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Abstract

The research article discusses the advantages of using compressor downstream air partial bleed and supplying it
downstream of the turbine, which was applied in a prototype of a “bypass” turbojet engine. The objective of such a turbo
engine structural solution was discussed along with its elements and principle of operation. Further part of the article
determines the impact of such partial air bleed on the value of achieved basic operating parameters of the engine, i.e.,
unit thrust and unit power consumption. The presented attempt to compare these parameters with the parameters
achieved for a turbojet, single flow engine is very important, in the first case without air bleed, and in the second, with
air bleed to the environment. Further sections of the article compared these parameters relative to a turbojet, turbofan
engine with a jet mixer. Such comparisons enabled to determine the actual benefits of using compressor downstream
air partial bleed and supplying it downstream of the turbine, which may constitute an intermediate solution between
single flow turbine engines and turbo fan engines. Wide possibilities for the application of such structural solutions
were shown, which was summarised in the conclusions.
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1. Introduction

The compressor air bleed is very common in modern turbojet engines [4], [5], [7]. Usually, the
bled air is discharged to the environment (or the turbofan engine external duct). The aim of this
bleeding is mainly counteracting unstable compressor operation. For these reasons, the bleeding is
executed usually from the middle stages of the compressor.

In the 1970s, Pratt&Whitney developed a diagram of a twin-rotor turbojet engine, which used
compressor air bleeding, supplying it downstream of the turbine (turbine bypass engine) [4], [6]. Up
to 25% of the air stream flowing through the compressor is bled in the maximum operating range.
With decreasing engine thrust, the flow rate of the flue gas stream flowing through the turbine is
maintained, and the volume of air bled downstream of the compressor is decreased. This enables
maintaining the rotational speed of the engine at a set level of 100%, within a sufficiently broad
range of total and unit thrust changes. This leads to improving the dimensionless coefficient of
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aircraft aerodynamic force resultant cr (even if only due to decreased pulsation of the stream flowing
from the engine) and decreasing specific losses due to a better cooperation of the engine and the
inlet. However, for various reasons, this engine did not find widespread application in aviation and
never took off.

The joint research of Pratt&Whitney and Boeing led, in turn, to designing a single-rotor engine
utilizing this type of air bleeding. A diagram of such an engine is shown in Fig. 1, which additionally
shows the distribution of jet pressure flowing through the duct of such an engine, taking into account
airspeed V.
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Fig. 1. Diagram of a “bypass” turbojet engine: 1 — flow duct for the air bled downstream of the compressor and
supplied downstream of the turbine, 2 — adjustable compressor, 3 — combustion chamber with a low emission level for
toxic flue gas components, 4 — exhaust nozzle with thrust reverses

2. Operating parameters of a “bypass” engine

A turbojet engine with compressor air bleed and its supply downstream of the turbine is a new
solution, which is not yet operated on flying aircraft. The impact of this type of compressor air bleed
on unit thrust, unit fuel consumption, the character of actual circulation and individual engine
parameters requires conducting rather detailed analyses. In any event, partial air bleeding influences
the changes of turbojet engine operating parameters — in particular, it causes a decrease of its thrust
[1], [2], [3]- The objective of the “bypass” engine analysis is to determine the impact magnitude for
this type of air bleeding on selected operating parameters of a turbojet engine.

The computational model for a turbojet engine using compressor downstream air bleeding and
supplying downstream of the turbine is adopted as for a single-flow engine, taking into account the
impact of bled air on the parameters of exhaust gas stream flowing to the exhaust nozzle. The
temperature of bled compressor air has a value determined by a relationship:

k-1
* k

* * Tsi —
T,=T,|1+—————|- (1)
UR
where:
71;. = ﬁ;Z — compressor compression ratio at the bleed point, assuming identical efficiency of all its

stages (77, =175 );
T, — air total temperature in the outlet cross-section of the compressor;
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17; — compressor efficiency (usually 77; =0.84-0.88) [1];
k — air isentrope exponent (k = 1.4);
z — number of compressor stages;
i — number of compressor stage, with air exhaust behind it.
Whereas the impact pressure at the air bleed point is:
Py =Dy T (2)
where: p; - impact pressure upstream of the compressor.

In the event of an inflow of bled air downstream of the turbine, the exhaust gas stream
downstream of the turbine T, changes, and its specific value can be determined deriving from the

flow energy balance, i.e.:

ConTam=c, Ty, +c,T, (m—r,,), 3)

where:

T:I. — impact temperature of the mixture of turbine downstream exhaust gases and the air bled
from the compressor after mixing;

T; — exhaust gas temperature downstream of the turbine, calculated from the comparison of
the turbine available power and the power necessary for compressor drive;

m — air flow rate;

m,, — flow rate of the air section bled from the compressor and supplied downstream of the
turbine;

C, c;) — specific heat of air and exhaust gases, respectively;

c — specific heat of the mixture of exhaust gases downstream of the turbine and the air bled

pm

from the compressor (can be calculated from a relationship: ¢, =v-c, + (1 - v) . C;) );

m
v =—=% —relative volume of air bled from the compressor.
m

Hence, the impact temperature of the mixture of turbine downstream exhaust gases and the air
bled from the compressor TL can be calculated from the relationship:

T;:V-CP-TZ:-l-(l—V)-C;,-T:' @

Com

Whereas the pressure of the exhaust gases-air mixture p,, can be calculated from the

relationship:
i e To
* * k * k'
p4i:|:v'p2i +(1—V)-p4 ’ )
where:
D, —pressure downstream of the turbine, calculated from the comparison of the turbine available

power and the power necessary for compressor drive;
k' — exhaust gas isentrope exponent ((k' = 1.33) .

