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FROM SINGLE ROTATING PROPFAN TO COUNTER ROTATING DUCTED PROPFAN
PROPELLER/FAN CHARACTERISTICS

M. Lecht
Institute for Propulsion Technology, DFVLR Cologne

Abstract

Within this paper the relationship be~
tween a propeller, a propfan and a fan as
propulsors will be worked out. The ad-
vance ratio, thrust- and power coeffici-
ent for different blade settings can be
converted into the frame of a fan perfor-
mance map i.e. pressure ratio against
mass flow. For a fixed flight Mach num-
ber all possible operating points, that
is rotating speed, blade angle setting,
pressure ratio and mass flow, coincide
with one characteristic throttle line,
the basis of which can be deduced from
one-dimensional gasdynamic considera-
tions. To show this in more detail the
performance behaviour of various propfan
concepts~unshrouded and shrouded-have
been simulated by a computer program on a
one-dimensional, compressible basis.

From this an operating line versus flight
Mach number may be found corresponding to
an optimal blade angle setting of the
first and second rotor.

Nomenclature
Symbols:
A flow area ;s isentropic
c absolute flow efficiency
velocity ratio of
c specific heat specific
p (p const) heats
CP power coeffi- w total pres-
cient sure ratio
CT thrust coeffi- ¢ density
cient w cascade
D ¢ tip diameter loss
Fo thrust coeffici~
H flight height cent
ht total enthalpy
i flow incidence Subscripts:
angle
J advance ratio 0 plane far
M Mach number upstream
m mass flow 1 inlet plane
n rotor speed (1. Rotor)
P shaft power 2 outlet plane
p(pt) static (total) (2. Rotor)
pressure 3 plane far
T(Tt) static (total) downstream
temperature ax axial direc-
u rotational tion
velocity max maximum
A8 blade setting value
angle min minimum
D net net-efficiency value
(thrust power/ u rotational
shaft power) direction
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Abbreviations:

DCR bucted Rotating
DP Design Point
UCR Unducted Counter
Rotating
USR Unducted Single
Rotating
1. Introduction

In aviation propulsion always is jet
propulsion, no question wether a propel-
ler - ducted or unducted - or a modern
high bypass jet engine is applied. The
thrust achieved by accellerating a quan-
tity of incoming air flow above flight
velocity has a common basis in the momen-
tum equation.

By developing the propfan concept in
the seventies i.e. higher loaded propel-
lers for high subsonic flight velocities
the importance of the classical defini-
tion of propulsive efficiency was picked
up again melting the ultra high bypass
propeller concept with the today's bypass
fan engines.

In general a fan engine man's point of
view is directed towards compressor mass
flow, pressure ratio and isentropic effi-
ciency, whereas a propeller man is look-
ing for power coefficient, advance ratio
and net efficiency. Since a fan compres-
sor of a high bypass fan engine or a pro-
peller can be considered as pressure ris-
ing devices anyway, a common fundamental
basis may be found for both combining
compressor and propeller terminology. It
is for practical and experimental reasons
to prefer the one or the other notation.
For an analytical approach the fan com-
pressor terminology will hold for both
the concepts, which will be shown in this
paper.

2. A General Propulsion Concept

A propeller or fan-compressor as shown
in Fig.l is acting in its given surround-
ing so that the characteristic operating
lines of a propulsor can be deduced by
applying the one-dimensional gasdynamic
fundamental equations (continuity, energy
and momentum). That is the corrected
mass flow as a function of flight Mach
number, pressure ratio, isentropic effi-
ciency, inlet recovery, nozzle losses and
nozzle area (plane 3). The corrected



mass flow refered to the inlet plane (1)
is given by
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In general Equ.2 is valid for propel-
lers or ducted fans if the area of plane
3 'is known. Normally, for ducted fans
this area is the nozzle area, whereas for
unducted propellers/propfans this area is
a variable at infinity. In order to have
a geometrically fixed area for the unduc-
ted concept it is convenient to take the
rotor inlet plane as the reference area.

By using Froude's theorem of an aver-
age axial velocity between plane 0 and

plane 3 to be the inlet value (plane 1)
the equivalent to equ.2 then is:
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with Mz=\/,1[(1* z)lf“—]

The polytropic efficiency is used for
simplification, since for low pressure
ratios only a small difference to the
isentropic efficiency exists.

