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Abstrat 

A study of the influence on performances, 
specially on fuel consumption, of the effect of 
varying exhaust nozzles areas and specific work 
of the fan in two-spools turbofan engines is 
carried out. 

The study is conducted by means of an 
approximated method, essentially based on 
substituting the performances maps of com
pressors, fan and turbines by means of approxi
mated analytical expressions. 

The approximation given by the method is 
verified by comparing results with those theor£ 
tically obtained without simplifications and 
with actual data obtained from air data computer 
measurements carried out in flight resulting in 
both cases excellent approximations. 

Final results show that modest but signi
ficant reduction in fuel consumption may be 
obtained by varying the exhaust areas and spe
cific work of the fan, which couples with 
important reductions in turbine inlet tempe
rature. All this might be of special interest 
for large turbofan engines specially designed 
for short range aircraft. 

Nomenclature 

area 

core and fan exhaust nozzle areas 

design values of areas 

constants 

mass flow rate 

core and fan mass flow rates 

design value mass flow rates 

number of stages 

rotational speeds 

pressure 

temperature 

average radius at stage j 

specific fuel consumption 

average axial air velocity at 

stage j 

average angle of relative exit 
velocity at rotor of stage j 

average angle of relative exit 
velocity at stator j-1 
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I.- Introduction 

The utilization of variable geometry com
ponents in turbofan engines has been considered 
as an attractive possibility in order to reduce 
specific fuel consumption. 

The introduction of these variable geometr; 
components has been hindered by three specific 
problems: higher costs of engines, increase of 
weight and added complexity, specially in 
connection with control systems. 

High cost of fuels and the introduction of 
digital control systems have considerably offset 
these problems, and as a consequence, variable 
geometry engines are at the present moment a 
very promising research field. 

Variable geometry, when aimed at reducing 
fuel consumption, is specially attractive for 
turbofan engines. In these engines, specific 
fuel consumption is a sensitive function of both 
by-pass flow ratio and specific work of fan, and 
the optimum values of these variables are very 
sensitive functions of aircraft speed. 

By-pass ratio and specific work of fan are 
normally optimized at cruise speed. Therefore 
for take-off and climb these variables are not 
optimized and, as a result, it is possible to 
reduce fuel consumption acting on them. 

The by-pass ratio can be modified by 
varying one or both exhaust nozzle areas of core 
flow and fan flow. Specific work of the fan may 
be modified by changing the pitch of the blades, 
or by placing variable angle inlet guide vanes. 

The present work is a contribution to the 
study of the influence of varying exhaust nozzle 
areas and specific work of the fan on performan
ces of turbofan engines and specially on specific 
fuel consumption. 

The study has been carried out by utilizing 
a simplified analytical method which has been 
developed to that purpose. 
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II.- Calculation Method 

Performances calculations of turbofan 
engines is a very lenghty numerical process. 
For a fixed geometry two spools turbofan engine 
it involves solution of a system of 34 equa
tions relating 36 dimensionless variables: 20 
equations of components, 12 matching equations 
and two equations expressing conditions, either 
critical or subcritical at the nozzles exhaust 
sections. 

In addition of the two independent va
riables (usually the aircraft dimensionless 
speed and either a dimensionless rotor speed or 
the engine pressure ratio), each change in 
geometry adds a new independent variable. 

The main difficulty for the solution of 
this system lies on the ten equations of com
pressors, fan and turbines, which are given in 
the form of performances maps. These maps have 
to be digitalized or approximated by means of 
polynomial expressions. 

The approximated analytical method is 
essentially based on substituting these perfor_ 
mances maps by means of approximated analytical 
expressions, which are as follows: 

a) Performances of both compressors and 
fan are given by expressions of the form (see 
Appendix): 

(i = inlet conditions; j = 1, 2; k = c , f) 

where K and K_ are constants dependly only on 

the geometrical characteristics of each com
pressor or fan. 

Efficiencies are obtained from the per
formances maps, as well as the values of K ar.d 

V 
b) It will be assumed that both turbines 

work at critical conditions, that is: 

constant (2) 

Their efficiencies will be assumed to be 
constant and they will be obtained from the 
performances maps. 
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These assumptions apply in conditions 
varying from cruise to take-off, but not at 
medium and low rotational speeds, of regimes 
such as descent and taxying. However, these 
last regimes are not significant as far as fuel 
consumption is concerned. 

The remainder equations of components, as 
well as all matching equations, are those nor
mally utilized and they are of the analytical 
type. In this way, solution of the system is 
obtained through a relatively simple computer 
programme. Utilizations of the performances 
maps is avoided, except for surge limitations 
and efficiencies corrections. 

The approximation given by the method has 
been verified, in the first place, by comparing 
the results given by the method with those ob
tained solving numerically the complete perfor
mances equations of a modern two spools large 
turbofan engine, for which all relevant data 
including performances maps were available. 

Comparison of results for different 
exhaust areas at take-off and cruise conditions 
are given in Fig. 1. It may be verified that 
the approximation given by the method is 
excellent. 