Unit thrust of a turbojet engine with the supply of air bled from the compressor downstream of
the turbine (kj:) and unit fuel consumption (c;ji), under the assumption of critical pressure ration in
the exhaust nozzle are:
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kji:(pu Z%R’T; -V, (6)
_ s
T EWE, @
where:
o, — speed loss factor in the exhaust nozzle, usually 0.97-0.99,
k’ — exhaust gas isentrope exponent(k' = 1.33) ,
R’ — individual gas constant for exhaust gases,
V — airspeed,
qys  — actual heat supplied in the combustion chamber to the air mass unit over a unit of time,
& —heat emission coefficient in the combustion chamber,
W,  —fuel calorific value.

Air supply from the compressor downstream of the turbine causes certain changes of the achieved
basic parameters of the engine. The magnitude of this impact is most conveniently determined by
presenting a relative unit thrust of the engine and relative unit fuel consumption. Moreover, this
impact depends on the type of the engine control system. For an engine, which is controlled by a
constant heating degree criterion — A" = const the value of absolute unit thrust of a “bypass” engine,
relative to a unit thrust for an engine without the bleeding, can be determined from the relationship:

) <pD\/2c;,T,; {A* [1 —v - i(l‘””_s - vl‘s)] + v} —V
l

k

- s\ T
kji = L = = - ) (8)
] IR AR
(pD\/ZCpTHA (1 B nénm) i
where:
©p — speed loss factor in the exhaust nozzle, usually 0.97-0.99,
Nm  —mechanical efficiency of a rotor assembly, usually 0.99-0.995,
Ns — compressor efficiency, usually 0.84-0.88,
ls = i—s — operational division of a compressor with air bleeding: [g — compressor effective operation,
S
lg — compressor effective operation transferred to the bled air stream,
A = n,nsn7C = const, including C = 1 — % = const — asumptions.
« k'
r

Whereas, relative unit fuel consumption for a “bypass” engine, in relation to an engine without
the bleeding can be determined from the relationship:

= s (9)

==
k;
where: @,

— relative heat supplied to the combustion chamber, defined as a ratio between the heat supplied
to a “bypass” engine combustion chamber and an engine without air bleeding.

Fig. 2a shows diagrams of engines: single flow without air bleeding and “bypass” single flow,
which were used as a base for analysing the impact of air bleeding from the compressor downstream
of the turbine on the unit thrust and unit fuel consumption.

Fig. 2b shows the dependency of the impact of air bleeding on the relative engine thrust from the
exhaust gas temperature upstream of the turbine7; and the compressor compression ratio .

504



Advantages of Compressor Downstream Air Partial Bleed and Supplying It Downstream of the Turbine ...

Increasing exhaust gas temperature upstream of the turbine increases the decrease of the relative
engine thrust, while the compressor compression ratio increase — decreases it. Fig. 2c shows the
impact of the airspeed on the value of the relative engine thrust decrease (e.g. for Ma=2 at 25% air
bleeding by approximately 4%).

k  (v=20%; Ma=0; H=0)

Fig. 2. Relative relationships of “bypass” engine operating parameters: a — diagrams of a “bypass” engine and a
single flow without air bleeding; b — thrust on exhaust gas temperature upstream of the turbineT; and compressor
compression ratio Tg, ¢ — thrust on air speed Ma and the volume of bled air v; d — unit fuel consumption on air speed
Ma and the volume of bled air v

Nevertheless, the relative unit fuel consumption decreases with increasing volume of air supplied
from downstream of the compressor downstream of the turbine. Fig. 2d shows the dependency of
relative unit fuel consumption on the volume of bled air and air speed. Air speed increase increases
the value of relative decrease of unit fuel consumption.

Therefore, it should be concluded that bleeding air downstream of the compressor and supplying
downstream of the turbine results in a decrease of relative engine thrust (up to approx. 5%), which
can be eliminated by increasing the compressor compression ratio and air speed. This provides
significant decrease of the relative unit fuel consumption (up to approx. 15%), which can be further
decreased by increasing air speed.

A comparison of the achieved unit thrust values for a turbojet engine with air bleeding to the
environment k jup and a ,,bypass” engine k jcan be determined from the relationship:

ok T 414
k,=—2= [1-vil-v|1- Z‘ — |- (10)
! 772—(1 o j
M\ 1=V
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Analyses of the achieved unit thrust values in a turbojet engine with air bled to the environment
and a “bypass” engine indicate that a “bypass” engine is much more advantageous in terms of the
values of achieved thrust (by over 25% for a 25% air discharge). This value can be increased by
increasing the compressor compression ratio (Fig. 3b) and increasing the air speed (Fig. 3c).

