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INTRODUICTION

Remotely pilcted vehicles (RPV) are currently being developed
for many applications. The smaller sizes, mini-RPV's, are
powered with two-cycle reciprocating engines, usually driving
two-bladed fixed-pitch propellers. The propellers used are
less than three feet in diameter and operate in the subsonic
speed range, As a result of the small blade chord and the low
forward speed, the propeller sections operate at a Reynolds
mimber of leas than 300,000, At these low values of Reynolds
mumber, little is known about the performance characteristics
of propellers or how to design them for peak efficiency. Be-
cause of the need to maximize the performance of the mini-
RPV's, & program was initiated to investigate the character-
lstics of small propellers and to develop the necessary pro-
cedures and data for determining their design and performance.

The study was to review the existing propeller theory and cor=-
responding data to find the necegsary corrections and modifi-
cations needed for the design and analysis of RPV propellers,
All the available test data on small propellers was to be
reviewed and analyzed,

10




CONVENTIONAL PROPELLER TECHNOILOGY

The technology of propellers used on conventional aircraft
ranging in size from those used in general aviation to the
largest transport has been developed over the years and is
generally well understood. For propellers operating in the
subsonic speed range, methods and data have been developed 1
so that it is possible to design for peak performance and to
accurately determine the efficiency over the entire speed range,

Three general methods are available for determining the char-
acteristics of propellars:

l. A strip anslysis procedure for calculating performance
from known conditions, given the propeller geometry,

2. A single-point analysis for calculating performance,

also from known operating conditions and propeller
geometry.

3. A strip analysis procedure for finding the optimum pro-

peller geometry and performance for any set of given
operating conditions.

Both strip analysis procedures determine the lift and drag
characteristics at each blade station, and these are then re-
solved into the differential thrust and torque components.
Integration of these components over the blade span results in

values of total thrust and torque. The efficiency may then be
found from the formula

i =+ TVy/550 HP (1)
where T = the total thrust, lbs
Vo = f£free-stream velocity, ft/sec
H =

propeller shaft horsepower,

With the strip analysis procedure, forces are usually deter-
mined at ten blade stations. To find these forces, the local
velocity conditions, as determined by rotation and the free-
stream components, must be known, When the propeller is oper-
ating in a flow field where these velocity components are in-
fluenced by external bodies, this change is taken into account,

lBorst, H.V., et al, SUMMARY OF PROPELLER DESIGN PROCEDURES
AND DATA, Vols. I, II and III, USAAMRDL Technical Report
73-34A,B,& C, H.V. Borst & Associates, Bustis Directorate,
U.S. Army Air Mobility Research & Development Laboratory,

Fort Rustis, Virginia, Nov. 1973, AD 774831, AD 774836, and
AD 776998,

1l
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To reduce calculation time, the strip analysis procedure for
analyzing a propeller has been programmed for a high.speed
computer. To run the strip analysis computer program it is
necessary to know the local axial velocity at each blade sta-
tion, the rotational speed, all the physical charactexistics
of the propeller, the power input, and the atmospheric condi-
tions. The propeller physical characteristics needed include
number of blades and diameter, as well as the distributions of
thickness ratio, blade angle, camber, and blade chord.

Although the actual computer time required to analyze a pro-
peller is small, time is required to set up the input. Fur-
ther, the propeller churacteristics needed for good perform-
ance may not be known. For these reasons, simplified methods
of propeller analysis have been developed that can be used to
find the efficiency in a minimum of time. 7These methods,
known as single=point procedures, use the integrated character-
istics of activity factor and integrated design lift coeffi-
clent for describing the blade properties. The single.point
methods can be used to determine the performance of a large
nunber of propellers in a very short period of time, using a
desk calculator, and are useful for establishing the general
properties of the propellers needed. By analyzing a number of
propellers using the single-point method at the important oper-
ating conditions of the airplane, the general size required
can be determined.

When the best propeller and blade characteristics must be
established for a critical operating condition, the optimum
strip analysis procedure is used., With this procedure,l the
blade characteristics are found that will give the peak effi-
ciency for any operating conditiqn. Usually, the results of
the single~point method establish the general range of param-
esters for high performance; then,the optimum method 1s used
to establish the blade details that will give the peak effi-
ciency. The blade number, propeller, diameter, and thickness
distribution, as well as the design operating condition, must
be specified for determining the optimum propeller and its
performance. The thickness ratio distribution of the blade is
established by structural and fabrication considerations.

From the results of this calculation the detailed geometry of
the blade is established, including the distributions of chord,
blade angle, and section camber (design Cp,).

In calculating the detailed characteristics of the cptimum
blade, the planform becomes very wide inboard,resulting in an
impractical blade configuration. For this reason the blade

1 Borst, et al.
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chord and its distribution is also specified prior to the cal-
culation., This is generally done on the basis of single-point
analysis. Then, with the chord and thickness distribution
plus the diameter and blade number, the optimum distributions
of camber and blade angle are determined for any given operat..
ing condition. Tho efficiency determined is the peak for that
condition within the restrictions of blade number, diameter,
and chord for the airfoil section type chosen., This design
procedure, using the theory of Calculations of Variationms,
determines the best distrihution of the blade angle and sec-
tion camber for peak efficiency. This is done by finding the
optimum distribution which minimizes the combination of the
profile and induced losses.

RANGE OF OPERATION

The two-strip analysis procedures described above and given in
Reference 1 apply to propellers with

fixed blade angle

variable blade angles

2, 3, 4, 5 and 6 blades
activity factors 10 to 300,

To use the strip analysis procedures, airfoil déta correspond-
ing to the operating condition and airfoil sections are used.
The airfoil data used in the computer program corresponds to

. NACA 16 and 65 geries airfoils

+ Trickness ratios 1.0 to .02

o« Design lift coefficients 0 to .7, only at thickness
ratios of .06 to .18, At other thickness ratios,a
reduced design Cp, range applies.

. Reynolds numbers .5 x 106 to 6.0 x 10°

. Mach numbers .3 to l.6.

The strip analysis program can be used with any set of two-
dimensional airfoil data with suitable modiflcations.

The single-point method 1 applies to propellers with

variable blade angles

2, 3 and 4 blades

activity factors 10 to 300

integrated design Cy, blades of 0 to ,5
Reynolds number .5 x 100 to 6.0 x 106
Mach numbers below the critical.

l Borst, et al.
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As indicated previously, the airfoil data used in the strip
analysis is not valid at the low operating Reynolds numbers of
RPV propellers. 1t is, therefore, necessary to analyze the
existing design procedures and data and modify where necessary
80 that they can be used for the design and analysis of mini-
RPV prorellers.

D _OF ANALYS: Y

The strip analysis procedure used to calculate the performance
and design of the propeller depends on the Theodorsen “ vortex
theory of propellers. This theory 1s used to find the three-
dimensional flow effects induced by the propeller s0 that two-
dimensional airfoil data can be applied for finding the cor=-
rect 1ift and profile drag at each blade station. The change
batween the apparent relative velocity and that induced by the
entire propeller represents the induced losses. This loss is
similar to the induced drag loss on a wing. Once the lift and
drag of each blade section are found they can be resolved into
the thrust and torque planes and integrated to find the thrust,
power, and efficiency develcoped by the propeller. This resolu-
tion is illustrated in Figure 1, where the velocity components
and forces of a typical blade section are given.

The induced velocity w' at each blade station is directly pro-
portional to the blade loading represented by the term Cp,
the blade solidity times the section operating lift coeffi-
clent. When finding the induced velocity by the vortex theory,
it is assumed that a rigid wake is shed by the propeller. This
is the same as assuming that the loading on the blades is an
optimum. Similar assumptions are made in wing theory for de-
termining the induced drag. When calculating the induced vel-
ocity at each blade station, independence of blade sections is
assumed. Knowing the blade angle and velocity triangle at
each station, Figure 1, the true wind angle can be found using
the procedure given in Reference 1. .For the blade section
being considered, the following equation must be satisfied:

B = B+ a (2)

The 1ift coefficient corresponding to the two-dimensional
angle of attack must be the same as that which determines
the true wind angle @ based on

tan § = (1 + Witan g (3)

1l Borst, et al.

2 Theodorsen, T., THEORY OF PROPELLERS, McGraw Hill, 1948.
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4T —~ Differential Thrust
. irfoil Ref. Line
W .
2
Differential dg
Torgque e o
“ V = Forward
Velocity .
|
_ i
I~ 7 nox = section Rotational ~ |
Velowity ;
!
: do/r = Section Torque :
{ daL = Section Lift
k db = Section Drag
. B = Blade Angle :
‘;i : ¢ = True Wind Angle , ;
o ‘ % = Apparent Wind Angle ;
- : W/2 = Displacement Velocity 3
v 1 W, = Apparent Velocity , |
; w' = Induced Velocity o
- ' u = Induced Axial Velocity ‘ 9
. ; v = Induced Radial Velocity ;
- .. y = Drag Lift Angle = tan-l cD/Cy,
-
i ¢ )
- Figure 1. Propeller Velocity and Force Diagram —
- § Single Rotation Propellers. :
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i After the lift coefficient at each blade station is found that
: satisfies the above criteria, the drag coefficient is deter-
mined from two-~dimensional airfoil data, The induced drag is
already accounted for by the difference between the apparent
and the true wind angles fo and g, Figure 1. The two-dmenslonal
airfoil data used to £find the drag coefficient has been ob-
tained at Reynolds numbers above 800,000, which is generally in
excess of the critical., 8Since the blade sections of conven-
tional full-scale propellers generally operate at Reynolds num-
bers above the critical, the two-dimensional airfoil drag data
is not corrected for these effects., When the thickness ratio
is above 25%, as in the case of the inboard blade sections,
Reynolds number effects on both the lift and drag coefficlients
are sncountered, These effects are accounted for in the con-
ventional propeller strip analysis procedures.l Because the
effect of the blade shank is small from overall performance
considerations, these Reynolds number corrections have little
influence on the efficiency.

