplane propulsion are specified. The conclusions are
formulated and presented in the last part of the paper.

Keywords: jet engine, turbofan engine, engine performance, airplane engine development
1. Introduction

The aircraft transport has been strongly developing for last years. New modern aircrafts have
been introduced into the service. They give better flight comfort for passengers and should be
more friendly for environment. One of a main factor of this progress is propulsion development.
Modern engines have low fuel consumption and generate less noise and pollution emission. The
engine improvements activity is still continuous. The new conceptions of propulsions are
developed and studied. Some works concentrate on the engine with inter-stage burning. Realised
analyses show the higher efficiency of such engine than classical turbojet or turbofan engines [8,
9]. Some advantages of such engine conception with two combustors were discussed in paper [4,
6-9]. It was shown that this engine could be more efficient, reliable and lower NOx emission by
turbine inlet temperature reduction than classical turbofan one.

The performances of two combustor engines are studied in this paper. The numerical model is
briefly presented. The engine performance is calculated, presented and discussed.

2. Two combustors engine

In the paper, the comparison of classical turbofan engine and turbofan two combustors engine
is presented in. A two-combustor turbofan engine has an additional combustor between high and
low pressure turbine (see Fig. 1). It is called inter-turbine burner [8, 9]. The other elements of such
engine are similar to the classical turbofan engine. It consist of: an inlet, fan, splitter separated
stream for external and internal duct, compressors, turbines, combustors occurring in the internal
duct, one before turbines and one between turbines and external and internal duct propelling
nozzles.
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Fig. 1. Turbofan engine with inter-turbine burner scheme

The main reason of such an engine conceptual study is lowering the turbine inlet temperature
TIT. In the classical contemporary turbofan, the TIT is about 1700 K [1, 2, 5]. Such turbine inlet
temperature level requires advanced turbine disc and blades cooling systems and a lot of air should
be extracted from the mine stream for cooling [1, 3]. All of this lowers engine effectiveness, first
of all by some air exclusion from compressor which causes lowering of combustion energy and
turbine power, and secondly by turbine efficiency lowering [2, 3, 11]. On the other hand, a simpler
structure of uncooled turbine blades and discs is cheaper for manufacturing, more reliable and
durable and increases the time of safe operation [1].

Proposed engine could achieve compared thrust to classical turbofan but with lower TIT level,
at about 1300 K. It is done by the additional combustor between turbines. The reheating provides
similar energy of gas inflow to second turbine, even though TIT of high-pressure turbine is lower
than in the contemporary turbofan engine. This is presented in Fig. 2, where the classical turbofan
and proposed the two combustors turbofan engine cycles are compared.

A A) A B)

Fig. 2. i-s diagram A) classical turbofan engine, B) turbofan engine with two combustors

3. Mathematical model of two-combustor engine

Based on charts presented in Fig. 1 and 2B the mathematical model of two-combustor turbofan
was elaborated. The total heat added to the engine is a sum of heat added in the main burner Qg
and in the burner between turbines Qr:

Q: = 0Qp + Qr, (D

where:
Q — heat added into the engine,
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indexes:
t —total,
B — the main combustor,
IT — the burner between turbines (inter turbines).
Heat added in the individual combustor is calculated as:

m
Q= ;}; hng = Cp(TBZ — Tg), (2)
where:

m,,m; — fuel mass flow, air core engine mass flow,

h — fuel heat value,
g — burner efficiency,
Cp — specific heat,

T — total temperature,
Bl — burner inlet,

B2 — burner outlet.

Consumption of fuel mass flow is estimated from the relation:

XMy =mp g+ mp p = (m;Q.)/(h(ns + nir)). (3)

The engine thrust is calculated as:

F=mgcs +myacs, —m;(1 + a)V. 4)
Specific thrust is calculated as:
—(Ms _
Fg = (mz cs+acs, —(1+ a)V)/(l + ), (5)

where:
F — thrust,
Fs — specific thrust,
ms — fumes mass flow of internal duct exit,
cs, cs»  —velocity of jet stream in the internal and external nozzle exit,
a —bypass ratio,
\Y —flight speed.

Specific fuel consumption is evaluated as:

Specific thrust and specific fuel consumption are very important parameters determined engine
performance [10]. High specific thrust indicates that engine internal processes are efficient and the
engine cycle parameters are properly chosen. Low specific fuel consumption determines that the
engine internal process is efficient by the way; fuel consumption cost is not so great.

3. Numerical model and simplification of engine performance calculation

Engine is represented by numerical model consisted of functional blocks represented main
engine components. Block structure of the engine is presented in Fig. 3. All components are
connected by functional and structural relationship as in real engine.

Functional blocks of the engine components include typical numerical description of the flow-
thermal processes occurring in them, as it is presented in [10]. The additional combustor is
modelled as the main combustor, but worse working conditions are described by lower burning
efficiency. In this work, additional combustor efficiency was assumed 0.965, while the main
combustor efficiency was assumed 0.985.
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Globally engine work conditions are represented by characteristic parameters like pressure
ratio of fan and compressors and temperature ratio of combustors. Other important factors, which
determine engine performance, are engine losses, which are characterized by coefficients
described real processes derogation from ideal processes. On that basis fan, compressor and
turbine process imperfection is characterized by polytropic efficiency. For inlet, propelling
nozzles, combustors and other ducts the pressure losses coefficient is applied. The turbines are not
internal cooled (TIT=1300 K), therefore their efficiency was assumed higher than in the classical
turbofan engine. Polytropic efficiency of both turbines was assumed as 0.9.
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Fig. 3. Blocs structure of double combustor turbofan engine model

The assumption of the turbines without internal cooling allowed reducing air mass extraction
from engine. In calculated engine air mass, extraction was omitted.
Ambient conditions are modelled according ISA standard for the assumed altitude.