In the second place actual engine per
formance data obtained in a real flight, in
cluding take-off, climb and cruise conditions 
were compared with the same data calculated 
with the approximated method. Results of this 
comparison are showed in Table 1 and it may 
be seen that the approximation obtained i:: <jf 
the order of 1». 

Actual engine performance data were re
corded on a B-747 flight, with tha AIDS system 
(Aircraft Integrated Data System). Engine 
constants needed for the utilization of the 
approximated method were obtained from ground 
test cell where the engine was tested before 
installed in the aircraft. 
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The above mentioned laws of variation 
impose limiting value to maximum increase of 
exhaust areas. In the first place, Ni cannot 
surpass its maximum design operational value, 
usually of the order of 5-8% higher than normal 
take-off speed. In addition, operational point 
at the LP compressor moves towards the surge 
line, when Ac or Af increase, imposing another 
limiting value to Ac and Af. On the other hand, 
HP compressor and fan operational points move 
away from the surge line, placing no restric
tions. These operational restrictions limit the 
maximum values of Ac and Af. For the engine 
considered, these maximum values were of the 
order of 15* higher than their design values. 

III.- Results 

The study of the influence of the varia
tion of exhaust areas Ac and Af on performances 
and on the specific fuel consumption may be 
carried out in different ways, depending on the 
engine parameter selected to control the process. 
In this analysis it has been selected to keep 
constant thrust when the exhaust areas are 
varied, because this variable geometry system 
would be specially applicable for take-off. 
Keeping constant thrust would be a simple matter 
for the fuel control system by means of engine 
pressure ratio indications. 

Figs. 2 and 3 show the variations of the 
most important parameters for a typical large 
two spools turbofan engine as functions of 
areas Ac and Af when they are increased up to 
25* of their design value AJ and Af at take-off. 

Fan or LP compressor speed H] increases 
significantly, and HP compressor speed N2 
decreases; both core mass flow TOJ- and fan flow 
if augment and combustion or inlet HP turbine 
temperature decreases. 

As might be expected in a large by-pass 
ratio engine, the influence of the variation of 
the fan exhaust area Af is more important than 
the influence of Ac. 



The significant reduction in inlet turbine 
temperature during take-off, which may be of the 
order of 50°C, is an important feature of the 
variable area system. 

It is important to point out that all 
results and limiting values have been obtained 
for an engine designed for fixed exhaust areas. 
It is evident that in order to achieve full 
advantage of the variable geometry, an engine 
should be designed to that purpose. 

Fig. 4 shows results obtained for the 
specific fuel consumption (SFC) at take-off and 
cruise conditions. As might be expected, at 
cruise conditions increase in exhaust areas 
leads to increase in SFC, showing that the 
design value of areas A£ and A| were optimized 
for these cruise conditions. On the other hand, 
at take-off reductions of SFC of the order of 
6% may be obtained with exhaust areas increase 
of the order of 15%. 

Values of Ac and Aj up to 25% higher than 
their design value were also included, which 
roughly represent maximum practical values if 
restrictions on values of H^ and on surge limits 
of LP compressor were removed. In this case, 
reductions of SFC at take-off the order of 7.5% 
might be achieved. 

small, slight reductions in specific fuel con
sumption may be obtained at cruise conditions 
with only one exhaust nozzle as compared with 
the values obtained with two separated flows. 

Finally, the influence ..; : .,• .... ̂ Uui, 
of the specific work of the fan has been studitt: 
as a first approximation at constant «•*' " • • y. 

Results are shown in fig. 6, wi.*v,, <.".- oeen 
obtained at constant Aj, and varying the by-pass 
ratio by changing Ac. It may be seen that reduc
tion of SFC of the order of 5% at take-off con
ditions may be obtained by reducing the specific-
work of the fan in a 20*. However this requires 
an increase in the area Ac of the order of 20* 
and a high increase of fan speed Nj well above 
its design value. 

Variation of area:- .-.,, ..,.,. ,,,. ...»., n a t i 
vely simple modifications of the engine, spe
cially if the turbofan has only one exhaust area, 
and if the mechanism could be coupled with the 
thrust reverse system. On the one hand, pitch 
change of the fan blades is a major modification, 
and on the other hand the introduction of inlet 
guide vanes may give rise to noise and possible 
vibrations problems in the fan. 

It may be concluded that thi. ™,.t..,v, but 
significant reductions in fuel consumption that 
can be obtained by varying the exhaust nozzles 
of core and fan flows, coupled with the important 
reductions at take-off of the inlet turbine 
temperature, would appear to be a promising field 
for development, especially for large by-pass 
engines designed for short range aircrafts. 

Figure 5 gives the reduction in total fuel 
consumption that could be obtained in a typical 
flight as function of flight time. The fuel 
consumption has been calculated optimizing the 
laws of variation of Ac and Aj during take-off 
and clinb. 

It may be seen that significant reduction 
in fuel consumption may be obtained, specially 
in short flights and if full increase of exhaust 
areas is allowed. 

The case of a single exhaust area has also 
been studied. Results obtained by changing the 
exhaust area are similar to those presented in 
this work. However it may be pointed out that 
if mixing losses of core flow and fan flow are 