-

The equations for the thrust and torque coefficients, derived
! from Reference 1, are

1.0 2 l+!'(l 12¢) 2
(l-8in
Co=f!CL L’a‘_ J2[ zsini ] (sing + tan y cosg)ax (4)
0

1.0 -
2
1 (1-sin2g)
Cp =-.f, CLLE_‘_ JZ[ + fin ; n°g ] (cos@ - tan”r sing)dx (5)
0

Since Cp = 2rCp (6)

the efficiency may be found from the equation

! ™ CmJ
. N o = LI (7)
P Cp

1 Borst, et al.

iy
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Another usaful equation in determining propeller efficiency is
tan g,
tan (B+7)

] ACCURACY OF STRIP ANALYSIS PROGRAM

i The procedures » and data for calculating the propeller per-
o formance have been programmed to run on high-speed computers,

(8)

: A comparison of the calculated efficiency, using the B-87 Pro-
f peller Strip Analysis Program, with the test results of Referw
b ences 3 through 5 is shown in Figures 2 through 4., The pro-

§ pellers analyzed had a diameter of at least four feet and

\ operated at blade section Reynolds number above 400,000. Fig-
: ures 2 and 3 illustrate typical comparisons of the variation

h in the thrust, torque,and efficiency as a function of advance
3 ratio for propellers operating at a constant blade angle, Be-
cause power is a major parameter influencing the induced effi-
{ ciency of the propeller, all comparisons of the efficiency and
‘ the thrust coefficient are made for the case where the calcu-
lated and test power coefficients are within % 3%. To accom-
plish this the blade angle is adjusted from the measured value
until agreement is reached. For a controllable blade angle
propeller such an adjustment automatically takes place, so
that such a procedure is considered valid. This comparison,
shown in Figures 2 and 3, shows reasonable agreement between
calculated and test values of the thrust coefficient and effi-
' clency. The nominal operating Reynolds number at thg 0.7 ra-
! dius blade station is between .4 x 106 and 1.06 x 106, Gener-
: ally at the higher loadings, i.e. high Cp, the agreement between
1. i the measured and test is excellent, The error in the calculated
. . efficiency increases with decreased loadings, which indicates
b ; that the drag used in the calculation is low.

ﬁ ; y 1 Borst, et al.

)/ ; 3 Delano, J.B., & Carmel, M.M., TESTS OF TWO-BLADE PROPELLERS

o ’ R IN THE LANGLEY 8~FOOT HIGH-SPEED TUNNEL TO DETERMINE THE EF-

‘?\ ! FECT ON PROPELLER PERFORMANCE OF A MODIFICATION OF INBOARD

b : PITCH DISTRIBUTION, NACA TN 2268, Langley Aeronautical Lab.,
Langley Fleld, Va., Feb, 1951, wWashington,

b . Pendley, R.E., EFFECT OF PROPELLER-AXIS ANGLE OF ATTACK ON ;

. THRUST DISTRIBUTION OVER THE PROPELLER DISK IN RELATION TO !

{ : WAKE=-SURVEY MEASUREMENT OF THRUST, ARR No, L5J02b, NACA, :
: washington, Wartime Report, :

b Maynard, J.D., & Steinberg, S., EFFECT OF BLADE SECTION THICK- :
3 : NESS RATINS ON AERO. CHARACTERISTICS OF RELATED FULL-SCALE i
: PROPELLERS AT MACH NOS. UP TO 0,65, NACA Rpt. 1126, 1953, '
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B-87
Calculation Test Datu
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Figure 2. Comparison of Calculated Propeller Performance
. With Wind Tunnel Test Results,
:’
. )
E: 18 .
/

et A i SRR

e e e it bttt

T S N T PN - . ol
b S R A L b a el i




b/
b
i
g
F“.
Kg.
‘
t
From
B=R1 Iaat Data
A c L N
i 12 .2 ; T l 1
L ”
- l N B.75 = 50011,0
P~
Cp Cp = ;ﬁﬂ—'
08 1545 RERS NT1°®
\\ \3.75 = 309 - Cp ¢
N
SIS > .6 :
" 1
\L ‘ \ ‘-~“.
«04 ,0 nl L‘\ 1 | ‘\ 4 ‘ .
“p \‘T Mm 0.2 | > 4 B
N Ry = 400,000 XAL-
\ \ ®xe= 7 \ 2 W
RN N\
0 0 & 0 EL
‘8 1.2 1.6 2.0 2.4 2‘9 r‘P
Advanced Ratioc - V/nD
CP :' Vi
' W12 .
| h 24 N " i
; N
' ¢ Cp 1.0 :
; 8.75 = 40° I, Py H
; b )
, \ 3
.08 16 CT \ 1\ B.75 = 500 .8 {
L1 P AV 4
i Cp \ t\ l - :
\ A ay
; .04 .08 \ > \l -4 14
{ = Cr »Js
| \ e\ 2
(¢] 0 . 4
106 2-0 2g4 2.8 3‘2 3.6 0 Ir
: :. Advanced Ratio - v/nD ’
A b
i 4

ol g Figure 3. Comparison of Calculated Propeller Performance i
- Wwith Wind Tunnel Test Results. !




A more extensive comparison of the efficiency difference be-
tween that calculated and determined by test is given in Fig-
ure 4, Based on this comparison, the calculated efficiency is
generally within t 5%, Because of the random type of error in-
dicated, the changes necessary to improve the computer program
accuracy are not apparent, Thus it is believed that the method
and data for calculating the performance of full-scale prcpel-
lers is accurate and within the same range of reliability as
test data. Until more accurate test data becomes availalble,
further attempts to improve the full-scale propeller perform-
ance calculation methods are not considered to be warranted,

. Full-scale prcpellers are considered to cperate at Reynolds

numbers abeve 500,000,
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OPELLERS FOR MINI-RPV VEHICLES

Propellers used on mini~RPV's are generally less than three
feet in dlameter. With blades of normal solidity in the

range of 80 to 200 activity factor and operating at the speeds
of less than 200 knots, the operating Reynolds number will be ;
below 500,000, Since present methods of calculating the per- :
formance of propellers has only been proven to be suitable
when operating at Reynolds numbers above 500,000, it is nec-
egssary to investigate the effects of the low Reynolds number
on the characteristics of propellers designed for mini-RPV's,
To do this it is neceassary to examine the effects of low
Reynolds number on both airfoil and propeller performance,

E D ER_CONDITIONS

In the Reynolds number range below 500,000,.,the l1ift and drag
characteristics of the airfolls depend on the type of boundary
encountered. The Reynolds number where the flow transforms
from the laminar to the turbulent condition is defined as the i
critical Reynolds number, and is 500,000 on a flat plate,

when the boundary layer is laminar the airfoll is operating in
the subcritical Reynolds number range,and it is very thin.
Under these conditions, the laminar boundary layer does not have
the ability to take enerqgy from the outer flow. As a result
in the case of any divergent flow, it adheres poorly to the
surface and separates as in the case of the upper surface of

the airfoil., This causes a large increase in drag and a loss
of lifto

In the sugercritical operating range the boundary layer be-
comes turbulent. When this occurs, the flow remains attached
to the airfolil for a much greater distance with a correspond-
ing increase of lift anda decrease of drag. The Reynolds num-
ber at which this transition takes place depends on the amount
of divergence in the flow or curvature in the upper airfoil
surface. The critical Reynolds number thus increases with
angle of attack and airfoll thickness ratio. Because of the
large increase in drag and decrease in lift when operating
below the critical Reynolds number, it is important that this
range of operation be avoided. This can be done by selecting
the proper airfoll sections and operating conditions.

To determine the performance of RPV propellers, airfoil data
are needed that cover the entire Reynolds number range.
Ideally, the critical Reynolds number should also be identi-
fied as a function of airfoil type and angle of attack.

22




AVAILABLE LOW REYNOLDS NIMBER DATA

To determine the effects of Reynolds number on the character~
latics of small propellers, the avallable airfoil and propel-
ler data was reviewed, This was done for the cases where the
operating conditions are less than the critical, i.e,, Reynolds
number less than 500,000,

Airfoil Data

The airfoll data used for the design and analysis of conven-
tional propeller blades was combined from a great many tests
i that were run at Reynolds numbers in excess of one million.

