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Abstract

The development of the propfan to date,
especially the increasingly prominent
counter-rotation propfan, has shown, on
the one hand, that considerable reduc-
tions in fuel consumption are achievable.
On the other hand, its integration into
an aircraft creates configuration prob-
lems leading to a reorientation in com-
mercial aircraft design. In particular,
it has become clear that the noise from
single~rotation or counter-rotation
propfans either gives rise to compli-
cations in cabin noise~level reduction
for wing-mounted engines, or to struc-
tural disadvantages involving centre of
gravity and manoeuverability for tail-
mounted engines, which are more suitable
with regard to cabin noise. In other
words, a less suitable aircraft layout
with greater weight becomes necessary
in every case.

Against this background, it can be
shown that the geared turbofan with
fixed geometry in the fan area as be-
fore, but very high bypass ratio cannot
be expected to offer any advantage over
the conventional turbofan of equivalent
technological standard.

Nomenclature

Symbols
A m Cross section area
c mn/s flow velocity
o - thrust coefficient = 2F/McO
D m diameter
Dr N drag (cowl, nacelle, pylon)
F N, daN net thrust
H ft flight altitude
L m shroud lenght
M kg/s mass flow
MN -~ Mach number
N 1/min rotational speed
P kw shaft power
p bar pressure
T K temperature
u m/s circumferential speed
X m axial distance from

o fan center plane
B fan blade sweep angle
u - bypass ratio
n - efficiency
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In contrast, it can be shown that an
engine with counter-rotation shrouded
front fan with variable-pitch blades
allowing higher flow density in compar-
ison with the turbofan, but higher thrust
loading in comparison with the open* prop-
fan, can be derived forming a kind of syn-
thesis of the two basic engine concepts.
Consequently, this results in an engine
with very high bypass ratio and corre-
spondingly attractive SFC as well as
favourable acoustic properties, allowing
for conventional underwing installation
and tail installation as well.

The resulting optimal compromise be-
tween engine weight/dimensions and SFC,
from the point of view of minimum pro-
pulsion weight (composed of the weight
of the engine, fuel per mission, acous-
tic treatment, etc.), promises maximum
reduction in DOC in comparison with the
turbofan, whilst also bringing about
further improvement over propfan power-—
plants.

The aerodynamic and propulsive charac-
teristics of this concept, especially in
the fan area, its operating characteris-
tics and acoustic properties are de-
scribed and comparison made with the con-
ventional turbofan and open propfan.

*
in contrast to the shrouded propfan,

which is described herein

Abbreviations

CR-OPF open contra-rotating propfan
CR-SPF shrouded contra-rot. propfan
DP design point

GTF geared turbofan

SR-SPF shrouded single rot. propfan
TF turbofan

Indices

ax axial

c cold stream (fan)

F fan, fan outer diameter
h hot stream (engine)

] jet velocity

rel relative to rotor blades
t tangential

tot total (stagnation)

un uninstalled

0] atmosphere, free stream

Further symbols are explained in the
context.
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1. Introduction

The development of the open propfan,
commenced at the beginning of the seven-
ties in response to the fuel crisis, was
concentrated initially on the single-
rotation design. It is only in the last
four years that the development of the
contra-rotating open propfan has gained
further and further in importance. This,
on the one hand, is the consequence of
a large number of positive aspects, such
as better aerodynamic efficiency for the
same disc loading, higher permissible
disc loading, with wing-mounted installa-
tion lesser distortion of the airflow
around the wing because there is no flow
vorticity behind the propeller, avoid-
ance of dynamic rotor reaction torque
affecting the engine mountings and the
aircraft, and easier management of the
gearing because power and torque are
transmitted via two shafts. On the other
hand, analytical and first experimental
investigations show that the near-field
noise of the contra-rotating propfan is
greater than with the single-rotation
version and that the lower frequency
level makes it more difficult to atten-
uate the noise on transition through
the cabin wall, thus rendering this al-
ready considerable problem all the more
serious. Further, the design expenditure
and the weight of the contra-rotating
propfan are greater than of the single-
rotation version, although - for aero-
dynamic and acoustic reasons - with the
contra-rotating propfan the total number
of propeller blades needs not be greater
than with the single~rotation version
for the same performance. It is obvious
that the single-rotation propfan will
not be pursued much further.

Irrespective of whether the contra-
rotating propfan is arranged ahead of the
core engine with gear unit or behind the
core engine with/without gear, it is
apparent that bearing in mind the unac-
ceptable costliness of soundproofing of
the passenger cabin area, the present
contra-rotating propfan will have to be
exclusively tail-mounted. Accordingly,
the pusher version will be preferred.
However, tail-mounted installation has
unfavourable effects on the general de-
sign of the aircraft, because the un-~
favourable weight distribution necessi-
tates that the wings be located relatively
far to the rear, resulting in a corre-
spondingly short distance to the control
fins, the surfaces of which have to be
amply dimensioned; and this also gives
rise to a considerable increase in weight,
compare /1,2/., Moreover, with tail-mounted
installations, the questions regarding
the noise situation are by far from being
clarified, bearing in mind the distor-
tion of the flow upstream of the prop-
fan caused by the flow around the wing
and its wake as well as the wake of the
engine pylon.

