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Variable Pitch Ducted Fans for STOL

Transport Aircraft

R. M. DENNING

INTRODUCTION
With the rapidly diminishing availability

of suitable land for new large airports has come

the search for new systems of Air Transport which
would be less profligate in land use and which

might also increase the capacity of existing air-
ports. As a result, the next major advance in air

transport seems likely to be a radically new form

of Short Haul transport which may well be the STOL
aircraft. It almost goes without saying that such

aircraft must have a high degree of acceptability

to local communities. This will not be made easi-

er by the fact that such aircraft will generally

operate closer to such communities. While the

reason for STOL is not lower noise, it cannot suc-

ceed without achieving major reduction in subjec-

tive noise levels. Conventional takeoff and land-

ing commercial transport aircraft are now coming

into service with Airline Operators which use

aero-engines that, for the first time, are specif-

ically designed to meet Noise Certification legis-

lation.

The fundamental feature, common to these new

low noise engines, is the use of the single-stage

front fan without inlet guidevanes and with large

spacing of rotor and exit stator. By extracting

most of the energy from the gas generator flow and

reducing the hot jet velocity to around 1400 fps

at takeoff, major reductions in noise, coupled

with a significant improvement in fuel consumption

have been achieved. Such fans are run at higher

tip speeds than has been customary in order to

produce a high fan pressure ratio and to minimize

the number of low-pressure turbine stages. As a

result, the fan unit is highly stressed, difficult
to design for blade containment, and more critical

to foreign object damage.

Looking beyond the achievements of this new

generation of single-stage fan engines, the Aero-

space Industry is now seeking to produce engines

with noise levels some 10 to 15 PndB lower and
which also have the required performance charac-

teristics for short field length aircraft. What

these characteristics should be is not yet clear,

and it appears likely that several competing de-

signs will be evaluated up to the prototype stage.

It is the last item which has the most pro-

found effect on the engine philosophy. If, for
example, the engine is required to supply bleed

air for high-lift wing systems, rather than using

separate air supply units, then the thermodynamic

cycle is dictated to a major extent by the amount

and pressure ratio of such air. Even with the

bleed thrust as low as 10 percent of the total

, thrust, an oversize compressor with permanent by-
pass is essential for efficient operation. There

are a number of different high lift systems re-

quiring bleed air ranging from boundary-layer con-

trol via the jet flap, to the Augmentor wing. The
Externally Blown Flap is a special case where most

of the engine thrust is vectored by the flap which

then becomes the primary thrust control. The Aug-

mentor wing has been described in a number of pa-

pers by D. C. Whittley (1, 2 inter alia), 1 and it

requires the largest amount of bleed air with

blowing thrust requirements which range from as
low as 30 percent up to 80 percent of the total
engine thrust. The concensus of view is that the

1
Numbers in parentheses designate References

at end of paper.

It is in this context that the variable pitch fan
concept is being studied.

STOL POWERPLANT REQUIREMENTS

Although these have been discussed in many

papers over the past few years, it is useful to

recapitulate them. Summarized, they are as fol-

lows:

1 An increased takeoff to cruise thrust ratio

2 Lowest practical noise level

3 Low, near zero, axial thrust component on ap-

proach to land to allow steep approach paths

combined with good acceleration character-

istics

4 Reverse thrust usable down to low forward
speeds

5 Ability to provide energy for high lift sys-
tem if required.

2
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Fig.l M45S (RB.410) basic engine layout

bleed air pressure ratio should be in the range
2:1 to 3:1.

ARGUMENTS FOR AND AGAINST THE USE OF VARIABLE
PITCH

Recent papers (4-6) have discussed the use
of variable fan geometry.

In its simplest form, the variable pitch fan

engine is illustrated in Fig. 1. For noise and

stress reasons, the variable pitch fan unit is

driven at a low tip speed via a step-down gearbox
between it and the gas generator. The gas genera-

tor may be of the single shaft type as on the

Turbomeca Astafan or be a compound compressor as

proposed for the M45S (RB.410) derivative of the

M45H engine. Because the variable pitch fan has

a fundamentally limited pressure ratio capability,
it produces a high bypass ratio which, combined

with a low tip speed, leads to a very low-speed,

high torque fan shaft. In this situation, the
gearbox is essential if very large, low-speed,

low-pressure compressor and turbine systems are to
be avoided.

The arguments in favor of variable geometry
can be summarized as follows:

1 Appraoch thrust modulation -- using fine

pitch and high rpm values
2 Reverse thrust available down to zero forward

speed
3 Optimization of specific fuel consumption

4 Maximization of thrust
5 •Improved acceleration control
6 Removes necessity for a variable fan exhaust

nozzle

7 Provision of near-constant air bleeds at vary-
ing thrusts

8 Optimization of noise characteristics
9 Built-in development potential.

Against these can be set a number of disad-

vantages which are immediately apparent, e.g.,

1 The low solidity of the fan system which lim-
its the design pressure ratio

2 The mechanical limitations on tip speed set

by the variable pitch mechanism which again
limit pressure ratio relative to a fixed

pitch fan

3 The requirement for a gearbox which almost

inevitably arises from the limitations on tip
speed

4 The increased control system complexity
5 The more complex reverse thrust engine aero-

dynamics
6 The general increase in mechanical complexity.