! The airfoll data was compared and analyzed untll a systematic
: get of data was developed for a large range of airfoil param- )
; eters, including thickness ratios of .04 to 1.0 and design Cr's b
) of 0 to 0.7, The data was developed to apply over a range of 5
i angles of attack to the stall angle and Mach numbers up to 1.6, R
: These airfoll data are given in Reference 1l. .

| The low Reynolds number airfoil data available is sparce com- 13
f pared with that for airfoils operating above the critical. Cod
‘ Usually, airfoil data is run at Reynolds rumbers in excess of E
| 1.0 x 106, whereas data is needed for the mini-RPV propellgr K
1 analysis in the Reynolds number range of 5 x 104 to 5 x 10°,

The available data span a large number of years and represent o
tests that were run in a number of different wind tunnels with .
different levels of turbulence. Because of this, direct com-
parisons of the results is questionable as some of the tunnels
used had a very high turbulence factor, whereas others had
very low levels of turbulence. Since the Reynolds number for :
flow separation is extremely important, the turbulence level b
in the tunnel has a large influence on the teast results.

k. 1 Borst, et al.
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Referezces 6 through 14 give the only available data in the
5 x 10% to 5 x 105 Reynolds number range required for mini-RPV
propeller analyses,

In Reference 6 the results of tests of NACA four-digit airfoils
with and without high 1lift devices are presented for Reynolds
numbers from 40,000 to 3 x 106. These testas were conducted in
the NACA variable-density tunnel. This tunnel has a very high
turbulence factor, which influences the drag and maximum 1ift

6 Jacobs, E.N., & Sherman, A., AIRFOIL SECTION CHARACTERIS~
TICS AS AFFECTED BY VARIATIONS OF THE REYNOLDS NUMBER,
NACA TR 586, 1937.

7 Relf, E.F., Jones, R., & Bell, A.H., TESTS OF SIX AIRFOIL
SECTIONS AT VARIOUS REYNOLDS NUMBERS IN THE COMPRESSED AIR
TUNNEL, Rpts. & Memoranda No. 1706, April 1936.

8 Jones, R. & Williams, D.H., THE EFFECT OF SURFACE ROUGH-
NESS ON THE CHARACTERISTICS OF THE AIRFOILS NACA 0012 AND
RAF 34, Rpts. & Memoranda 1708.

9 Lnenicka, Jareslay, UNPUBLISHED TEST OF A NACA 4412 AIR-
FOIL AT REYNOLDS NUMBER 20,000 to 250,000, Letter to L.K.
Loftin of NASA, 19 March 1974.

10 Althaus, D., EXPERIMENTAL RESULTS FROM THE LAMINAR WIND
TUNNEL OF THE INSTITUT FUR AERO AND GASDYNAMIK DER UNI-
VERSITAT STUTTGART, Stuttgarter Profilkatalog I, 1972.

11 Schmitz, F.W., AERODYNAMICS OF THE MODEL AIRPLANE, PART 1,
Translated by Translation Branch Pedstone Scientific Infor-
mation Center Research & Development, Directorate, U.S.
Army Missile Command, Redstone Arsenal, Ala,, N70-39001.

12 peslauriers, E.J., BLADE PERFORMANCE AT LOW REYNOLDS NUM-

BERS, General Electric, Rpt. No. R54AGT605, dated 1-14-55,

13 Lippisch, A., UNSTETIGKECTEN IM VERLSUF DES PROFILWIDER-

STANDES, Messerschmitt, A.G. Augsburg, March 1941.

14 rippisch, A.M., WING SECTIONS FOR MODEL PLANES, Air Trails
Pictorial, April 1950,
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characteristics measured as discussed in Reference 15, In a
tunnel with a high turbulence factor it is,at best, difficult
to find the effective Reynolds number and so interpret the test
data., For example, the effective Reynolds number of 792,000
was estimated in Reference 15 for a test value of 300,000,
This very large difference Egtween the test and effective Reyn-
olds number is questioned, 80 only the trends observed in
this report are considered to be valid. These trend compari-
sogs are made at the measured or test value of Reynolds number
only.

The variation of tle drag coefficient with lift for three NACA
four-digit airfoils with cambers corresponding to design lift
coefficients of 0, 0.33,and 0,63 from Reference 6 is given in
Figures 5 through 7 for a series of Reynolds numbers, The cor-
responding variation of the lift coefficient ls also given in
Figures 5 through 7, These data indicate that at test Reynolds
numbera above about 170,000 the drag is nearly constant when
the airfoil is operating near the minimum drag, Thus, for the
symmetrical airfoil operating at 1lift coefficients T .6 the
drag is nearly independent of Reynolds number, For the cam=-
bered sections the same trend is observed but at higherr 1ift
coefficients. Below Reynolds numbers of 170,000 and at lift
coefficients abbve and below those for minimum drag, the data
in Figures 5 through 7 show a large drag increase with Reynolds
number. It would appear that where the drag increases rapidly
the airfoil is operating in the subcritical Reynolds number
range,

The data of Reference 6 shows that the ilope of the lift curve
1s generally unaffected by the Reynolds number; however, the
maximum lift coefficient and variation of Cj, about the stall
ls greatly affected, Because of the question of tunnel turbu-
lence effects, these data are not directly used for RPV pro-
peller analysis.

The data of Reference 12 was taken in a tunnel with nearly the
same turbulence factor ae that of the NACA Variable Density
Tunnel; & and the rame trends noted were also observed, but for
airfoils with much higher levels of camber, 1In Reference 9,
however, the angle for zero lift and the corresponding lift

6 Jacobs and Sherman.

9 Lnenicka.
12

15

Deglauriers.

Hoerner, S.F., & Borst, H,V., FLUID DYNAMIC LIFT, published
by Hoerner Fluid Dynamics, Brick Town, N.J. 08723, 1975,
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curve were also influenced by Reynolds number. The meager

data of Reference 9, Figure 8, shows an increase in drag with
Reynolds number with the same type of trend as observed in
Figures 5 through 7. Since nothing is known about the tunnel
; or test conditions, these data also can only be used as sup-

: portive information.

] To achieve good reliability for application of the airfoil !
J data it should be based on data taken in a low turbulence tun-

g nel. These test operating conditions are the best representa-

- tions of the expected operating conditions. For these reasons, ;
: the test results given in References 10 and 11 are considered ,
, to be the most reliable low Reynolds number airfoil data availe !
able, Unfortunately, the low Reynolds number data obtained in :
low turbulence tunnels is very sparce, The results shown in i
Figure 9 for the high camber FX 63-137 airfoil from Reference

10 are considered to be reliable. These data show a much

larger change in drag with Reynolds number than would be ex- :
; pected due to the change in drag for an airfoil with turbulent i
R flow conditions. Although the drag change with Reynolds num- -
) ber 1s of the same order of magnitude as measured in the Vari=~

able Density Tunnel,® the actual level is less.

PR S S e L R R ¢ B AR BT s i

giEiE

‘ The most complete study available on the performance of air-
E folls operating at low Reynolds number is that given in Refer-
h erice 11. This was an award-winning effort that covered tests

F5
A

% of several different airfolil types run in a low turbulence
S wind tunnel. These data show the lift, drag and moment charac-
g teristics of airfoils cperating in the sub- and gsuper-critical

P

W S

flow ranges. For the standard types of airfoils tested the

¢ critical Reynolds number is in the range of 40 to 160 thousand,
P depending on the camber and angle of attack. This is signifi-

) cantly bslow the critical Reynolds number of a flat plate and

‘ below the operating Reynolds number expected for mini-RPV pro-
pellers, The variation of the drag with Reynolds number through
the critical range is illustrated in Figure 10 for the N-60
airfoil. The N-60 airfoil is similar to airfoils normally
used on propellers. It has a camber of 4% with a corresponding
design Cr, of 0.55 and a thickness ratio of 12,4%.

PRS- -

6 Jacobs and Sherman.

9 Lnenicka,
0
Althaus.

b
) _ 1 Schmitz.
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The trends illustrated for the N-60 airfoils were also ob-
tained for the other airfoils tested. In the transition range
the drag decreases, going from subcritical to supercritical.
This change occurs for a given angle of attack at a higher Rey-
nolds number when measured with an increase of velocity than
it does with a decrease of velocity. Tests made at higher
levels of turbulence showed & decrease in the critical Reynolds
number, It should be noted that the critical Reynolds number
increases with increasing angle of attack,

The variation of the drag and lift coefficients for the N-60
airfoil at a series of Reynolds numbers is illustrated in
Figure 1ll. When the airfoil is ovperating at speeds above the
critical Reynolds number the drag remains relatively low, and
the minimum value decreases with increased Reynolds number.
When the laminar separation takes place the lift drops sharply
and a large drag increase is encountered until it approaches
the level measured at the lower Reynolds numbers.

From this review of the available low Reynolds number airfoll
data it was found that sufficient systematic changes of Cp and
Cp were not available to allow the performance of mini-RpV
propellers to be calculated by the vortex theory of strip
analysis. To do such calculations it is necessary to have
tests covering the complete range of variables of thickness
ratio and design Cp, for the range of Reynolds number, such as
those given in Reference 1.

Since such data is not available, it becomes necessary to
develop corrections to the high Reynolds number airfoll data
used in the strip analysis program., The application of these
corrections should make it possible to find the performance of
propellers for mini-RPV's at any operating condition, and to de-
termine the losses due to Reynolds number as well as due to
the other design and performance variables.

] O E OPELLER TEST DAT.

Because of the concern with regard to the effects of Reynolds
nunmber on the performance of propellera, most of the modern
test data was run at conditions above the critical., For in-
stance, the large number of two-bladed propel%egs tested by
NACA in the 8- and 16~foot high-speed tunnels?/? are unsuit-
able for use in evaluating propellers for mini-RPV's because
of the relatively high operating Reynolds numbers.