. Furthermore, with every kind of in-
stallation it must be kept in mind that
the question of the safety of the air-
craft in the event of propeller blade
damage associated with potential second-
ary damage in sensitive areas cannot
be regarded as having been solved con-
vincingly. In this context, in compar-
ison with previous propulsion systems,
on the one hand, the greater probability
of bird strike, but on the other hand
considerably higher demands in propeller
and blade integrity are to be expected.

It would appear probable that consid-
ering the size of the propeller, the use
of the open contra-rotating propfan will
be confined to twin-engined short and
medium-range aircraft seating a maximum
of 150 - 180 passengers.

Fig. 1 shows the specific thrusts and
SFCs of various engines representing the
various generations in propulsion con=-
cepts for civil aircraft. These data,
especially the wide range between prop-
fan and turbofan engines, give rise to
the question of whether propulsion con-
cepts can be derived from the propfan
and turbofan engines, which will repre-
sent a combination of the advantages of
the two engine concepts, without their
disadvantages. The advantages and dis-
advantages of the propfan and turbofan
concepts are summarised in Table 1.

Open
contra~rotating
propfan

Turbofan

Cruise SFC most attractive base

Cruise Mach Number limited to not limited
0.76 - 0.78

Take~off thrust for very high base

given cruise thrust

Thrust reverse simple; by cowl«

mounted thrast
reverser

fast reaction

by variable
pitch fan blades
comp. /3, 4/
high risk of se- minimum risk
condary damage

Fan blade containment

Near-field noise fuselage sound~ base
proofing and/or

acoustic fatigue
counter-measures,

compare /1/

Far~field noise possibly somewhat base
higher, regulations

can be met

Engine installation wing mounting
critical with view
to wing aerodynam-
ics and cabin noise
level

underwing and
tail mounting
feasible

Access to passenger/
cargo doors on ground

partly hindered base
depending on

engine installation,
compare /1/

Table 1: General Operational Properties of Propfans

and Turbofans
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o 1% Generation Turbofans (JT3D, JT8D Class)

A 2M Generation Turbofans (CF6, JTOD, RB 211 Class)
m 3" Generation Turbofans {PW 2037, CFM 56 Class)
X Propfan of the Nineties (Projects or in Development)
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Fig.1:
Selection of Statistical Data on Specific Performance
of Turbofan and Propfan Engines
(Cruise, MN = 0.80; H= 35000 ft,uninstalled)

2. Turbofan and Propfan

Design Features

Fan flow with/without shroud

Consideration of the available prop-
fan performance data leads to the conclu-~
sion that the open contra-rotating prop-
fan, which is more favourable than the
single~rotation version with regard to
the permissible disc loading, permits
- only a very small step in the direction
of greater disc loading or greater spe-
cific thrust respectively. It can be
assumed that with the contra-rotating
propfan under cruise conditions a speci-
fic thrust of 34.0 m/sec or a thrust co-
efficient of 0.30 corresponding to a
pressure ratio of the propeller of around
1.12 practically represent the upper li-
mit. Higher specific thrust is possible
only with the shrouded fan version, both
with the single-rotation and contra-
rotating propfans. This is explained by
the fact that without shroud, static
pressure increase as the flow passes
through the propeller is practically im-
possible, meaning that very high axial
Mach numbers which are not acceptable
occur already within the propeller with
higher disc loading. In contrast, static
pressure increase in the propeller is
possible with the shrouded version, where
the static energy of the flow is convert-
ed into flow velocity in the nozzle be-
hind the propeller. The question of
whether the shrouded propfan concept
should be based on the sincle-rotation
or contra-rotating propfan has still to
be discussed. Regarding this situation,
allowance must be made for the shroud
drag, which according to present knowl-
edge practically exclude low specific
thrust values because of the large
shroud dimensions with associated drag.

In this context, Fig. 2 illustrates for
typical propfan shrouds, the strong in-
fluence of upstream and downstream flow
conditions, summarised by the parameter
DO/D xr. on the overall shroud/nacelle
drag.“"This is strongly influenced by
the fan concept, as described later.
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g Propfan
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0 GR-Propfan shrouded Progf, | Turbofan
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Fig.2:
General Magnitude and Trend of Cowl and Nacelle
and Pylon Drag, Related to Uninstalled Net Thrust

(max. Cruise, MN=0.76; H=35000ft)