The results of equations 2 and 3 are
shown in Fig.2 and Fig.3 respectively.
These are the operating lines the ducted
fan or the unducted propeller/propfan
have to meet either at design or off-
design operating. To illustrate this in
more detail a computer program has been
established to simulate any operating
point of a propulsion concept in an
arbitary surrounding either in a wind
tunnel or in actual flight.

Three different concepts will be con-
sidered (Fig.4):
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the unducted single rotating propfan
(USR) like the NASA SR3 propfan deve-
loped by Hamilton Standard (Ref.l).
the unducted counter rotating propfan
(UCR) similar to the unducted fan of
General Electric.

the ducted counter rotating propfan
(DCR) similar to the concept developed
by MTU.

2)

3)

As the comparison of these concepts is
based on a computer simulation only the
NASA SR3 propfan has been selected as the
basic concept because for this concept
experimental data for design and off-
design (Ref.l) are available. The
following design data are kept constant
for all three concepts:

flight altitude H = 10668m
fllght Mach number M = 0.8
cruise thrust FT = 20kN
maximum tip speed ook = 244 m/s

inlet hub-to-tip ratio 0.25
power split (Rotorl:Rotor2) 1:1
The pressure ratio of concept 1 (~1.06)
is a result of design point matching,
whereas the pressure ratio of concept 2
is a free choice of 1.13 and of concept 3
was chosen around 1.24 to have a just
unshoked nozzle at flight Mach number
0.8.

A survey on the geometrical size of
these concepts is given in Fig.5. The
calculated diameters are primarily be in-
fluenced by the choice of the pressure
ratio.

3. A Propulsion Simulation Tool

Two computer programs. have been devel-
oped on a simple one-dimensional but com-
pressible basis to evaluate off-design
operation of either unducted or ducted
propulsors under wind tunnel test or
f£flight conditions. The basic principle
of these programs is to start with a
design point calculation which is used as
an input of the succeeding off-design
calculation as shown in Fig.6. The fan
herein can be represented by the choice
of an adequate blade height at inlet, the
radius of which then is hold constant
throughout the machine (plane 1 to 2).
Buler's momentum equation delivers the
velocity triangles which are used also
for off-design, i.e. the relative outlet
flow angles of the blades are hold cons-
tant. Thus, any lower inlet velocity
leads to a higher pressure ratio by
higher turning angles and vice versa.

)

~ €4 Rotor in

A1%:= u (¢

u Rotor out

e tey (M7 - 1)/ i

Pressure ratio and mass flow are adapted
iteratively to the requirements of the
outer flow field, i.e. the static pres-
sure at outlet plane 3,

(4)



Since the unducted fan does apriori
not have a defined outlet area at plane
3, the theorem of Froude for a jet flow

Cl = 0.5 (Co + C3ax) (5)

has been applied for matching the inlet
velocity with the flow expansion between
plane 2 and 3 to cope with the static
pressure. For a single rotating fan the
aftswirl velocity is kept constant, with
the swirl angle slightly changing by ac-
cellerating via the flow. For design
and off-design the axial velocity compo-
nent throughout the fan is assumed con-
stant resulting in an variable area ratio
(plane 2/plane 1) at off-design which is
contrary to the ducted concept.

For the ducted concept the duct geome-
try i.e. the area ratios from the inlet
to the nozzle must be known. It can
either be prescribed or - as done here -~
calculated with the assumption that the
axial flow velocity component is constant
over the fan at design. Additionally,
the fan inlet Mach number at design must
be prescribed to fix the fan design
velocity triangles. Here it is arbitra-
rely set to the cruise flight number (M.=
0.8) knowing that choking may occur due
to hub blockage. The physical blade
shape is not included into the program.
The blades are just represented by their
flow turning characteristics.

Originally, the program was run with a
constant isentropic efficiency, but more
realistic data required prescription of
blade loss characteristics equivalent to
compressor cascade loss coefficients.

Fig.7 illustrates a typical cascade
loss curve versus incidence angle i (i=0
=design point). The basic function was
assumed to be a square function of inci-

dence. ' Any other type of curve may be
used. The loss coefficient is defined by
+ +
_ Pt rotor in = PpRoter out
w = ; ; (6)
Pe Roter in  ~ Protorin

wherein the total pressures are geplcted
from the rotor relative system ().