4. Calculation of engine work parameters for static conditions on the ground

The calculations of engine performances were done for static conditions on the ground at the
beginning. The engine main parameters were assumed as optimal work conditions published in the
paper [4]. By this way both turbines inlet temperature were 1300 K, bypass ratio (a=6), fan
pressure ratio (mp=1.6), low-pressure compressor pressure ratio (mpp=1.7), high-pressure
compressor pressure ratio (myp=10).

The results of calculation are: engine specific thrust F.=300 N*s/kg, specific fuel consumption
S=0.4 kg/daN/h, internal nozzle jet speed cs=460 m/s and external nozzle jet speed c5=270 m/s.
Pressure and temperature distribution in engine cut sections are presented in Fig. 4.

Presented results show that the engine work parameters are similar to classical turbofan engine.
Specific thrust about 300 Ns/kg is typical for high bypass ratio turbofans. Specific fuel
consumption about 0.41 kg/daN/h is compared with this parameter of high bypass ratio turbofans.

The temperature and pressure chart shows the typical course of these parameters with one
exception. The temperature increases between turbines in an additional combustor and pressure
slightly decreases in it. Thanks to it, the energy of stream inflow into the low-pressure turbine is
enough for propelling a large fan and a low-pressure compressor, even that the maximum
temperature in an engine is limited to 1300 K.
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Fig. 4. Total temperature and total pressure in engine cut sections

5. Engine performance for different flight conditions

Another step it was the engine flight conditions evaluations. It was assumed the static pressure
and temperatures vs. altitude is according to the ISA standard. The flight speed condition was
defined as Mach number. For large turbofans, flight speed is limited to 0.8-0.9 Ma, so conceptual
engine was analysed in flight speed range 0-0.8 Ma. The altitude was analysed from 0 to 13 km
because it is the range of such engine operation.
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Fig. 5. Specific thrust vs. altitude and flight speed
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In Fig. 5, the relation of specific thrust vs. altitude and flight speed is presented. The results are
similar to large turbofan engine performances. Specific thrust decreases with altitude and flight
speed growth. 11 km is a limit of altitude impact on engine specific thrust. Specific thrust is fixed
at a constant level above this altitude level. It is caused by ambient temperature, which is fixed at
a constant level above 11 km.

Specific fuel consumption vs. altitude and flight speed is presented in Fig 6. The results show
the altitude up to 11 km causes a decrease of specific fuel consumption. Above this altitude, it is
fixed on the constant level. Higher value of flight speed increases specific fuel consumption. It is
a typical situation for large turbofans [10].
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Fig. 6. Specific fuel consumption vs. altitude and flight speed

Presented charts in Fig. 5, 6 show that for higher flight speed results do not exist for low
altitude levels. It is caused by ram effect. Ram compression cause growth of temperature in the fan
inlet. This is a function of flight Mach number:

Tey =Ty (1+52 Ma?), (7)

where:

T;; — total temperature in the fan inlet,
Ty — ambient temperature,
Ma — flight Mach number.

The increase of fan inlet temperature caused by flight speed increases the temperature after
compressor. To ensure an adequate level of power produced by fan and compressor propelling
turbine the turbine inlet temperature should be increased above the allowed level of 1300 K. This
restriction limits engine work with high speed on the low altitude. Ambient temperature decreases
with altitude growth therefore an altitude level exists where the ambient temperature is sufficiently
low for some flight speed and the turbine inlet temperature is not exceeded.

Theoretical analysis of ambient condition influence the specific thrust and specific fuel
consumption of the turbofan engine and confirmed by the results. Both parameters are a function
of ambient temperature only as it is written below:
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,T
Fs_H = Fs_O T_I:’ (8)
T
Sy = S0 |7 ©)
where:

Fs 4, Fs o — engine specific thrust on H and 0 altitude,
S¢ u,Sf o — engine specific fuel consumption on H and 0 altitude,
Ty, T, — ambient temperature on H and 0 altitude
An ambient temperature decrease with altitude increasing up to 11 km, so according equations
8 and 9 specific thrust and specific fuel consumption should go down for higher altitude to 11 km.

6. Conclusions

The presented results show that the idea of two combustors engine allow to achieve the aircraft
propulsion of similar features to the classical turbofan. The differences are connected with
additional combustor and lower level of turbine inlet temperature. The profits connected with it are
significant — the simpler manufacturing techniques, lower cost of production and maintenance,
higher durability, lower emission etc. It is caused mainly by turbine inlet temperature limit to 1300
K, where the turbine internal cooling system is not required and the condition of turbine work
significantly improves.

The additional combustor allows increasing low-pressure turbine inlet temperature for
production of sufficient power level for fan and low-pressure compressor. This way it is
compensated lower energy of gas leaving high-pressure turbine, when the HP turbine inlet
temperature is limited.

The analysis shows the main parameters of double combustors engine are close to the similar
classical turbofan engine. Specific thrust and specific fuel consumption are on the similar level.
Ambient conditions influence the engine performance typically, caused the two combustors engine
map is similar two other turbojet and turbofan engine.

The concept of the engine seems to be more interesting for future investigation and
development. The future analysis among other things will concentrate on an engine work with
second combustor excluded. It is known that the temperature change influences the gas density and
for stable work of engine the sections area should be changed.
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