POSSIBLE ENGINE CONFIGURATIONS EMPLOYING

VARIABLE PITCH

The subject can be approached from two dif-
ferent viewpoints, that of the Propeller Designer

who is offering a "Bolt-on-Augmentor" which is

coupled to a shaft power generator or from that of

the Engine Designer who is integrating variable

geometry into his ducted fan philosophy. The

first approach, if genuinely carried through, must
result in relatively low-loaded fans which have

pressure ratios that do not invalidate, complete-
ly, the entry flow conditions for which the gas

generator has been cleared. This probably implies
fan pressure ratios in the region of 1.1 to 1.2

and is typified by the prop-fan proposals set out

by Rosen in reference (3). This paper is con-
cerned with the second approach where the fan is

an integral part of the engine and the designer
is attempting to maintain the high flight speed

characteristics of current short-haul aircraft by
minimizing any increase in frontal area for a

given cruise thrust.

The variable pitch fan has one particular

3
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tween bypass duct, bleed air, and gas generator.
Looked at from another viewpoint, such blow fans
will have varying requirements for core engine
size and fan size to produce a given thrust as
shown in Fig. 4. Blow fans can be criticized on
the grounds that they are special purpose engines.
However, if the advantages are great enough and
the market big enough, such a criticism is diffi-
cult to sustain.
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Fig.4 Blow fan -- thrust sizing

capability which may in the end turn out to be its
raison d'etre. It can maintain high engine speeds
and high compressor air bleeds at very low thrust
levels, i.e., the approach to land condition. An
engine of this "Blow Fan' type is illustrated in
Fig. 2. Differing aircraft concepts have require-
ments for bleed air thrust at takeoff and landing
which vary from zero to 80 percent of the installed
takeoff thrust. If the gas generator exhaust ve-
locity is specified for noise reasons, then there
is a defined energy output of the gas generator
which must first be used to produce the required
bleed air and then the remainder must be absorbed
in a suitable fan system, in this case the vari-
able pitch fan. As the bleed thrust increases,
the amount of power remaining for the fan reduces,
and, hence, the fan becomes smaller. When the
bleed thrust reaches 80 percent of the total
thrust, the fan has reduced to the unrealistic
point where it becomes the first stage of the
bleed air compressor. This is illustrated in Fig.
3 which shows the variation in flow division be-

4

PERFORMANCE OF "BLOW FAN" ENGINES

The use of an engine which must deliver part
or all of its bypass airflow at about 3:1 pressure
ratio must inevitably produce some performance
penalty compared with a fully optimized engine cy-
cle. Probably the simplest method of comparing
thermodynamic cycle performance is on a basis of
takeoff specific thrust which is a measure of the
power plant frontal area and implies similar in-
stallation features. Fig. 5 gives SFC at a typi-
cal cruise condition for engines having blowing
thrusts varying from 0 to 80 percent of total
thrust and compares these values with the optimum
performance for simple, two-stream ducted fans.
Also shown on the graph are the values for two
stream engines whose hot jet velocity has been re-
stricted to 900 fps at takeoff for noise reasons.
This latter curve links up with blow fans at the
extreme point where the variable pitch fan has
shrunk to the blowing compressor size and beyond
this point would give engines of fan pressure

ratio above 3:1.
On a basis of common hot exhaust noise char-

acteristics, it would be unfair to compare the
blow fan with the thermodynamic optima but rather
with the restricted hot-jet velocity engines. At
a given specific thrust, the 40 percent blowing
thrust engine is about 6 percent worse on this
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basis, while the 80 percent engine is, of course,
equal, as is the zero blow engine. Only the zero
blow engine is equal to the thermodynamic optimum,
while the 80 percent blow fan is about 13 percent
worse.

Fig. 6 shows the associated ratios of cruise
to takeoff thrust for these engines, indicating
that the blow fans improve in cruise thrust rela-
tive to the optimum engines as some compensation
for their worse fuel consumption.

FAN AERODYNAMIC DESIGN

The obvious basis for an initial design of
variable pitch fan is to bring together the exper-
tise of the propeller and engine designers. Fig.
7 indicates that if blade root stress levels are
to be maintained at propeller values, then a tip
speed of around 1000 fps is required at a hub:tip
ratio of 0.5. This figure illustrates the benefi-
cient effect of using a high hub:tip ratio and the
reduction in stress levels relative to current
single-stage fan engines. A further reason for
using hub:tip ratios is to provide the space for
the variable pitch mechanism. In the past, much
of the impetus to lower hub:tip ratios has arisen
from requirements to achieve maximum mass flow per
unit of frontal area, an important requirement for
supersonic aircraft and many military aircraft.
On a low noise engine which has a given hot jet
velocity, the basic requirement of the fan is to:

1 Absorb a given horsepower
2 Produce a fan pressure ratio compatible with

overall performance requirements.

Fig. 8 illustrates relative power absorption
obtained with three different philosophies of fan
design, all at a given tip speed of 1050 fps.
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These are:

1 Conventional tapered annulus, fixed pitch
design

2 Variable pitch design which does not allow
selection of reverse thrust through fine pitch
(i.e., root pitch:chord ratio .< 1)

3 Variable pitch design which allows selection
of reverse thrust through fine pitch (i.e.,
root pitch:chord> 1.0).

Designs 2 and 3 require a parallel outer casing
for geometrical reasons, while design 3 has the
additional constraint on root pitch:chord ratio
which tends to dictate the blade root:tip taper
ratio. Design 1 is free from these constraints.

It is evident from Fig. 8 that the minimum
fan diameter to absorb a given power occurs at a
hub:tip ratio of 0.5. This implies a mean fan
pressure ratio (Fig. 9) of 1.27 for the reversing
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