The program varies iteratively the
isentropic efficiency to meet the pres-
cribed loss coefficients. Additionally,
a prescribed turning deviation of the
blades can be introduced to approach the
reality more adequately, but is not done
within this investigation.

So far, the unducted and ducted prop-
fan are treated as a compressor anyhow.
Since all values as pressure ratio, mass
flow, efficiency, thrust and rotor speed
are calculated the propeller:or the com-
pressor characteristic are identified as
desired. The definitons of the propeller
characterigtic herein are:

Advance ratio J=c°/(n D

ref)
3

Power coefficient CP=P/( o™ Prlas )
.. 2, 4
Thrust coefficient CT-—FT/(?O D et )

Net efficiency 7net=FT co/P
Power loading P/D ref

is the outer diameter of the first
rg%or, and no change is anticipated
during different blade angle settings.

The inlet corrected rotor speed is
given by

- / 7
ncor—n/ Ttl/Tref N

As the calculation of average values is
done one-dimensionally for a constant ra-
dius the choice of this radius, i.e. the
position of the blade height taken as the
representative one, is governing the
average output of pressure ratio, isen-
tropic efficiency and loss coefficient at
design and off-design.

This is demonstrated in Figs.8 and 9
for the NASA SR3 single rotating propfan
which is chosen as the reference. In
order to reproduce design point values of

C=1.69 and » _,=78.8% different isentro-
p c efficienci€E and pressure ratios de-
pending on the chosen position of blade
height have to be taken as an input
(Fig.8) representing the actual average.
This of course is due to the resulting
velocity triangle combined with the re-
sidual swirl. At off-design (Fig.9) the
choice of the radial position effects the
gradient of the power coefficient versus
advance ratio and the resulting efficien-
cies. So the radial position is the key
parameter to match off-design values with
the realistic gradients given for instan-~
ce by experiments. Although the NASA SR3
propfan is best represented at a blade
height of about 43 percent, for the com-
parison of all three concepts a blade
height of 50% was chosen as the represen-
tative one.

4, Calculated Propfan Characteristics

The first step of the simulation is to
fix the design points of all three con-
cepts to compare. These data are given
in Table 1. For the data of the ducted
concept. another set of data at a lower
inlet Mach number is included just for
comparison. The design values to hold
are specially marked, all other values
being calculated results. For the coun-
ter-rotating concepts the isentropic ef-
ficiency increases with pressure ratio
because the blade cascade losses are kept
within certain limits not too far away
from the data of the basic USR concept.
Since a loss of 1.4% could not be reali-
zed for both the rotors, the limit was
set to 1.6% for the first and to 1.4% for
the second rotor. Thé net-efficiency is



substantially higher compared to the
single rotating version due to zero swirl
at the outlet.

The next step of the simulation is
running the program in the wind tunnel
mode, that is flight conditions at refer-
ence pressure and temperature {zero
flight height), and varying flight Mach
number, corrected rotor speed and blade
angle setting (simultaneously for each
rotor).

After this, the auto blade setting is
activated for 100% corrected rotor speed
to give the optimal blade setting for
various flight Mach numbers, i.e. zero
incidence at each rotor inlet.

Fig.10 and Fig.ll submit the analyti-
cal results of the single rotating prop-
fan concept. Fig.1l0 illustrates the pro-
peller characteristics at constant flight
Mach number and different blade angle
settings. Rotor speed variation is im-
plied by changing the advance ratio J at
constant flight speed. The results of
the same concept in fan-compressor termi-
nology i.e. pressure ratio versus correc=-
ted mass flow for different corrected
constant speed lines and different blade
setting for the 100% speed.

The unducted propfan is "throttled" by
the different flight Mach numbers as it
was expected from Fig.3 (Chapter 2). For
any rotor speed and blade angle setting
the operating points are fixed by the
actual flight Mach number. Starting with
the design point the operating points for
optimal blade angle setting (zero inci~
dence) at 100% corrected speed can be de-
duced showing a slight decrease in pres-
sure ratio, a tendency found in general
for all concepts.