If, on the other hand, the turbofan is
developed with a view toward appreciably
lower SFC, i.e. to lower specific thrusts
or higher bypass ratios respectively, it
will be necessary to go for a geared ver-
sion, which has not been attempted to
date at first glance because of the com-
plexity. However, closer examination
reveals that it is by no means the gear
alone that militates against the turbo-
fan with smaller specific thrust, all
the more so since the extra cost for the
gearing can be compensated to a certain
extent by the possibility of having a
low-pressure turbine with higher speed,
i.e. fewer stages. Much more, decreasing
specific thrust or increasing flow in-
volves greater shroud dimensions, mean-
ing that irrespective of the rapid in-
crease in the shroud drag as shown in
Fig. 2, it is the expenditure for the
nacelle including the thrust reverser
which actually accounts for the unaccept-
able disadvantages. Furthermore, if the
fan pressure ratio decreases below 1.4,
that is to say with subcritical bypass
nozzle in the take-off and climb phase,
it becomes even more difficult with
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fixed fan geometry to keep the working
line within the good efficiency range
in the fan performance map, and to pro-
vide sufficient surge margin as well
under all operating conditions (see
Figs. 3 and 4).

In this connection, an essential dif-
ference must be made between fan flow
with and without shroud, which represents
a decisive argument in favour of pursuing
the shrouded fan concept. In the open
propfan concept according to Fig. 5, as
it passes through the propeller the flow
is accelerated such that it reaches ap~
proximately the mean between the air
speed and jet stream velocity. At air
speeds between Mach 0.76 and 0.8, because
of the acceleration of the flow passing
the propeller, the propfan inevitably
reaches its choke 1imit, since even with
only 5 or 6 blades per rotor with the
present thick profiles at the hub, re-
sulting in a blockage of the annulus
cross section area of 2 - 3% correspond-
ing to choking at an axial Mach number of
roughly 0,87 will occur. Moreover, the
choke limit with associated negative
effect on the aerodynamic efficiency will
occur at least locally - i.e. in the hub
area = already at medium axial inflow
velocities, that is to say of araound
Mach 0.79 to 0.82.
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Fig.3:
Bypass Ratio and Fan Pressure Ratio
Versus Thrust Coefficient
(Max. Cruise, MN=0,76; H=35000ft)

With the conventional turbofan accord-
ing to Fig. 5, the shroud forms a diffu-
ser in frort of the fan, which decel-
erates the incoming flow from the air
speed to an axial velocity that is accept-
able at the entry to the fan. Moreover,
the blockage of the annulus cross sec-
tion area by the fan blades, which in
this case is in the region of 8 - 9% be-
cause of the larger number of blades,
produces a choke Mach number in the
annulus cross section of around 0.71.

In view of the greater blockage in the
fan hub area inlet axial Mach numbers of
up to 0.67 are acceptable. The axial
velocity is reduced further as the flow
passes through the fan, especially since
the axial inflow Mach numbers of the
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same const. nozzie area

14 | — 1 /L.S—-_rc““se
WR: ($Hm= /. /
13 1)

Fan Pressure Ratio
2R
<
o
9
&
N
2 f
s/
"g

s =060
10
0 025 05 075 10 JJZS
Relative Reduced Fan Mass Flow (M‘J—EL)TE‘
: tot
10
Acryise //
Asis 0 A

L

08 /

4
o
06

ATV 2 13 W 15 16
Fan Pressure Ratio FPR
Fig.4:

Effect of Fan Pressure Ratio and Nozzle Area

on Fan Working Line at Cruise and SLS
(Fixed fan geomety, cruise at MN=0,76; H=35000ft)

Same fan working line
atcruiseand SLS
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g
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Fig.5:
Stream Tube Contours for Cruise and Take - Off
Conditions, Interaction with Propfan Blade Tips
and Turbofan Cowl Entry Lip
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outlet guide vane and the following tran-
sition duct to the nozzle have to be kept
low, i.e. in the region of Mach 0.40 to
0.45, in view of flow losses. In princi-
ple, these arguments also hold good for
the single-rotation shrouded propfan as
well, which will be gone into later.

Fig. 6 shows a comparison of the typical
axial velocities occurring with the

flow through the propfan and turbofan.
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Fig.6:

Mean Axial Velocity Distribution for Open Propfan,

Shrouded Propfan and Turbofan
{max. Cruise, MN-0,76; 35000ft)

Just as with the turbofan, with the
single-rotation and contra-rotating
shrouded propfans it is decisive that
at high air speeds, i.e. at cruise the
axial Mach number at the fan entry is not

rising with the air speed anymore, be-
cause ©of the given airflow charac-
teristics with critical nozzle, but is

determined by the configuration of the
shroud. Consequently, in contrast to
the unshrouded version, the shrouded
propfan is not limited to a flight Mach
number of 0.76 - 0.80, but can also be
used in the region above this, which is
desirable especially for long-haul air-
craft.

