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FROFELLER DESIGN AND ANALYSTS
R R L L R X & - E TRy

The désign of propellers for very low flight speeds (or more
specifically, very low Reynolds numbers), as sncountered @itH the
SHARF aircraftt, is still a relatively unexplored field, unlike
propeller degign at higher Reynolds numbers, which is a Ffairly
advanced science. Success of the SHARF program depends heavily
on  the ability of the aircratt propulsion system to converﬁ the
microwave enetrgy to power, and then to thruét; and the propeller
is one vital link in that chain.

Recent work in the field p{ prmﬁellera ﬁas_ led to the
development of three different design codes %DF propeller5 having
minimum induced loss. Each of these codes is an improvement on
the previous one(s); and at present, only the latest program,
fEDm Liebeck’'s AIAA paper (Ré{. F-1), is used. - |

lelowing-the successful developmenﬁ of the design codes, an
analysis proceduré was deemed to be the next logical step.
Development of this‘ progeam, based.on an  analysis algo%ithm
outlined by Liebeck, vielded an iterative scheme that. prmvidéd
results for certain cases only. The - problem was the non-
convergence iﬁ the iteration procedure for a propeller operating
away from the deéign point. |

A search for a more general analysis, one that wmuld‘Awmrk
for all cases, ended when a vortex analysis in a Russian paper
(Ret. P-2) was found. Development of the computer CmdeVWas &
lengthy aftfair, and dutlined extensively in the previous progress
reports  (see November 1287 to January 1984 ‘prmgreas reports).

The result of this work was a reasonably general program,



s

suitable for propellers or rotors in axial motion, but extremely
heavy in its demand for computiﬁg time. This drawback seriously
limited the possibilities for the widespread use of this type of
analysis,

As a result, the problems with the original Liebeck program

were reexamined, and modifications in the iteration scheme led to

successtul convergence in all the cases tested. This program is
orders—of—magnitude faster than the vortex anaiyais, and would
appear to be the program of choice in any futwe propeller
analyvses.

As a final confirmation of all the theoretical worlk done' to

this point,. actual testing of a propeller designed for the

minimum induced loss condition would show how accurate, or
inaccurate the theory would be. Conatructién of these propellers
would pose a fairly tricky problem because the severe twist
gradient (Fig. F-1), especially at the root of the blade, would
be difficult to match. Lamination of balsa wood on a specially-
made form was the method attempted, and the resulting propeller
blades closely approximated the designed twist distribution.
However , deviationg in geometry were still present, and a bhetter
construction technique is still being sought. With this .new
propeller, wind-tunnel tests were conducted. Subsequent analysia
of this propellsr on the computer produced disagreeing results on
the amount of thrust that should have been produced. The
experimental‘ results tended to be two to three times higher in
the thrust values than the computer had predicted. » Checks of

both the computer programs and exﬁerimental aetup/technique were

)



conducted  to. determine the cause of error. (A photograph of the
test setup is shown in Figure F--2.) It appears that the likely
-culprit at this stage is the siv-component balance used, as a
calibration check of this piece of equipment showed the existence
of an interaction between the rolling moment and axial forces;
i.e. loading the balance with a measurable rolling moment tended
to degrade the accuracy of the avial force. Work is now being
undertaken to correct this problem with the siwx-component
balance, and the propeller will be retested as soon as the

-problem has been resolved satisfactorily.
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Nonlinear Flight Simulation

A program to simulate flight of rigid aircraft has been
developed and applied to the Slow Sharp vehicle in several manoevres.
For example, Slow Sharp's minimum turning radius of approximately ten
meters was determined by simulating flight with maximum (20 degree)
rudder deflection.

A method of defining an arbitrary path in space so that the
aircraft can, through appropfiate control of the rudder, be caused to
follow that path has been developed. This method has been used to
simulate flight of Slow Sharp around the racetrack (oval), figure
eight, and zigzag paths. Considerable work has been done on low
energy stationkeeping strategies. Three approaches have been taken:
The stationary microwave beam and racetrack path, the steerable beam
and figure eight ground path, and the steerabie beam and zigzag air
path. ‘

The stationary beam approach envisioned a fixed beam spot with
the racetrack path crossing the beam on one straight section. Slow
Sharp received power while in the beam spot, and glided over the rest
of the path. In theory, enough altitude .could be gained while Slow
Sharﬁ was In the beam to offset the altitude lost while gliding;
however, the adverse reaction of Slow Sharp to application.and loss
of power at the beam edges was so severe the no altitude gain over
one circuit of the racetrack was observed, even at high beam
power—fiux densities. (see the April-October, 1983 progress report)

A steerable beam and rectenna were then simulated. Power
received by the aircraft was determined by an empirical-relation

involving beam power-flux demsity, aircraft attitude, and motor

impedance. Using the simulated rectenna, flight around the figure
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eight ground path (on which the aircraft appears to follow a figure
eight when observed from the ground) in Qinds of varying strength,
was Investigated. As an alternate approagh; the zigzaglair path was
considered as well. The zigzag is defined relative to still air, so
in the presence of a wind of the correct direction and strength, the
path of the aircraft over the ground will remain within the maximum

allowable distance from the ground station. (see the February, 1984

progress report) Results of this investigation were:

(1) For any given wind speed and maximum distance allowable
fpom the ground station, a zigzag path of lower energy than
any figure eight path under the same conditions could be
found. The smailest energy differences between the two

types of paths occurred at low wind speeds.