1 Borst, et al,

3 pelano and Carmel.
5 Maynard and Steinbergq.
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A literature search was conducted to find propeller test data
that would be suitable to evaluate the effects of low operating
Reynolds numbers on performance., The data given in References
16 through 20 appear to be the best available for this purpose,
The data that appears to be the most useful and extensive are
the series of sropellers run at Stanford University by E. Reid
for NACA, 16-18 These tests were run with three-bladed pro-
pellers with a diameter of 2.8 feet in the Stanford 7.5-foot
wind tunnel. The Reynolds numbers of these tests cover a
large portion of the operating range expected with mini-RPV
propellers, In fact, the tests that were run are very close
to thoseé that would have been specified for the study of mini-
RPV propellers if new tests were to be run. In addition to
providing thrust and torque data for the entire propeller, de-
tailed wake survey measurements were alsc made., These measure-
ments of both torque and thrust are unique and are the only
such known data available on propellers.. Wake survey data of
this type is now available for axial £low compressors and 1s
veary useful for investigating the details of the flow for each
blade station of the compressor or propeller.

16 Reld, E.G., THE INFLUENCE OF BLADE~WIDTH DISTRIBUTION ON

PROPELLER CHARACTERISTICS, NACA N No, 1834, March 1949.

17 Reid, E.G., WAKE STUDIES OF EIGHT MODEL PROPELLERS, NACA
TN No. 1040, July 1946,

18 Reid, E.G., STUDIES OF BLADE SHANK FORM AND PITCH DISTRI -
BUTION FOR CONSTANT-SPEED PROPELLERS, NACA TN No. 947,
January 1945.

19 Grose, R.M., & Taylor, H.D., WIND TUNNEL STUDIES OF THE
EFFECTS OF BLADE THICKNESS RATIO, CAMBER AND PITCH DIS-
TRIBUTION ON THE PERFORMANCE OF MODEL HIGH-SPEED PROPEL=-
LERS, Hamilton Standard Rpt. No., HS-1352, June 1955.

20 grose, R.M.,& Brindley, D.L., A WIND TUNNEL INVESTIGATION
OF THE EFFECT OF BLADE ACTIVITY FACTOR ON THE AERODYNAMIC
PERFORMANCE OF MODEL PROPELLERS AT FLIGHT MACH NUMBERS
FROM 0.3 TO 0.9, Hamilton Standard Rpt. No. H3-1125,
March 1954.
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LYSIS OF LOW OLDS ROPELLER TEST DATA

To determine the effects of Reynolds number on propeller per-
formance, the test data of References 16 through 18 were com-

pared to that calculated using the strip analysis method and ﬁ%
data of Reference l. Since the accuracy of the strip analysis i
calculation procedure was demonstrated to be good for condi- B
tions corresponding to high Reynolds number, the difference be- 8

tween the efficlency measured by test and that calculated can

be considered to be due to operation at a Reynolds number be- Ty
low 500,000,

As in the case of the analysis of the accuracy of the calcu- 3
lated propeller performance at high Reynolds number, the dif-
ference between the test and calculated results was found for
a range of operating Cr, at X = .7 and igf given in Figure 12.
The Regnolds numbers of the test were in the range of 1.3 to

2 X 10° for the working portion of the blade, Thus, the dif-
ference in performance shown is that due to changes caused by
operation at low Reynolds number, The efficiency change given
in Figure 12 applies for propellers with blades using NACA 16
and Clark Y sections snd with an integrated design Cp of 0.7
for a range of planforms and, therefore, loadings.

 gathaRer g i

s

22 SRR T

The difference between the test and calculated efficiency :
shown in Figure 12 shows the importance of the operating 1ift : .
coefficient in comparison to the design value. When the ; ‘
operating Cr, is near design, the change in efficiency due to =
Reynolds number 1s small, However, when C; is several points E
below the design Cr, large differences in efficlency are ob- ,:
tained, These changes in efficiency reflect a large drag i
change due to Reynolds number in much the same way as were A
measured for two-dimensional airfoils (Figure l1ll). The drag .
E change between high and low Reynolds numbers also showed little :

L change at C1, near the design value, but large drag changes at 2
b other conditions.

Detailed comparisons of the test and calculated efficiency for b
%A Model 4 of Reference 17 are shown in Figures 13 and l4. These : i
k were done for Reynolds number of about 1.5 x 105, The results ~

ﬁ-; 1 Borst, et al,

K 16 reia.

H‘
V 17 Reid.

18 peid.

S R e S




.HBE:.Z J

SpToulsy Joj pejdeiiooupn eyeq [TO3ITY — JUSTDIFFo0D 33T Burjezadp .

JO uUoIjlouUNng © se Aoustorygm 3SAL pue pajernOTe) uUsamjlag S0UdIaFIIq 1 aanbty
L'y = ;- = x @ jueToTIz®0D 33TT

1 c°1 0°1 8° 9" 1

0 _.H
¢ 4 ] o E.Hl f =

4
[~

5&

\%4

<&

. \,.‘\' .

37

el

3
S.

90T x 00z* € Topow

90T X 0gT* % Topow

50T X gz1* 9 Tepon

i SpeTa .
‘9T souaIsyoy

aag¢

v iilan B

Sy s

- - -~ 5
. e ety e T e el e
L R e e T R W e St b 5r et E LS Eaeee =
i e e e




.20
! .8

iy

a1

nads

! «16 ' BIEEZELE
6

1

i ; TR R.N, 0,150 x 106

12 g Model 4 Reference 16
-4 E cp CT

PR szweva - ixios Meusured =« .

: ‘ Q Calculated a

HBERI 8 .75 w 370

[o]
:
;

S

L)
&

.08

01
cercpl
04 ﬁ - o ERAET i .':.i';...‘.

. o L 1iabizaRabdbREn szhERdgns b npaaaardndnananEn naen,
. ' 0 1-0 2: :.O
" Advance Ratio - U
x‘({ ! =8 T
i ! MRSANEARHRNS SaHTARRER o o BN e ne S L T
8 B.75 m 270 mmuTICINETH  Bfficiency

(B uifi A Measured
i a8 O Calculnted

I
e
H

ot Tiasie "

o4

R R
t
e i 2t

25 1.0 2.0 3.0
| Advance Ratio - J

Figure 13. Comparison of Calculated Propeller Performance
B Data With Test Data at Low Reynolds Number —
5 Alrfoil Data Uncorrected for Reynclds Number.

o

38




1 “
E ]
: |
!
i T YETTTYT pmm=r an e pans
i FESpeE: P T
] « 20 FEH 4
; Crp T tf ] H
t = !
| Cp Iy ende SISO I X
! «18 PR Ff ' -,;i'iiv FERREEE L
§ .6 [[[]B:75 = 80 it i "RoN. = 1.5 x 105
3 T i Model 4 of Ref. 16
{ T EEETTINE R i
! A2 ' ; 4 FFRER A L Cp Crp
§ 4 [ AT ; Measured — -~
13 .
: : : ; il D Caloulated &
; A .75 w 48°88 T o
; .08 R
e; .2 1 & Lk ) .: “
‘ N "
A +04 T T o :t‘f’:‘ :
i/ HHit : ; g
1y ; 0 e * : o
. : 0 1.0 2.0 3.0 4.0 ]

) Advance Ratio = J

R |-k I IR NENORRINUNI . L
N AN it A R “
LT " (NRARN R AR T
e T Her |
ansymit b H: jma)
oy *
t
.
i I3
T T
T I 11
©
.8
T T ¥ ynw T
T s ¥ Ny =
T ! i FHp
1 )
) T
1 T
1 T
s e
T -+

43HRINAES Measured
: | O Calculated

6

FH

T
T

Efficiency - 4

k-
~J
o
(]

r -
[<:]

of

i

4 EH FH H l

3.0
Advance Ratio - J

e

Figure 14, Comparison of Calnalated Propeller Performance
Data With Test Lata at Low Reynolds Number —
Airfoil Data Uncorrected for Reynolds Number,

. R b, oo B g NI e s Yo e et




~

again show good agreement in propeller efficiency and thrust
coefficients for the higher power levels or at conditions
where C;, operates near the design C;. As the power coefficient
and, therefore, the cperating C; decrease, the test efficiency
becomes much lower than the calculated value for all four blade
angles investigated.

Detailed comparisons of the variation of test vs calculated
values of the thrust and torque distributions for the Model 4 b
propeller were also made (Figures 15 and 16). As indicated, e
these comparisons of thrust and torque are unique for propel-
lers and were very useful in determining the necessary changes
| in the airfoil data due to cperation at low Reynolds numbers.

PROPELLER TEST DATA REDUC'J.‘ION

with the measurements of the thrust and tcrq:ue coefficients
aft of the propeller, the operating lift and drag coefficients
can be found if the theory used to calculate the equivalent
two-dimensional flow conditions is valid. Since, as shown pre-
viously, the calculations using theory to £ind the induced
. angle of attack are accurate, the results of the propeller data
L reduction to section lift and drag coefficients should be reasn-
ably good. This assumes that the measured values of thrust and
torque at each blade station in the wake truly represent the
conditions on the blade at that station,

. : To calculate the lift and drag coefficients from the measured
3 thrgst and torque coefficients, the following equations are
B - used:

) 4 InD 1l dCp dCpy 2
Cr, = =l—=|o—— |=L cos @ + Z=Q < win
j L B (w ) (b/D) | dx o x g

(9)

e S e e T e

- ax

3 ' ' .
2 o = dcg 2 cos # - &1 sin n) (10) j
44

- dx x dx b
4 where ’*
;;’ - 1 + w/2(1~ sing :
- WD = g sin 2 ) (11)
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These equations are easily derived from the dCq/dx and &Cp/dx
equations of Reference 1 and Equations (4) and (5).