With the single-rotation shrouded
propfan the need for matching of the
blades for various flight conditions, in-
cluding thrust reversal, calls for par-
ticular care in the design of the hub
section of the impeller. This means
that in contrast to the turbofan, the
pitch must not be too small, Here pro-
vision has to be made to ensure that the
blades do not overlap too much at the hub,
i.e. at pitch/chord ratios around 0.6 ~0.7,
with the result that for thrust reversal
only the blades in the outer, particularly
effective part of the flow cross section
can be varied such that reversal of the
mass flow is achieved. Furthermore, con-
sidering the mechanical integrity of the
hub and the strength of the blade pinions,
but also in view of noise generation, the
tip speed has in any case to be restric-

ted to roughly 280 - 300 m/sec, meaning
that with the recommended fan pressure
ratio of 1.30 - 1.34 being in line with
acceptable shroud dimensions and drag
(compare Figs. 3 and 4), but also in
view of the aerodynamic loading of the
blades and vanes, hub/tip ratios of less
than 0.40 - 0.45, are not feasible.

With the contra-rotating shrouded prop-
fan the blades necessary for energy con-
version are so to speek distributed on
two rotors, meaning that with the anti-
cipated 10 - 12 blades per rotor with slim
hub profiles, the resulting blockage of
the annulus cross section area is only
about 2 =~ 3 %. Furthermore, the design for
contra-rotating rotors, i.e. without out-
let guide vane, allows for axial flow down-
stream of the fan with the result that high
axial inflow Mach numbers similar of the
unshrouded propfan are possible without
deceleration, but rather with slight
acceleration of the flow through the rotors
to the immediately following nozzle,
compare Fig. 6.

With the contra-rotating shrouded propfan,
which is preferably to be designed for
pressure ratios of around 1.23 - 1.25
corresponding to acceptable shroud di-
mensions etc, and tip speeds of around
250 m/sec, axial Mach numbers of the
flow through both rotors in the order
of Mach 0.75 - 0,78 can be accepted
without harm. This results in a con-
siderable reduction in the aerodynamic
blade loading, and conseguently with
a hub pitch/chord ratio of around 0.8
desirable in view of the blade setting
at the hub regarding thrust reversal, in
hub flow conditions that are very fa-
vourable from the aerodynamic aspect.
Thus with the contra-rotating shrouded
propfan, concerning the mechanical in-
tegrity of the hub and the required cross
section of the blade pinions for 10 = 12
slim profile blades at the hub, hub/tip
ratios of 0.25 are possible.

For the single-rotation and contra-
rotating shrouded propfan with the same
thrust, the same shroud outer diameter
and same state of the art of the core
engine and bearing in mind the still-~to-
be discussed propfan efficiencies, this
results in the main fan design data as
summarised in Table 2, used as the basis
for further shrouded propfan design con-
siderations. This comparison makes it
particularly clear that with the contra-
rotating propfan, as opposed to the
single~-rotation model, the higher per-
missible axial inlet Mach numbers and
the smaller realisable hub/tip ratios
make possible an appreciably greater
mass flow per fan entry fontal area.

With the given maximum shroud diameter,
this leads first to lower specific

thrust or higher bypass ratio respectively,
and consequently for given cruise thrust

to greater take-off thrust. In combination
with the improved fan efficiency, which
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Fan outer diameter Dp
Fan mass. flow Mp
Fan pressure ratio FPR
Axial entry Mach number MN_
Entry hub/tip ratio Di/DF
Blade tip speed UT
Rotor blade number
Stator vane number

Mg
Mass flow per frontal area

n 2

/4DF

Fan isentr, efficiency 1lF,isentr._

Table 2:

Contra-rotating Single-rotation

CR-SPF SR-SPF
m 2.50 2.50
kg/s 396 312
- 1.24 1,31
- 0.775 0.65
- 0.25 0.45
m/s 229 242
- 12 + 12 22
- - 28
kg/s,m2 63.5 49.6
0.92 0.89

Main Layout Data of Shrouded Propfans for 2200 daN Net Thrust (installed)

Max, Cruise, MN = 0.76; H = 35000 ft

has still to be discussed, it also leads
to considerably greater propulsive effec-
tiveness as a major indication for better
SFC of the complete engine.

When designing the nacelle for the
shrouded propfan it must be borne in
mind, that for the contra-rotating model
in particular, the flow to the fan entry
does not have to be decelerated and has
to be only slightly accelerated towards
the nozzle exit, as shown in Fig. 6,
Hence it is possible to have a relative-
ly short slim-line fan shroud, at least
as far as climb and cruise conditions
are concerned. In the case of the single-
rotation version, the deceleration of the
flow to the fan entry as well as through
the fan, is unavoidable, see Fig., 6.
Consequently, the aerodynamic of the
flow around the shroud and of the flow
to the fan are less favourable, especially
with short slim-line shroud.

On the whole, with both shrouded prop-
fan versions it is the conditions during
take-off and initial climb in association
with the corresponding flow around the
leading edge of the shroud, as well as
the flow conditions with cross wind and
gusts, with resultant danger of boundary
layer separation at the inside which are
decisive for thé désign. The question of
whether it will be necessary to have
variable geometry in the shroud leading
edge area for controlling the flow during
the take-off phase has still to be clari-
fied.