The analysis of unit fuel consumption should be conducted using the relationship (9), under the

assumption (s =1, which indicates that these are similar engines but with different methods for

partial air discharge. The conducted analysis of unit fuel consumption for both engines, calculated
on the basis of the relationship (9) shows that together with increasing volume of bled air, as well
as increasing air speed, a “bypass” engine is becoming significantly more cost-efficient (Fig. 3d).

It means that the “bypass” engine enables increased engine thrust in relation to an engine with air
bleeding to the environment by over 25%, at the same time improving its cost-efficiency by over
20% in ground conditions. The aforementioned differences are increased in favour of a “bypass”
engine is as a result of increasing compressor compression ratio and air speed.
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Fig. 3. Dependency of operating parameters of a “bypass” engine and an engine with bleeding into the
atmosphere:
a — diagrams of a “bypass”’ engine and a single flow without air bleeding; b — thrust on exhaust gas temperature
upstream of the turbineT; and compressor compression ratio Tg, ¢ — thrust on air speed Ma and the volume of
bled air v; d — unit fuel consumption on air speed Ma and the volume of bled air v

The comparison of the operating parameters of a “bypass” engine and a turbo-fan engine with a
mixer (with airflow rate in the external duct similar to the air bled downstream of the turbine in a
“bypass” engine) is achieved by specifying the combustion chamber heat balance, in the form:

rh,cpT; +EMWC, = rh,c;,T; . (11)

For the previously adopted control system according to a constant heating degree criterion —

A" = const , this enables to determine the relationship for comparing the amount of heat supplied to
the combustion chambers of both engines, in the form:
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. vDn
A(1-4)-1+ S
a :qKSm — ( ) (1_V)77W .
© Ay R (I—V)A (12)
All-———Frt |1
1-v(1-1;)

Whereas when considering the issue for engines operating on the ground (V'=0), the relation of
unit thrusts for a turbo-fan engine with a mixer and an engine with air supply downstream of the

turbine — for the constant heating degree criterion (A" =const) — is determined from the

relationship:
(1—\/)41*(1— :4 J+VD(1— 175 J+v
e K _ 7570 Tl )

k. =—2"=
"k, 1-v(1-1) - (13)
' A 1—v—4 (S)—VIS +v
775‘ nm

A comparison between these engines shows a minor difference in the values of achieved thrusts,
in favour of the “bypass” engine (by almost 5% for a 25% air bleed). This difference grows as a
result of increasing compressor compression ratio g, whereas it decreases — as a result of increasing
temperature of exhaust gases upstream of the turbine T (Fig. 4b).Fig. 4c shows the analysis of this
comparison, in relation to the volume of bled air and air speed. Increasing air speed increases the
difference in the value of achieved thrust, in favour of a “bypass” engine. Dependency of unit fuel
consumption for both engines on the volume of bled air and air speed is shown in Fig. 4d. A “bypass”
engine is becoming slightly more cost-efficient than a turbofan engine with a mixer with both
increasing volume of bled air, as well as the air speed.

b)

a) m,,

Fig. 4. Relation between operating parameters of a “bypass” engine and operating parameters of a turbofan engine
with a mixer: a — diagrams of a “bypass” engine and a turbofan with a mixer; b — thrust on exhaust gas temperature
upstream of the turbineT; and compressor compression ratio Ttg, ¢ — thrust on air speed Ma and the volume of bled

air v; d — unit fuel consumption on air speed Ma and the volume of bled air v
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Therefore, it can be concluded that a minor increase of thrust (ca. 5%) and improved engine cost-
efficiency (almost 5%) is achieved in a “bypass” engine, compared to these parameters for a turbo
fan engine with a mixer. These advantageous differences may be even increased through increasing
the compressor compression ratio and the flight air speed.

Simplifying, air from the compressor downstream of the turbine results, in the relative engine
thrust, decreased by about 5% at a 25% volume of bled air. In engines with high compressor
compression ratio (over 20) and during flight with high air speed — mainly supersonic — at low
altitudes, there is a chance to eliminate this loss. On the other hand, the relative unit fuel consumption
benefits, decreasing with increasing volume of bled air (by ca. 15% for a 25% discharge). This value
can be increased further by increasing the airspeed.

3. Conclusions

Therefore, due to the value of the achieved thrust, as well as the unit fuel consumption, a “bypass”
turbojet engine is much more efficient compared to — mainly — the engine, where the air is bled
outside of the engine. Also, in terms of the parameters, it is slightly better than a turbofan engine
with a mixer, with similar air volumes flowing through external ducts. Hence, these engines can
become competitors for turbofan engines, which is why, they can be placed at the same level as
future generations of VCE (variable cycle engine) or VSCE (variable stream cycle engine) engines.
Not negligible is the possibility to decrease the temperature of the exhaust gas “core” temperature
of a “bypass” engine in combat aircraft propulsions, which decreases the probability of being hit
with a homing missile using IR guidance.
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