The wind angle @ is a function of the lift coefficient and
must be determined to find the operating Cr, and Cp from test
data. Because there was no direct measurement of the swirl
angle,it ig necessary to use theory 1l for finding g. Thus,
knowing test values of dCq/dx and &Cr/dx the lift and drag co-
efficients can be calculated using the theoretical variation
of the wind angle as determined.

ta fro L) a

Using the wake survey data of Reference 17 and Equation (9),

1ift coefficients were calculated f£rom the test data of several
different blade models, one of which is shown in Figure 17.

! Comparison of the lift coefficients determined from the wake

survey and the two-dimensional airfoll data used in the stan~ [
dard strip calculation B-87 showed reasonably good agreement. {
At the lower lift coefficients there appears to be an error of

} angle of attack of about 1 to 2 degrees. However, the agree-

l ment over the angle of attack range bstween the two sets of
\

|

data, including conditions approaching the maximum lift coeffi-
cient Cpx, is quite good.

The B-87 two-dimensional airfoil data was obtained mainly from
References 21 and 22. Although these data were run at Reynolds

| nunbers above the critical, the maximum lift appears to be

’ questionable., A comparison of the maximum lift obtained from
that of Reference 15 with the values estimated from Reference
22 shows that Crx used in the B-87 program propeller calcula-~
tions is too low. For normal propeller performance estimates,
this generally does not present a groblem; however, where the
blade operating Cp, does approach the maximum as at the low-
speed takeoff condition, it is necessary to modify the basic

p
R
X

p
A

!

i I L it o FacEer

1 Borast, et al.

15 Hoerner and Borst. g
17 Reid. g
2 i

b ' Abbott, Ira H., & Von Drnenhoff, A.E,, THEORY OF WING SECTINS
4 Dover Publications, Inc,.

ﬂ : 22 Lindsey, W.F,.,, Stevenson, D.B., & Daley, Bernard N., AERO~

" DYNAMIC CHARACTERISTICS OF 24 NACA SERIES AIRFOILS AT MACH
NUMBER BETWEEN 0.3 and 0.8, NACA TN 1546.
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airfoll data as described in Reference 1 to account for a more
realistic Crx. Because of this low value of Crx and the vari- ;
ation of Cy, with the angle of attack used for performance calcu-
lations in the B-B7 program, it appears to be suitable for the ;
analysis of mini-~RPV propellers, This is apparent when one (

compares the Cr, reduced from the model test data of Reid with
that of B-87, Based on the Cy, of the redluced propeller test
data for low Reynolds numbers and the available low Reynolds
number airfoil data, such as shown in Figure 17, it aggears
that no corrections are required for modifying the B-B87 alr- '
foil 1ift data for application to the design and analysis of }
RPV propellers, This is especially true as the main problem |
- with Reynolds numbers in the case of 1lift is that of Crx. )
Since the mini-RPV propellers are generally designed for the
condition for highest expected loading such as climb, the air- x
folls will be operating at lift coefficients well below their l
maximim, High efficiency will then be obtained at the peak ;
loading conditions. f

Riag. fxom Propeller Test Data ‘3

}
Two-dimensional drag coefficient duta was also found from the
propeller wake survey data of Reid, using Equationa (9) and !
(10)s the results of one model are given in Figure 18, The ;
drag data obtained from the propeller wake survey measurements 1
agres with the two-dimensional data of B-87 when the operating |
CE is well below the design value. At higher values of oper- |
ating Cr, near the design value, the data obtained from the |
wake survey data results in negative drag coefficients, Since
clearly negative values of drag are not real, the procedure for

reducing the propeller wake survey was examined to determine |
; the cause, '

ﬁ}i : A composite curve derived from the several models tested is

. shown in Figure 19. In examining the results of the reduction

b ; of the wake survey data,it is noted that the shape of the drag

K. . ' curve, Figure 18, as a function of C; appears to be reasonable.
: Based on the physical quantities useB in determining Cp, the

{ most likely scurces of error are the measurements of 4Cn/dx,

b dCr/dx, x and the calculation of @, Integrations of wake sur-

i vey thrust and torque data are in good agreement with the

1

force measurements and, therefore, are not conaidered the
cause of error. Analysis of the calculation of the wind angle
- s # indicated that the differences required to account for the
- : values of negative drag obtained could not exist and still
k- { achieve the accuracy observed in checking propeller-induced :
e, : efficiency. Therefore, the assumption that the measured '
s : values of x in the wake corresponded to x on the blade ap- i
: ‘ peared to be the source of error that caused the negative
i : drag coefficients.

{ } 1l Borst, et al.
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Based on the low Reynolds number test data it was observed that
when the airfoil is operating above the critical, the drag,
vhen the cperating Cp, is near the design Cp, of the airfoil,will
be equal to that at the high Reynolds number (Figure 18). Thus,
the drag coefficient in the rangeacf C; =.7 from the Reid wake
survey data should correspond closely to that in the B-87 pro-
gram, rather than be negative as ghown in Figure 18, It was
found that using the d0p and d4Cy valuas for wake station x=.71

would result in correct Cp calculation for blade stations x = ﬁ&ﬂ

.65, and wake station x = ,85 corresponded to blade station x= "

+82, etc., Furthermore, since finite values of thrust and tor- t

que were measured at wake station 1,05 it could be concluded Sl

that the errors resulting in negative drag coefficients were |

caused by tha,oxpgnaion of the slipstream, al:

Based on the above analysis the drag curve calculated from the Jﬁ

wake survey data should be shifted so that the data agrees A

with the B-87 data at a Cp, equal to the dmsign Cr. The curve 1

it shift corresponding to this change is shown in Figure 19, |

Tl After this adjustment, the change in Cp due to operating at the 2

. lowar Reynolds numbers can now be estimated. H
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EYNO CORREC

Since sufficient systematic low Reynolds number two-dimensional
airfoll data was not available for calculating the performance
of mini-RPV propellers, it is necessary to f£ind a Reynolds num-
ber correction for the B-87 airfoil data. In developing this
correction,the available low Reynolds number data from both
two-dimensional airfoil data and the propeller wake survey data
was used, The use of the propsller wake survey data for find-
ing the correction to the airfolil is an important advantage,

as the data then applies directly. :

It was necessary to £ind only a correction to the drag coeffi-
cient data for the Reynolds number, as the lift data already
used in the B-87 computer data appliea (as previously shown).
In determining the correction to the drag data of the B-87 for
the Reynolds number, it was necessary to assume that it would
apply to the data for all types of airfoil and would be inde-
pendent of Mach number, From the available data it appears
that the drag change will be constant over a range of operating
lift corresponding to the design lift coefficient plus 0.2,
Thus, the drag correction for the Reynolds number is a function
of the quantity

fg. = £ |Cii + «2 = Cpp (12)

where £4 = Cp low Reynolds nuwber/ Cp high Reynolds number

CLi = Design Cp
Cro = Operating Cy

The drag coefficient correction for the Reynolds number £g§ then
becomes a multiplying factor to the B-87 aeroil data and is a
function of design Cr, and Reynolds number. Basically, the
correction shown in Figure 20 is considered to apply at Rey-
nolds numbers above and below the critical. Although the lo-
cation of the critical Reynolds number is difficult to identify
for all the airfoils, the £4 variation shown does account for
opsration above the critical. The variation of £q with

|Cri + 0,2 = Cro] shown for the various Reynolds numbers in
iig:rgﬂgo, is based mainly on the reduction of the wake survey

es a.

Dycted Fans

When calculating the parformance of ducted propellers, proce-
dures have been developed to correct the flow field in the
duct so that two-dimensional airfoil data can be used to find
the forces on the rotor. The theory for finding the induced

49
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flow conditions at the rotor, and thus the induced efficiency,
is similar to that used for an open propeller. The only dif-
ferences are those made necessary by the application of the
duct. Eince two-dimensional airfoil data are used for the an-
alysis of ducted fans, the £g correction to the corrected B-87
data can be agglied for the analysis of ducted fans operating
at low Reynolds numbers,

CHECK OF THE REYNOLDS NUMBER fg CORRECTION

Using the Reynolds nunmber correction to the drag coefficient
shown in Figure 20, the low Reynolds number propeller test data
by Reid was analyzed. Comparison of the test efficiency with
that calculated with the modified B-87 strip analysis computer

program indicates that the drag correction has improved the
ageuracy of the calculated results, As shown in Figure 21,
the calculated efficiency agrees with the test values at low
Reynolds number within plus or minus 5%. This is nearly the
same accuracy as that achieved for full-scale propellers and
is believed to be within the accuracy of the basic test data,

RANGE OF OPERATION

With the new correction to drag, Figure 20, to account for Rey-
nolds number above and below the critical, the performance and
characteristics of propellers can now be determined over the
complete range of operation. This can he done using the strip
analysis procedures described in the B-87 computer program and
the equivalent hand cslculation described in Reference 1. The
methods and data now apply for the range of operation of the
original strip analysis program pluas Reynolds number down to
50,000. This includes all the operating range encountered by
mini-RFV propellers.

1

Borst, et al.
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SINGLE-POINT METHOD ;

For preliminary design studies the single-point method of de-
termining prog:ller performance has been developed, !  such
methods have been found to be useful as the performance can ke
quickly estimated using only charts and desk calculators for a
large variety of configurations, Bused on these peéerformance -
estimates, the most promising configurations can then be fur- ;
ther studied and optimized. The single-point method &pplies

; only for variable pitch constant speed propellers operating at
1 high Reynolds numbers. To be useful for the analysis of RPV

3 propellers the single.point method must be modified to apply
at low Reynolds numbers and for propellers with a fixed blade
angle.

e e

B L 1D

g THEORY

{ The theory of the single-point methcd is bused on the assump-
| tion that the operating conditions of the blade can be specl-

4 fied by those occurring at one blade station, Thus, if the !
: prop:ller is operating at a given blnde 1oading,the 1ift coef- :
g ficient at the .75 radius will deccribe the lift/drag ratio of :
d the blade. The blade lift/drag ratio depends on the camber

and blade angle distribution. Also,‘'at a given advance ratio

the profile performance of the prcpeller is a funciion of only

the operating lift coefficient. The lift/drag ratio for the

- , given camber level operating lift coefficient is thus indepen..