For these reasons, the main shroud
dimensions of the propfan and turbofan
were chosen in the frame of nacelle di-
mensioning and drag analysis (compare
Fig. 2) regarding the following geometri-
cal relationships:
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Shrouded Propfan Turbofan
CR SR
Dmax/DF 1.1 1.1 1.3
L/DF 0.8 1.0 2.0

Moreover, the aerodynamic conditions
around and inside the shroud during
thrust reverse require intensive in-
vestigation. Some problems encountered
with thrust reverse by shrouded variable
pitch fans are commented in /3, 4/.

Regarding the operating characteristics
and attainable efficiency, it is to be
noted that with the single-rotation prop-
fan the aerodynamic loading conditions
of the blade and vane cascades are
similar to those prevailing in the con-
ventional turbofan, although the lower
pressure ratio of the propfan means
that the blade tip velocities are con-
siderably lower and, thus, also the re-
lative entry Mach numbers are lower, In
contrast to this, in the contra-rotating
propfan the situation concerning aerody-
namic losses is such that the sum of
wetted blade surfaces is appreciably
smaller and the blades are subjected to
considerably lower aerodynamic loads.
Also, considering the higher axial velo-
city, the somewhat lower blade tip speed
and the blade sweep mean that the aero-
dynamic losses are appreciably lower
than in the single-rotation model. Con-
cerning this, however, the aerodynamic
behaviour of the near-~tip profiles with
large pitch/chord ratio in the order of 3
at transonic relative entry flow Mach
numbers and static pressure rise between
the cascade entry and outlet has still to
be clarified in detail, since it will not
be possible to make use of the experience
gained with the open contra-rotating prop-
fan.
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Fig.7:
Aerodynamic Cascade Data of Single-Rotation(SR)
and Counter - Rotation{CR) Shrouded Propfans(Examples)

For the main data of the single-
rotation and contra-rotating propfans as
listed in Table 2, the main flow data
determined for the two concepts and the
aerodynamic loading of the cascades are
given in Fig. 7. Concerning the comparison
of efficiencies, it should be noted that
the axial struts reguired in the contra-
rotating propfans for shroud location
give rise to losses amounting to roughly
0.4% of the fan efficiency.

As a summary, Fig. 8 gives the overall
propulsive efficiency in the cold air
stream, derived from the Froude propulsive
efficiency, the isentropic fan efficiency
and the nacelle drag, related to the
shaft power required by the fan.

3. Design Data and Installation
Conditions of Shrouded Propfans

With respect to the various fan con=-
cepts, the propulsion concepts shown
schematically in Fig. 9 were investigated,
going into important aspects such as
cruise SFCs including nacelle drag, main
dimensions, weights, installation con-
ditions and particularly the noise data.

Regarding this, for the same state of
the art of the core engine and the gear,
expected in the mid-ninetees, Table 3
first gives a general view of the main
cycle data chosen such as turbine entry
temperature, overall pressure ratio,
bypass ratio and fan pressure ratio, in
each case with optimised jet stream ve-
locities in the area of the fan and the
core engine corresponding to a ratio of
(Cc/Ch)j = 0.80 -~ 0.85.

The remarkable aspect here with the
contra~rotating propfan and given nacelle
dimensions is the high mass flow attain-
able, which in conjunction with the low
specific thrust and improved fan effic-
iency leads to lower shaft power. The
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consequence is - among other things - a
smaller and lighter core engine and gear
unit.

Based on the relevant case of engines
for a 150~seat short- and medium-~haul
aircraft with an installed thrust per
engine at cruise of 2200 daN corresponding
to a take=off thrust of 11.000 - 13.000
daN, the engines are considered for the
case of underwing installation. In view
of the flow around the nacelle and wing
as well as of the required ground clear-
ance, there results an upper limit for
the nacelle diameter or fan diameter re-
spectively. This is illustrated in Fig,10
for the engine concepts under review,
From this it can be recognised that the
shrouded propfan requires a thrust co-
efficient in excess of 0,55 - 0.70 cor-
responding to a specific thrust of 62 -
78 m/sec in order to be able to maintain
the above installation conditions. As an
example, Fig., 11 shows the main dimen-
sions and general arrangement of the con-~-
tra-rotating shrouded propfan concept de=
signed for the installation case described
here with main design data according to
Table 3.