- (2) While zigzag paths could be followed in wind speeds up
to the maximum speed of Slow Sharp, figure elght paths were

increasingly difficult to. follow as wind speeds increased.

(3) Energy increases of less than ten percent over straight
and level flight requirements were necessary for
stationkeeping using zigzag paths for all wind conditions

simulated.




-Sample Zigzag and Figure'
Eight Paths '




LOUNGH _METHODRS

i

Twe  launch  methods  to raise Lhe SHARP adrplane to it

operatiomnal altitade were investigsd

a2l (Jarmuary, 84, progree

it was pxpected that drift would be & problemy  for

this reason the winter wind profiles, with 1% probability of

bhelrg edos

seled, of Daytor, USR8, and Yerevan, USSR, were used.
The wind profiles of these two locastions are fh@ strongest of
the two main types of profiles observed worl dwide.

Iin the first launch method, a battery pachk is used toc

provide power to  the airplane while it climbs on ites owne

This battery pack ias disgposed of when the airplane reaches
the operstional bod at 21 ko altituds. This method was +ound

to be unacceptahle becawse the wind speed excesds the maximum

iy

alrspeed o the airplane by s sigrnificant amournt alt certain
altitudes, causing large drifts (150 ke at best in  average
wiries? . It was  also found that the bettery pack would be
excessively heavy.

The second method vses a balloon to ralse  the airplane
to an altitude greater than 21 km while drifting with the
winds. At this altitude, the airplane is released from the
ballmmn' and glides to the operationsl NFmpIg The ground
distance from the ground station at the releasse point is kept

te a mimimum by the fast rate of climb of the  balloon

e e r

{approximately 1000 ft/mind. In all successful cases the

ground distance was under 180G b Airplanes with

tift~to-drag ratios from 10 to 48 were used in the study.
Successful lawnches were possible in more than average winds
for all of them, with the exact wind level being deépendernt on

the wind profile of the location and on the airplanes. Figure




i shows the ground-distance-versus-altitude plot of  two

representative launches..

RECOYERY

»Thﬁ PQCQQQFy of the SHARF adrplane after operation at 21
km was looked af. As described in the February 1984 progress
r@pmrtﬂ it ds desired that the airplane lands ét the ground
station in normal operation and at a small distance away in
norr-normal cases.  For this study a computer program was used
to simalate the descent of airplanes with lift-to-drag ratios
ranging from 15 to 4%, Winter wind profiles from Dayton,
L, and Yerevan, USSR, were used.

At first  the airplanes were kept in their normal
operational configuwations dwing the glide. As a reasult,
when glides in the étwoﬁgeets winds were simulated, none of
the airplanes could land near to the ground station. This
leads to & reguirement for careful cheoice in the days when a
descent might be initiated and/or to =opme modifications to
the airplane. The use of spoilers during‘the descent {to
ihar&éza the sink rate) and an increased maximum speed {to
increase wind penetration) were investigatédj Simulation
showed that with the addition of small 5poilér5 cand an
increase of 7.5 m/s in the equivalent maximum airspeedﬁ it is
poﬁaibia tor  the _airplane to land at the ground station in

all wind conditions investigated as shown in figure 2.

The effects of wind direction inversion with altitude'

were  alseo  ewamined. At the present time the environmental

data is nobt sufficient to permit any conclusive statements to

e made, but, if the winds are monitored at  the ground



station, & strategy can be devised so as to use the inversion
to advantage.
A method of recovery whers the airplarme i forced into a

deep  stall  was also investigated. Forr landing, a parachute

i

is used to slow the airplane and =

T

4t it down without | damage.
The simulation demonstrated that the airplane would land.

-

within one hundred kilometers of the ground station. This

method could be used when some fFailure has occwred and

o 0 . - - l
contirol of the airplane is no longer possible.