. 1 dent of the blade number and uctivity factor.

i ; In addition to the blade profile looses determined by the

i ! lift/drag ratio, thers are the induced drag losses which are

¢ f dependent. on the total loading, blade number and advance ratio.
y The induced losses are considered to be independent of the
1ift/drag ratio and are determined bzsed on the ansumption that
the blades are operating at the optimum load distribution.
Since the desired propeller will e one that develops peak per-
formance, this assumption is valid.

] The basic development of the single-point method and the nec-
' essary charts for its application are given in Reference ..
The charts can he used to calculate the performance of 2=, 3~

3 ‘ and 4-bladed propellers using blades with integrated desi
k. : ' lift coefficients of 0 to .5 and activity factors 50 to 2?%.
i . The charts for determining the lift/drag ratio of the blade
M apply in the Reynolds number range above 500,000. Since mini-
- ! RPV propellers operate at Reynolds numbers below the 500, 000

: and it 18 necessary to be able to find the blade angle for
each power input, the single-point method must be modified,

1 Borst, et al.




SINGLE-POINT METHOL FOR RPV PROPELLERS

The single-point method for calculating performance of RPV pro-
pellers is based on that given in Reference 1, modified to ac-
count for operation at low Reynolds numbers and fixed blade
angles typical of RPV propellers. In addition, the procedure
is set . up 30 that the change due to interference losses cf the
installation can be estimated. The basi¢ calculation procedure
for t:he single-point method is given in Table 1, with the
charts for finding the profile and induced losses given in Fig-
ures 22 through 28, The drag/lift ratio, representing the pro-
file loases, shown in Figures 22 through 28 are corrected for
the effects of Reynolds number using Figre 20, which was pre-
viously developed for the strip analysis calculations.

The zingle-point method of calculation f£or RPV propellers is
paged on the previously described concept that the performance
a* the three-guart.ers blade staticn will represent that of the
antire propeller. Thus, to calculate the performance, it is
necessary to £ind equivalent loading conditions for determining
the operating lift/drag ratio and the conditions that determine
the induced .inading and, therefore, the induced efficiency.
These quantities are basically a function of Cp and Jj, which
are calculated in steps 10 &nd 11 from the given input as in.
dicated in Table 1, Jy, is based on the average local velocity
due to body interference as determined in a later section of
this report. At this given advance ratio Jy, the operating
lift coefficient is a function of the loading parameter LOj3,
which determines the drag/lift angle for a blade with a given
integrated design Cr, ICr4 and Jr. Thus, LO) is calculated in
step 12 and the drag/lift angle Es found from Figures 22
through 24 knowing 1.0 and Jy,, step 13.

The drag/lift angle~ , given on Figures 22 through 24, applies i
only for propellers operating at Reynolds numbers above 500,000 ;
When the Reynolds number is below 500,000, ¥ must be corrected,
To determine if this correction is needed and its value, the
operating Reynolds number is found using the equation shown in ¥
step 14, Table 1, When the Reynolds number is less than
500,000, steps 15 through 22 are completed to find the true or
corrected value of ¥, Thig is done by finding the operating
Cr, at the ,75x blade station, which can be shown to be a func-
tion of a new loading parameter 102 defined by the egquation 13
and also etep 18

Lo, = 4000Cp sing 7s (13) |
B(AF)J2 :

1 Borst, et al.




This loading parameter is used, instead of 1.0}, as it normal-
izes the effect of the parameter J., From Equations (3) and (5)

dacp | 2, 18 r ,
..a.x.. = acblzi.‘l_ T2 .[J'—"'z-:-if;ﬁ’—?!] sin g(l+tanry tan #) (14)"

;S:I.nce v = bB/yrxD and AF = 1562(b/D) for recj:'a:ngular blades

: [Cp sing 0L sing
Cr,75 = ‘{mmai]: f'[“ 72 ] - ,“mz) | 1)

The variation of Cp @ »=,.,75 with 1Oz is shown on Figurt 25. In
determining LO2 for finding the opuratirng lift coefficlent, it
~ ‘is necessary to know the true wind angle §_75. This angle can
‘be determined knowing the apparent wind angle ”o 75 and the in-
duced efficiency. The induced efficilency 7 i is *a “function of
Cp, U1, and B, The induced efficiency is efficiency of the pro-
- peller when the profile drag is zero, y = 0, and is read from
- Pigures 26 through 28,

To £ind the cofrection for Reynolds number to the drag/lift
angle r, £3 is read from Figure 20 knowing the quantity

(Icpy + 042 = o)l = [(Cpy + 0.2 = Cpo) (16)

With the corrected value of ¥oopys Step 22, the true efficiency
can be calculated, step 23. Tge shaft efficiency is then

e | found, step 24, along with the operating blade angle, step 25.
- This is the value normally quoted as it is the quantity from
- which the thrust is calculated, knowing the free stream velociix

Since the foregoing calculation used the local velocity for de-
termining the true efficiency, the loss of efficiency due to
body interference is found by repeating steps ll through 24,
using Vo instead of V. This loss An is then

o an = "TWQ - "TWL (17)
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T

’I‘AELE l, SINGLE-POINT METHOD FOR
eps T ltem ' Examé e
l. Propeller shaft Horsepower HpP Input |4
2. Propeller RPM N Input 5000
3. Alr Density Ratio P/Po = @ Input | .81 .
4. Forward Velocity Vo Input |126,7 fps
5. Average Local Velocity Vi, Input |[124.1 fps
6. Propeller Diameter D Input 2.5 £t
7. Propeller Blade Number B Input 2
8. Blade Activity Factor ~ AF Input |81
9, Blade Integrated Design Cp, ICr4 Input |.493
X Pgoc;dgre
) ~
10, Cp = (g,OOOS}P)/Iv(m) (1'6') Calculate|,020
1l, ' J1,'= 6QVy/(ND) Caloulate|.596
12, 1Oy = 400 Cp/B(AF) Calculate|.049
13. y= tan~l p/L Read Figures 22-24| 20
14, RN = (vgr/b J4AF DYV + (,75¢ND/60)2 Caloulate|.307x 1
15, 74 knowing B, Cp & J Read Figures 26-28|,.95
16. o J76 = tan-l 0.42447 Calculate|1l4.2
17. #,75 = tan-l(tango/ny) Calculate |14,9
18. 1Oz = 4000 Cp sing, 75/B(AF)J2 Calculate |,355
19. Cpo = operating Cy Read Figure 25(,360
20, |icpy + 0.2 - G Calculate |.333
21, £d = (Cpgorr. for rN)/CD Read Figure 20(1,.30
22. rcor = fdr Calculate 2.60
ta
23, nqp = —-——Q-I—i-—nﬂ I Calculate |, 80
tan (g, 75+7)
24. ng = nq Vo/V; (See Egs. 18 & 19) Calculate|,82
25, B 75 = 10Cpo- 6.341Cy; + B 75 Calculate [15,4°
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The selection of the best airfoll type for application to RPV
propallers is hampered by the lack of low Reynolds number test
data, The only available two-dimensional airfoil data for the
normal operating Reynolds number of RPV propellers is that
given in References 6 through 14, With the exception of one
test these data do not cover the modern airfoils of NASA and
cthers, Further, much of these data are considered to be un-
reliable due to testing in wind tunnels with a high turbulence
factor. For thése reasons the selection of the best airfoil
type must beé made based on their operating characteristics at
Reynolds numbers above the critical.

In addition to the more conventional NACA alrfoils, the 16 and
65 series sections and the older propeller airfoll types includ-
-ing the RAF 6, Clark Y and the double cambered Clark ¥, there
are new'computer-generated airfolils thut have been devaloped
by NASA and others. Considerable dnaiqn and test woi on-ﬁheuo
airfoils has been done by Whitcomb 23, 24, Wartmann

& Jacobs and Shermaf.
7 Relf, Jores and Bell.
8 Jones and williams.
9 rnenicka.

10 Althaus,

11 Schmite,

12 pesiauriers.

13 Lippisch.

14 Lippisch.

23 Whitcomb, R.T. & Clark, L.R., AN AIRFOIL SHAPE FOR EFFICIENT

FLIGHT AT SUPERCRITICAL MACH NOS., NASA TM X-1109, 1965.

24 Whitcomb, R.T., REVIEW OF NASA SUPERCRITICAL AIRFOILS, ICAS
Paper No. 74-10, Haifa, Israel, August 1974.

25 Wortmann, F.X., A CRITICAL REVIEW OF THE PHYSICAL ASPECTS

OF AIRFOIL DESIGN AT LOW MACH NUMBERS, Institut £{ir Aero-

dynamik u. Gasdynamik, der Universitat Stuttgart, Published

at the MIT Symposium "Technology & Science of Motorless

Flight", Boaton 1972,

64

I N N N L L e AN
LA s RISt o amialn

ot et e S o ik b st 2

[ T P T e
fom il wind el Rl I




e A R

Boceci, 26 The Boccd airfoil designs were developed especially

for propellers. The test data of all the new airfoil types has
indicated that improved performance can be obtained in terms of
lift/drag ratio and maximum lift. The new airfoils also have

batter structural characteristics than the older types, due to

increased thickness ratio and nuch higher lead and trailing -

edge radii.