Fan diameter DF m
Fan mass flow My kg/s
Specific net thrust* Fun/MF m/s
Thrust coefficient¥* cp -
Nacelle drag related Dx

to net thrust¥® Fun -
Turbine entry temp. soT K
Overall pressure ratio OPR -
Bypass ratio BPR -
Fan pressure ratio FPR -
Cold/hot stream jet (C./C )
velocity relation ¢’ "h7

SFC, installed¥** kg/daN,h

*) related to uninstalled net thrust
*%) pylon included
*%%*) npacelle drag included
Table 3:

Flow
acceleration

Open counter-rotation
propfan

Siim line cowl L/D:=08 Counter-rotation shrouded

Now flow
deceleration

Single -rotation shrouded
propfan

Slimline cowl L/De =10

Entry diffusor &

Long cowl L/Dg=2,0
1

Entry diffusor —

Long cowl L\{ De=20 Thrustreverser Conventional turbofan

P

Entry diffisor

Fig.9:
Propulsion Concepts Considered

(Main Dimensicns for Approx. Same Cruise Thrust
(Schematic)

Open Shrouded
contra-rotating contra-rot. single rot.
propfan propfans Turbofan
CR-OPF CR-SPF SR-SPF
4,05 2.50 2.50 1.60
1160 396 312 147
19.4 60.4 77.8 162.5
0,17 0.54 0.70 1.45
0.025 0.095%% 0.082%* 0.082%*
1530
38
90 26.1 19.6 8.2
1.07 1:24 1.31 1.75
0.83
0.436 0.508 0.543 0.596

Main Layout Data of Engine Concepts Considered for 2200 daN Net Thrust
Max. Cruise, MN = 0.76; H = 35000 ft

e e
m Counter - r?tation open propfan
4N/ Shroudedpropfan_|_ . |
Counter-rotation Conventional and
/ Single-rotation | geared turbofan
3

X

Diameter

N

38 S «7\\'\

Jet stream below

. s \L wing lower surface
: aircraft, 72 to, 150 PAX
% En L P J’""XEJ/}TE
CR-SPF SR-SPF 5 |-Design data chosen
3 i
i
0 05 10 15
Thrust Coefficient ¢¢
Fig.10:

Turbofan and Propfan Diameters F-2200daN (installed)
(MN=0,76, H= 350001, ISA)

Fig.11:
General Arrangement of Counter-Rotation Shrouded Propfan for
150~ PAX Short/Medium-Haul Aircraft in Underwing Installation
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In addition, Fig. 12 shows the under~
wing installation of the contra-rotating
shrouded propfan for the described example
of a future 150-seat short- and medium-
haul aircraft with 2200 daN thrust per
engine at cruise in comparison with that
of a turbofan of equivalent state of the
art, The contours plotted for the incoming
air flow and the jet stream to be passed
under the wing make it clear that the
question concerning the engine/wing in-
terference is particularly important,
irrespective of which shrouded propfan
concept is used, and requires the utmost
careful geometrical arrangement of the en-
gine under the wing. Despite of the greater
massflow, but because of the appreciably
lesser deceleration (thickening) and lesser
reacceleration (thinning) of the stream
tube passing the wing lower side, with
the shrouded contra-rotating propfan
(shown here) as well as qualitatively
with the single~rotation shrouded prop-
fan (not shown), more or less favourable
aerodynamic conditions are to be expected
(in comparison with the turbofan).

—————~¢ly

Fig.12
Wing/Engine Arrangement for a Aicraft,72 to, 150PAX
(Turbofan and Counter- Rotating Shrouded Propfan)

4, Near-Field and Far-Field Noise

As mentioned at the beginning, one
of the aims of the shrouded propfan is
to limit noise emission to such an extent
that

- Concerning the near-field noise,
the engines can be installed under
the wings without the need for addit-
ional soundproofing measures to the
airframe, analogous to the turbofan
installation, and

= Concerning the far-field noise,
at the least, the noise limits accord-
ing to the latest regulations can be
complied with.

In fact, because of the low fan press-
ure ratio and the moderate fan blade re-
lative entry Mach numbers, the noise
generated by the shrouded propfan is
lower than that generated by the turbo-

fan. On the other hand, with' the shrouded
propfan the possibilities for sound-
proofing measures inside the shroud are
considerably more limited for physical
and geometrical reasons, where the fol-
lowing design features are determinative:

- The primary frequency is appreciably
lower in the propfan than in the turbo-
fan, meaning that sound-absorbing
cladding needs to be thicker and is
less effective, all the more since the
shroud does not extend as far to the
front or rear of the shrouded propfan
as with the turbofan, compare Fig. 9,

- The sound directivity to fore and aft
is considerably less than with the
turbofan because of the lower primary
frequency, with the result that the
areas to the side of the engines, and
thus also the cabin wall, are exposed
to more noise than with the turbofan.

- Because of the lower primary frequency,
soundproofing of the cabin wall is con-
siderably more complicated, i.e. re-
guires more mass.,

On the one hand, just as with the un-
shrouded version, with the contra-ro-
tating shrouded propfan the fan blade
sweep and lateral inclination at the
outer sections offer an excellent oppor-
tunity of reducing the noise emitted.

On the other hand, the narrow pitch of the
blades in the single-rotation concept
avoids the feasibility of blade axial

and tangential sweep. Compared with this,
the contra-rotating shrouded propfan

with axial and tangential sweep of the
blades result in a reduction of the

noise emitted by the fan to the order

3 dB. Concerning this, Table 4 gives

a summary of the design parameters
characterising the noise generation,
propagation and attenuation in the
turbofan, shrouded propfan and unshrouded
contra-rotating propfan engines for the
same thrust at cruise.