Similar characteristics are found for
the unducted counter rotating concept
(Figs.12 and 13), but at a higher level
of pressure ratio. In Fig.13 the isen-
tropic and net-efficiencies are presen-
ted, showing that the optimal blade angle
setting meets the maximum compressor
isentropic efficiencies, but the corres-
ponding net-efficiencies are below maxi-
mum. To reach a higher net-efficiency at
any blade setting means decreasing the
pressure ratio by increasing flight Mach
number and mass flow. This will then
give a higher propulsive efficiency exee-
ding the loss in isentropic efficiency.
But the disadvantage is a substantial
loss in thrust (compare Fig.l4).

As the last example the performance
characteristics of the ducted counter ro-
tating propfan are presented in Figs.l5
and 16, Although a propeller characte-
ristic is optained (Fig.15), main empha-
sis is now put upon the fan-compressor
performance terminology. Fig.16 shows
good qualititative agreement of the data
with the operating lines expected from
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Fig.2., There is obviously no fundamental
difference in the perfromance behaviour
of a ducted fan-compressor concept com-
pared with the previously analyzed un-
ducted concepts, because the method ap~-
plied has the same common basis. ' The
strong decrease of net-efficiency at op-
timal blade setting for lower mass flow
equivalent to lower flight Mach number
again is the hidden influence of the do-
minating propulsive efficiency due to a
higher level of pressure ratio (Ref.2).
Realizing values of higher net-efficien-
cies in this configuration at off-design
again means decreasing the pressure ratio
and by this loosing thrust. For a con-
stant off~design blade setting the pres-
sure ratio can only be decreased by
either increasing flight Mach number at
constant corrected rotor speed or decrea-
sing rotor speed at constant flight Mach
number. Anyway the level of thrust has
to be matched with the demand of an air-
craft's flight mission in reality.

Due to the necessarily large mass flow
variation of all three analyzed concepts
variable pitch rotor blades must be used
to cover the whole flow regime from take-
off to cruise. Fig.l17 focuses on the op-
timal blade angle settings. The highest
variation ~ as expected from Figs.l or 2
- has to be applied for the unducted con-
cepts due to their low pressure ratios.

In the unducted counter rotating case
the blades of both the rotors may be set
equally whereas in the ducted counter ro-
tating concept a tendency for desynchro-
nized blade setting is revealed. It must
be emphazised that the rotor speeds here-
in are synchronized and that the design
power split for the two rotors was set
equal. Using a planetary differential
gear -a deterioration in power split accord-
ing to the gear has to be taken into ac~
count.

Conclusion

For three actual concepts of today's
propfans - unducted single rotating, un-
ducted counter rotating and ducted coun-
ter rotating - a common basis of prelimi-
nary performance assessment has been
developed.

A compressible, one-dimensional simu-
lation program was found to have a good
potential for predicting roughly the
flight characteristics of the various
concepts in terms of propeller or fan-
compressor terminology. The aim was to
keep the program as simple as possible,
to maintain a flexible adaption to any
test conditions, a wind tunnel or a
flight szenario. By this a compromise
between mere overall thermodynamics and
mere flow aerodynamics within a fan it-
self could be achieved. A simple coupl-
ing of both is a first important step to
understand what a concept actually is to
perform at design and particularly at
off-design.
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Concept  e——pm USR UCR DCR DCR
’ {SR3
NASAH)
Quantity-—}
Pressure Ratio 1.0578 1.130 1.240 1.240
Isentropic
Efficiency % 89.5 89.3 93.8 94.5
Loss Rotor 1 0.0142 0.0151 0.0158 r0.0159
Coefficient Rotor 2 0.0139 0.0135 0.0132
Inlet
Diameter m 4,500 2.900 2.255 2,313
Hub-to~Tip
Ratio 0.25 0.25 0.25 0.25
Mass flow kg/s 1357 568 337 336
Speed 1/min 1036 1471 2066 2015
inlet
Mach number 0.829 0.868 0.80 0.70
| 4 y
Thrust N 20189 20048 20068 20007
Power kw 6080 5621 5647 5594
y

Power 2
Loading kW/m 300 668 1110 1046
Net
Efficiency % 78.8 84.6 84.3 84.8

*
Design Point only for comparison

r—Prescribed value to achieve

TABLE 1

Calculated concept design point values
modelled for a 50% blade height position

H=10668m. Mo=0.8 umax=244 m/s
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