With RPV propellers the profile drag loss encountered is a
higher giaportion of the total than with conventional propel-
lers. is is caused by the higher drag encountered at low
Reynolds numbers. Thus, gains in efficiency can be expected
for RPV propellers only if the performance advantages of the
new airfoil sections extend to the lower Reynolds numbers.
Due to the lack of this type of data, a quantitative evalua-
tion of these gains is not possible.

An important advantage of the new airfoil sections as applied
to grcpollorl is the improved structural characteristics due
to increased thickness ratios and greater leading-edge radii.
These advantages are especially important when operating in a
hostile environment and are considered to be a sufficient rea-
son for their selection.

The twp-dimnna%gnal airfolil data for the new NASA GAW series
and the Bocoi airfolls is very limited so that the effects
of changes in camber, Mach number and Reyholds number needed
for the design of an optimum propeller cannot be determined,
For this reason, it was necessary to design the optimum propel-
lers using the atandard propeller airfoil data and the correc-
tion for Reynolds number developad and presented in Figure 20.
The propeller designs developed for such analysis can be ex-
pected to have the efficiency level determined from the calcu-
lation. The technical risk is low as the methods and data
‘have been checked againast many tests of propellers. For these
reasons, the propellers for the RPV were designed using NACA 65
series section data.

Although there is a lack of both two-dimensional and propeller
test data for the new airfoil sections, the structural and
possible performance advantages warrant their application to
RPV propeller blades. To do this, airfoils must be designed
and tested in the range of thickness ratios from 21% to approx-
imately €%. With such data a blade can be designed to be com-
petitive with those with conventional airfoil sections.

265004, A.J., A NEW SERIES OF AIRFOIL SECTIONS SUITABLE FOR

AIRCRAFT PROPELLERS, JAeronautical Quarterly, Feb. 1977,
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The procedures for the design and analysis of small propellers
for RPV's have been used to determine six optimum configura-
tions and their performance, Three optimum propeller config-
urations were developed for the optimized RPV configuration,
referred to as the advanced RPV, and three for the Model B
Aquila RpV, g

. o

The following oporatinqiconditiona and engine characteristics
fgrathn advanced RPV were provided for the optimum propeller
studys

POWER CLIMB TRUE AIR~
MoDE CONDITION  SEYTING ~RATE SPEED, KIS
Launch 4000 ££/95°F Maximum 610 £pm needed 60
Recovery " Maximum 200 to 610 fpm 60
Cruise " 11l shp o] 75 min
Dash | " Maxirmum 0 100 min

Alrcraft Gross Weight = 220 lby Maximum Propeller Diameter =
30 in.

At the minimum cruise speed of 75 knots, operation at peak ef-
ficiency will result in minimum power and maximum endurance.,
When operating at peak power and efficiency, the cruise speed
will be a maximum,

Rlectrical Load

The Aquila data also indicated a required electrical power for
operation of 0.55 hp in launch, landing and dash, and 0.85 hp
in cruisa, The advanced RPV specifications did not give this
information; however, it was assumed that there would be an
alectrical load requirement, so the same values were used for
the advanced RPV,

The drag characteristics in terms of thrust horsepower (TV/550)
and the engine power as a function of rotational apeed used
for the analysis of the advanced RPV are given in Figures 29
and 30, Although not furnished, the engine power to the pro-
peller was reduced to account for the electrical load as in
the case of the Aquila, This resulted in the power to the
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propeller. being

,hp'P’-'op ‘= hp fig 30 ~+55 (launch, dash, landing)

The following operating conditions were provided for the
Aquila RPV, ‘

o oewna S SR DR
Launch 4000 ££/95°F Maximam 667 £pm 60
Cruise " 75 req'd
Dash " Maxirum peak'
Landing " " Maximum 60

Alrcraft Gross Weight = 134 1ba
Maximum Propeller Diameter = 21 in,

The power characteristics for the engine installed in the
Aquila are given in Figure 31, The electrical loads used for
the design conditions are

hp prop = hp £ig 31~ +55 (leunch, dash, landing)
hp prop = hp £ig 31~ «85 (cruise)

The Aquila aircraft drag characteristics are given in Figure
32. These were derived from drag polars,

REY_PFOPELLER DESIGN CONSIDERATIONS

When considering propellers for mini-RPV, the characteristics
of the fixed pitch propeller as installed on a two-cycls engine
are of primary importance. Further, at each of the design con-
ditions the propeller size requirements are different. Gen-
erally, large wg:opllora are needed for the launch and landing
conditions, reas at cruise and dash smaller progollors will
have superior performance. Unlike a variable pitc propeller,
the fixed propeller will changs rpm with changes in powsr and
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forward speed, At a fixed-speed condition, the rotational
speed will increase until the power absorbed by the propeller
equals that of the engine, If the thrust produced equals that
required by the airplane at this speed, the aircraft has
reached equilibrium, If the engine RPM is maximum the air-
craft has reached maximum speed, With a decrease of speed
due to an increase in alrcraft drag or rate of climb, the pro-
peller is capable of absorbing increased power, When full
throttle is reached, the engine becomes over-loaded and the
rpm decreases,

Based on the above it is seen that if a fixed pitch propeller
is designed to provide excess thrust for climb at a low-speed
condition at full engine power, a speed increase of the air
craft will result in an increase of propeller rpm until the
engine power limit is achieved. With the fixed requirement of
a climb rate of 610 fpm at the 60-knot launch, the performance
criteria for the selection of the best propeller will be the
power, the rpm characteristics at the cther flight conditions,
and the efficiency. The operating rpm at full throttle de-
termines the powar level of the engine, so it 1ls of importance,
as well as the efficlency in the selection of RPV propellers,

R V_PRO R

The performance of geveral propellers was determined for the
advanced RPV for the specified design conditions. The pro-
pellers were analyzed based on wind tunnel data, Using these
data, the four basic designs were analyzed for the launch con-
dition using 2- and 2,5~foot-diumeter propellers operating at
a series of rotational speeds and full power for the specified
engine, Figure 30, For each propeller analyzed, the fixed
blade angle for all flight conditions is established by the
rpm at full power needed to meet the specified 610 fpm rate of
climb at the launch condition. The results of the analysis
for all eight propellers operating at the specified flight
condition are given in Table 2.

The most important design conditions for the Aquila are launch
and landing at a speed of 60 knots. Although the dash speed
required is to be a peak, the differences in performance pos-
sible at this condition are relatively unimportant, so the de-
sign emphasis has been placed on the launch and landing condi-
tions. Using the above test data, the performance of two dif-
ferent fixed pitch two-bladed propellers of 1,625 feet in
diameter was determined for the Aquila operating conditions.
The operating blade angle was. established based on full power
at 8000 rpm at launch velocity. At this fixed blade angle,
the performance at the cruise and dash conditions was found
based on the test data, For the cruise condition, an rpm
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of 7000 was assumed; this established the speed where the power
available equals power raequired. An rpm of 8000 was assumed
for the dash condition, The effects of a diameter increase to
1.75 feet were also determined. These results are given in
Table 3 along with the estimated performance of the existing
Aquila propeller,

Inproved performance was obtained for all three propellers
over that of the existing Aquila propeller, The advantage of
increasad diameter on performance at all the operating condi-
tions is also noted. From these results, each of the three
propellers was optimized for the launch and landing conditions.

OPT ROPELLER DESI UDY -~= ADVANCED RPV

Based on the results of the preliminary design studies three
propellers for the advanced RPV were chosen for detailed blade
optimization studies:

l, Two-blade, 81 AF, 2,5 ft diameter -- selected for
best performance at launch and recovery.

2. . Two=blade, 79 AP, 2 ft dlameter -~ best configuration
at 11 horsepower cruise condition,

3, Two=blade, 79 AF, 2.5 £t diameter -~ best maximum
. dliameter propeller for crulee and dash,

Two-bladed propellers were selected in preference to three- or
four-bladed configurations because of the low solidity require-
ment needed for operating at the lift coefficients for high
1ift/drag ratios. With three- or four-bladed propellers the
solidity required would result in blades with activity factors
in the range of 50 or less, which results in impractical blades,

The propellers studied were analyzed based on the assumption of
the velocity in the disk being equal to the free-stream velocity.
This was necessary as the vehicle design was not known. , If the
body of the vehicle 1s large relative to the propeller diameter,
a velocity reduction ocould be encountered which could cause a
loss of efficiency. This loss due to body interference can be
determined as discussed on page 107, The three propellers
chosen were optimized for the flight condition for which the{
were gelected, in terms of bl 'de angle and design lift coeffi-
cient for the specified blade number and diameter. The optimi-
zation procedure used is based on the theory of Calculus of
Variations to find the distribution of the camber and blade
angle for peak efficiency. In this study the profile and in-
duced losses are minimized.