The sound emission is particularly
great with the propfah when the fan blade
relative entry Mach numbers perpendicular
to the leading edge exceed 1. However,
reduction of the tip speed, which leads
simultaneously to reduction of the
primary frequency, can be used only to
a limited extent for reducing the noise
level in the cabin, because frequency
reduction is accompanied by loss of
effectiveness of the soundproofing.

Analysis of the near-field noise in
the configurations under review reveals
that one of the main requirements, i.e.
marked reduction of the noise emission
of the propeller, which is extremely
high with the unshrouded propfan, can be
fulfilled by the shrouded design,
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Open Shrouded

contra-rotating contra~rot, single-rot,
propfan propfans Tur bofan
CR-OPF CR-SPF SR-SPF TF
Fan diameter DF m 4.05 2.50 2.50 1.60
Blade tip speed U m/s 198 229 242 431
Blade tip sweep
at leading edge
axial Bax ° 40 25 - -
tangential Be ° 20 30 - -
Blade tip relative MNrel 1.04 1.095 1.038 1,58
entry Mach number
ditto, perpendicular MN 4 [ 0.75 0.90 1.033 1.58
to leading edge '
Blade number 6 x 6 12 x 12 22 22
Primary frequency £ 1/s 93 350 676 1910

Table 4: Relevant Acoustic Fan Data for Engine Concepts Considered
Max. Cruise, MN = 0.76; H = 35000 ft

Altogether, according to Fig. 13 it is Contrary to this, with the same air-
expected that with the shrouded propfan, frame structure and cladding, according
both the single-rotation and contra- to Fig. 13 the noise level for the un-
rotating versions with internal shroud shrouded contra-rotating propfan is at
cladding with corresponding attenuation least 25 dBA greater, disregarding the
effect and normal fuselage structure . theoretically difficult-to~determine
the noise level inside the cabin can be but intensive sound emission of the
kept within the limit of 80 dBA set by blade~tip vortices.

the fuselage external flow boundary

layer noise, and simultaneously kept to In the case of the 150-seat aircraft
roughly the same noise level as with the with open contra=-rotating propfans in
turbofan. The determinative factors here wing-mounted installation, the attenuation
are the design of the shrouded propfan of its unacceptably high noise level
with greater number of blades and smaller would necessitate an extra weight of
diameter with consequently higher fre- approximately 1100 kg in cabin sound-
quency, the avoidance of the sound pro- proofing materials per engine.

pagated by the blade-tip vortices at the

unshrouded contra-rotating propfan, the As shown in Fig. 14, the far-field
(admittedly small) shielding effect of noise with both shrouded fan concepts
the fan shroud and the (likewise small) can be kept approximately within the
noise attenuation by the cladding inside limits that will be decisive in future.

the shroud.

110
6{ N S l IA.Sm dBA 105 FAR 36, Stage 3 907 Washington night limit
EPNdB dBA
100 —— 85 I
F'“”—‘J CR-SPFI\T | SR-SPF
9% cn-spﬁ . ,,SR‘SPF 80 '
—_—
50 75 __!
1
85 i
80 65
Take-OFf  Side-Line  Approach Take-Off  Landing
. Fig.ﬂ?: Fig.14:
Noise Levels (dBA) inside Passenger Cabine Estimated Far-field Noise Levels for Aircraft, 72to,with 2 Engines
With Various Propulsion Concepts (Single-rotation and Counter-rotation shrouded Propfans)
Conventional Nacelle Structure - Analytical Results-

{Max. Cruise, MN-076; H - 35000 ft, Fyer~2200daN)
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5. Overall Propulsion Weight

In answering the questions raised in
the beginning, the investigation leads
to the conclusion that in the wide range
of the specific thrusts or thrust co-
efficients, between the open propfan
and conventional turbofan lie other pro-
pulsion concepts, namely the shrouded
propfan and geared turbofan, of which
the contra-rotating shrouded propfan in
particular forms an attractiv synthesis
of the favourable characteristics of
the open contra-rotating propfan and
conventional turbofan, determinative tor
operational behaviour and economy. Con-
cerning the latter, Fig. 15 gives the
engine weights determined for the con-
cepts considered, as shown schematically
in Fig. 9 and designed for the same state
of the art expected in the mid-nineties.
In the shrouded engines including the
turbofan, the sound-attenuating measures
are integrated in the engine nacelle
itself, and are thus included in the in-
stalled engine weight; whereas the extra
weight of the cabin soundproofing re-
quired with the wing-mounted open prop-
fan is shown specifically. In contrast
to this, the extra measures required
for cabin soundproofing with tail-
mounted open propfan is not known. Simi-
larly unknown are the extra airframe
weights for the tail-mounted arrangement
in comparison with the wing-mounted engines.
However, studies by others, compare /1,2/,
have shown that the overall weight of
the airframe plus engines is hardly less
with the tail-mounted propfan than with
wing-mounted installation and complete
cabin soundproofing., Furthermore, the
extra weight of the fan blade contain-
ment for all shrouded engines is included.
Particularly with the shrouded propfan,
this blade containment represents a
safety factor that is not to be under-
estimated in comparison with the open
version.