The case of a power {ailure while the airplane is in
operation, has been studied and the results are included in
the Jarnuwary, 84, progrese  report. Marmy reasons  for such
failures can be thought of: one example is an interruption in
the electrical svystem at  the ground stationg putting the
audiliary power units in operation could take some time.
Duwring such a Ffailwre, the airplane would stay above the
ground station by gliding down {use of potential EreErgy) .
Whern power is regasined, the airplane climbs back to the
operational altitude as fast as ﬁmasihlan Since the
operational altitude i1is above the jetstream, and the wind
Epeédﬂ in part of fhe jetstream, ocan woeed  the  masimum
flight speed of the airplane, the permissible altitude loss
is limited. I+ the airplane was to enter this high wind
region it wou1d be impossible for it to stay above its sowce
of  energy. the ground atatimﬁ. In such a case, the maximum
duration of & power failwe for which the airplane isA to ba‘

designed for is very important. The sink rate of an airplane



im proportional to its max i mum 1i%twtmmdrag ratio.
Therefore, if the design failwre time 1 1lon$g, a high
Lift—-to-chrag ratic will be reguired. A second parameter of
importance iz the time until the airplane is retwned to its
operational box at 21 km. I+ &a lot of altitude is lost
during the failuré and the airplane must climb teo 21 Em in a8
shoart time, & large climb r&tw_will.be Freguirec. This 1éad§
to the diversion of the telecommunication powsr to the motor,
arnd  a propulsion  group {motor and propeller) greatly
aversized for normal  operation. As seen above, the design
failwe time and the design retwn time are prime parameters
that need to be set before the airplane design phase. For
some of the power failuwre cases these times can only be
detarmined by CREC becauwse they are related to the design of
the ground station, and for some other cases they depend on
both  the airplane and the ground station. Since work on
pessible configuwrations is to start =soon, it is important
that UTIRAS be provided with these parameters in the near
futuwre. A discusion is therefore reguired betweern CRC  and

UTIAS to organise this work

The efficiency of a rectenna decreases with the angle
hetween the microwave beam and the normal to the rectenna.
Since, in the case of the SHARF airplane, banking }ﬁAturnz
increases this éngleg it was proposed that an airplané which
twrns with zero bank might be more efficient. For an
airplane tm turn, there must be a lateral Fforce toward the

center of  the twn. The conventional method to create this’

force is to bank the airplane; a8 lateral . component of the




Tidt  force, which is normsl to the wing, i1is then created.
For an airplane to twn with zero bank, a vertical wing must
be  added to generate this force. This wing then creates
additional drag. £ COMparison, in terms of P owet
reguirements, of these tweoe types of ailrcraft is described in
the Febhruary 84 progress report. The vertical wing of the.
airplane with sero bank was designed with & somewhat
wnrealistic efficiency (weightless, aspect ratio 30, zero
lift drag coefficient of .0l and an optimized areal). Even
with this bias toward the zerﬁ bank airplane, the study
arrived at the conclusion that the conventional airplane
required less power (74, bias included).

SHARE _DEMONSTRATOR

During the vesar, design work on a 8HARF techrnology
demonstrator continued. A firet configuration was built,

wind tunnel tested and flown, battery powered, during the

‘summer  of 1983, Althouwgh the flights were successful, the

parformances weare iﬁeufficient for microwave powered flight,
the reaszson  being that there was not enough rectenna area to
callect the energy required for flight. From that point  ong
the configuration was continuously iterated upon. Various
rectenna-aircraft configuwations were tried and neessively
large dr'ag or weight prevented most of these from hecoming
successful SHARF demonstrators. This difficulty in findiﬁg a
configuration is caused by the low speed, which causes
agrrodynamic difficulties, and by the low efficiency of the
pvopuléimn group:; encountered only at this small =scale. ﬁ_

contiguw ation known as  U"BTAGGER  SHARP", figuwre 3, is now
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being studied and present resulits indicate fhat thigs airplane
will ke able to {ly under microwave power. This airplane is
zimilar to the biplane flawn dwing the summer of 8%, but the
wings were stagoered so that a recternma camn be installed on
both wings. Results of wind funmal testing showed that a
rectenna swface couwld be placed, without an exceedingly .
large drag penalty, at 3/4 of an  inch from  the wing's
surface, which then served as a reflector plane. éﬁ a
result, "STAGGER BHARF" has twice the rectenna area of the
earlier biplame. This new airplane wa% wind tunnel tested in
February 1984, and  the results, described in  the March
progfesa report, are encowraging. .é first model, which
includes an  improved propulsion grou, is now ready for

hattery powered flight trials.



GROUND DBISTANCE AFTER LAUNCH
BALLOON LAUNCH

STRATEGY : CLIMB UP TO RELERSE ALTITUDE AND
GLIDE TO STATION RFTERWARDS
L./D= 30 ; WING LOADING= B8 (N/m~2)}
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figure 1

GLIDE TO THE DRYTON GROUND STATION
STRATEGY : GLIDE AT MAXIMUM SPEED
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figure 2
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STAGGER SHARP
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