5000 ey
Wexght per Engine
kg for Cabin Noise GTF
- k000 Attenuation  ~_
7
- N
& 3000 {—4 AN — TF]
E CR-OPF %\ °
=y
2 200 SR-SPF
~ CR-SPF
=
g 1000
0
0 05 10 15
Thrust Coefficient ¢,
Fig.15:

Turbofan and Propfan Weights (Installed *)
F=2200 daN, Installed, MN=0,76; H - 35000 ft
*EBU, Nacelle, Cabin Noise Attenuation Included

To provide a proper comparison of
the open propfan with the other (shrouded)
engine concepts, including the turbofan,
the installed SFCs at cruise attainable
by the engine concepts described are
shown in Fig. 16, bearing in mind the
installation, especially the nacelle
drag. According to this, it goes without
saying that the absolutely most favour-
able SFC is attainable with the open
contra-rotating propfan,

© Design Points Chosen

0.65
SFC
TF
5 060
& GIF ,///////0
E] SR-SPF R
§ 0,55 LA ‘
3 -4 /'/ Theoretical trend
eoretical trent
,: 050 e uninstalied
= . same technology
g rd SOT » 1530K
D 04s o OPR- 38
,/{f:j>§CR<OPF
/
040 1
0 05 i} 15

Thrust Coefficient ¢

Fig.16:
Specific Fuel Consumtion (Installed)
(Max. Cruise,MN-=0,76; H - 35000ft, Nacelle Drag Included)

However, beside other factors such as
procurement costs, maintenance costs,
failure rates etc., the investigation of
which lies beyond the scope of this study,
the parameter which gives a distinct in-
dication of the economy of the propulsion
system is the overall propulsion weight,
consisting of the weight of the engine
plus soundproofing, if applicable, plus
fuel per engine and mission, Fig. 17 shows
this by way of the example of a 150-seat
short- and medium-haul commercial air-
craft with a design range of 2300 NM. It
can be seen that with the single-rotation

O Design Points Chosen
r 10

9500 o
Weight for cabin Geared turbofan °
kg Inoise attenuation 105
L 9000 ———\
£ -
,QE" Single rotation /o 100
= shrouded propfan| Genventional
8 8500 \ turbofan ]
@ 95
g \
& 8000
k=] \ \ %0
W
S 1500 \\‘\ .
Counter-rotation Counter-rotation 85
_open propfan shrouded propfan
6
7000 ! 80
0 05 10 15

Thrust Coefficient ¢,

FizA7:

Overall Propulsion Systems Weights of Various Propulsion Concepts

(2300 nm; F=2200daN at max.cruise; MN=0,76; H-350001t)
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or the contra~rotating shrouded propfan
respectively, a clear reduction in the
overall propulsion weight in the range

of 8 - 13% is attainable in comparison
with the conventional turbofan, and

4 - 7% in comparison with the open contra-
rotating propfan. Contrary to this, no
reduction in the overall propulsion weight
is expected with the geared turbofan.

This finding is regarded as being a
decisive starting-point for the clear
reduction in direct operating costs,
attainable above all with the contra-
rotating shrouded propfan in comparison
with the other concepts.

6. Conclusions

The investigations carried out here
show that the desired combination of the
positive properties of the turbofan,
namely

- Moderate transverse dimensions permit-
ting aerodynamically favourable under-
wing or tail-mounted installation

- Low noise emission level, meaning that
even with under-wing installation no
unusual cabin soundproofing measures
are required

- Protection against secondary damage in
event of fan blade loss due to blade
containment in fan shroud

~ Economic operation in air speed range
greater than Mach 0.8

with the advantages of the open contra-
rotating propfan, namely

- Extremely favourable installed spe-
cific fuel consumption by low spe-
cific thrust

- Favourable thrust characteristics,
i.e. high take-off thrust for the
given thrust at cruise, meaning that
the engine can be throttled on take-
off, reducing maintenance costs, and

- Simple thrust reversal by variable
pitch fan blades

leads to an engine concept which, in
addition to superior operating charac-
teristics, promises a clear reduction in
the overall propulsion weight, i.e. a
significant reduction in the direct
operating costs.

The development of the shrouded
contra-rotating propfan and the sliim=-
line shroud admittedly will be demanding
in every respect especially considering
that the aerodynamic needs of the shroud-
ed contra-rotating propfan go well be-
yond current experience with the open
contra~rotating propfan, and the air-
flow around the slim-line propfan shroud
under all operating conditions represents
a new aerodynamic territory.
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