The blade characteristicas of the optimized propellers for the
advanced RPV are given in Tables 4 through 6. An efficilency
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TABLE &. BLADE DESIGN CHARACTERISTICS

Advanced RPV: Propeller 2B8l-2.5 ' No. of Blades 2
Propeller Optimized at 60 knot Launch & Recovery Conditions
Integrated Design. Lift Coefficient ,493

Activity Factor . 8l.1

Airfoil Section NACA 65-XXX

% Cry n/b /D B
. 200 040 . 300 0719 34.1
.300 0.0 . 210 0789  30.4
+400 . 0.60 .180 .0825 26.6
500 0.65 .15¢  .0829 23,0
.600 0.65 . .130 .0787 20.3
-J% | A.7°° 0.69 .110 .0709 . 18,1
@{ .800 0.59 .098 .0595 16.3
b .900 0.50 .089 .0448 14.5
ﬁ” 950 0.43 . 085 .0365 13.9
. 975 . V.37 .084 .0320 13.5

e Notes h
\ X
Cri

Tpickness
r/R

Section Design Cj,
Chord

Diameter

Blade Angle
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TABLE 5. BLADE DESIGN CHARACTERISTICS

i e

Advanced RPV Propeller 2B79-2 No. of Blades 2
Propeller optimized at the 11 hy Cruise Condition

, Integrated Désign Lift COQ££1c10nt +405

. | Activity Factor o 78.8

Alrfoil SQction NACA 65=-XXX

X Cri h/b b/D B
.200 0.0 .300 .069 " 52.0
.300 0.350 .210 . 069 40.0
.400 0.575 .180 . 069 35.5
+500 0.600 .154 . 069 3.8
.600 0.580 .130 .068 28.0
.700 0.550 .110 .065 24.5

b | .800 0.500 .098 .058 21.5 ]
| | .900 0.390 .089 .047 19.0 |
| { ,950 0.300 .085 ,043 18.0 :
4 i .975 0.100 .084 .040 15.4 ;
b | N
| | i
1 § Noter h = Tpickness 3
,; | i X = r/R ]
! b C4 = Section Design Cj, §
_W% f b = Chord 3
| - D = Diameter :
- | 8 = Blade Angle |
2 1 i
b B
7‘ ! |
,-] i i \
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TABLE 6!.; BLADE DESIGN CHARACTERISTICS
Advanceéd RPV eller 2B79-2.5 0. of Blades 2
Propeller: Optimizo at Cruise and Dash Conditions
‘| Integrated Design Lift Coefficient 247
| Activity Factor ~ 78.8
Alrfoil Section NACA ssnxxx
b 4 cL}I. h/h b/D 8
« 200 070' «300 . 069 39,0
300 0.0 .210 +069 38.0
+ 400 +50 «180 . 069 34,2
+500 45 154 . 069 28.3
.600 .40 .130 .068. 28'.9
+ 700 «35 +110 «065 20.9
. 800 «30 098 . 058 17.7
; 900 «25 «089 047 18.4
l <950 «10 .085 .043 14.3
E 0975 o'o 0084 0040 13.6
|
| Notes h = Thickness
| X = »/R
] Cti = Section Design Cy,
: b = Chord
f D = Diameter
| B = Blade Angle
]




map was prepared for each of these propellers using the re-
vised B-87 strip analysis computer program that applies at low i
Reynolds numbers, From these maps, Figures 33 through 35, the
efficiency can be found at any operating condition of a fixed
or variable blade angle propeller. Thus, esach fixed pitch
propaller nould be analyzed at the other design conditions of
the advanced RPV, and the effects of the use of variable pitch
and two-position propellera could be determined.

ADVANCED RPV

For the important operating conditions of the advanced RPV the
performance of the optimum propeller designed for the launch
condition was determined and is given in Table 7, This 2.5-
foot-diamater propeller using two 8l-activity factor blades
maets the launch requirements with an efficlency of 68% when
operating at a blade angle of 16° and an rpm of 5800. The
same level of performance is obtained at the landing condition,
when operating at the fixed blade angle of 1.6° the efficiency
at cruise and dash is 82%. Due to the increased speed and
fixed blade angle, the rotatiocnal speed will increase to 7250
rpm at cruise and 8200 at dash, This is a typical operation g
for a fixed-pitch propeller and illustrates the need for de- l
gigning the propeller to operate at low rotational speeds at !
the launch condition if a high cruise or dash speed is re- :
qgired. This requirement will not be encountered using vari=-

able pitch propellers.

s RS

R

e e e

T TSI

The performance of the propeller optimized for the 1l hp cruise
condition of the advanced RPV is given in Table 8, This op~-
timum 2.5-foot-dlameter fixed-blade angle propeller, using
two 79-activity factor blades, has an efficiency at cruise

and dash of 83%., The rpm for the cruise and dash conditions
are 7200 and 8000, respectively. The efficiency of the op-
timum propeller at launch and landing is 65%.

e tiim e 5

A thrust horsepower of 4 is required at the 75-knct, 4000-Eoot
950F cruise condition of the advanced RPV., At this condition
the efficiency of the propellers dasigned for the launch is
8l.5%. The efficiency of the propeller designed for the high
speed cruise condition is also 81,5% at the 75 knot cruise
condition. Since these propellers have about the same sollidity 4
it .appears that the level of design Cp, is nearly correct for !
1 peak efficiency. However, if the low-speed cruise condition
A becomes important, a 2.5 foot-diameter propeller should be

: designed for optimum performance to determine the posasible

A improvement.
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For best performance in dash, the initial analysis indicated
that a diameter of 2,5 feet was too large. A 2-foot-dlameter i
propeller was, therefore, optimized for the dash condition.

Its performance is given for the range of conditions in Table

9. Wwith this propeller an efficiency gain of only 2 to 3%

wag obtained for the dash and cruise; howsver, this optimum

propeller design for dash did not meet the required climb rate
performance at launch,

From the study of the three fixed pitch propeller designs it
appears that the launch rate of climb performance establishes
the design configuration. Further, for propellers of equal
diawmeter the performance advantage is small, whether the desigm
is optimized for cruise or launch., By selacting the lowest
value of camber consistent with high lift/drag ratios, the
p:rfoimagce differences between the launch and cruise are
ninimized.

The performance of the optimized propellers for launch and 5
crulse is near the peak that could he expected for the stated ’
b | load condition of diameter and rpm. At the cruise and dash

b conditions high noise levels can be' expected, due to the tip

L speed exceeding 900 feet per second at these conditions when

using the fixed pitch propellers. To reduce the noise level,

the propeller tip speeds must be reduced. This can Le accom-

| plished using variable pitch propellers of the constant speed

type or the two~position blade angla type. Other steps that

i can be taken to reduce noise are: (1) reduce the forward

| speed at cruise and dash, (2) reduce the climb requirement at

T launch and landing, (3) consider the use of gear reductions

(. ‘ between the engine and propeller, and (4) select engines de-

- , veloping the required power at lower rotational speeds. 1In

T all cases the propeller size required will be increased.

As noted in Tables 7 and 8, two-position or variable pitch

! propellers will improve performance at the dash and cruise con-

B ditions while maintaining the required performance at launch,

- . Consider the propeller designed for launch: at this condition

- the required climb rate is obtained with a 16° blade angle,

- while the best cruise and dash performance is obtained with a }

. 20© blade angle at a reduced rotational speed compared to E

5 cruise cbtained with a 16° blade angle. By dropping down to ' ;

i 5400 rpm, even greater improvements in noise can be achieved ;
: with no loss in performance., Therefore, it appears that in

the case of the advanced RPV the greatest advantage of either

the two-position propeller or the variable pitch controllable

s type would be the possibility of reduced rpm and, thus, re-

g duced noise at the cruise and dash conditions., Performance in

this case would be of secondary importance,
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Advanced RPV Propeller - Supercritical Sections

The best fixed pitch propeller for the advanced RPV is con-
sidered to be the two-bladed 2.5~fooct-diameter configuration.
The blades of this propeller, designated 28B8l1-2.5, have an 8]
activity factor with an integrated design Cr, of 0.493 when
using NACA 65 series airfoils, The design Cp, and blade angle
disgiiiutions of this blade were optimized for the launch
condition.

As indicated in the Airfoil Selection Section, the new super-
critical airfoils are recommended for RPV propellers because
of potential performance improvements and structural advan-
tages, Because of the lack of airfoil duta, especially at the
lower Reynolds numbers, it is not possible te determine the
optimized characteristics of a blade using these new airfoils,
A blade with the new NASA supercritical airfoil can, however,
ba derived from the optimum 2B81-2.5 blade by maintaining the
same load distribution and operating Cp, to deaign Cp relation-
ship. The characteristics of such a blade are presented in
Figure 36 in comparison with the 2B81-2.5 blade,

aller £ ce

'The optimized propellers for the advanced RPV diascussed above

were designed as free propellers, as the ducts used were con-
sidered to have a large tip clearance for protection of the
propeller and crew. To determine the possible advantages of
true ducted propellers, studies were made for the advanced RPV
design conditions. A ducted fan with £ive blades and stator
vanes designed for low-speed operation was used. The ducted
fan was considered to be fixed pitch and operated at the same
rotational speed as that of the engine. To reduce tip speed,
the duated fan was sized for the lowest possible diameter con-
sistent with meeting the rate of climb requirement at launch.
The results of this analysis are given in Table 10.

The 20-inch-diameter ducted fan develops the thrust necesaary
at an rpm of 5400 to achieve the required 610 fpm rate of
climb at launch., This results in a tip speed of 470 ft/sec
ve 785 ft/sec for the open propeller, At the cruise and dash
conditions, even larger reductions of tip speud are obtained
with the ducted fan in comparison with the open propeller,
For ingtance at cruise, a tip speed of 400 ft/sec in compari-
son with 942 ft/sec for the open propeller should result in an
important reduction of noise, Based on this analysis it ap-
pears that a true ducted fan or propeller should be further
considered for the advanced RPV., To achieve the desired per-
formance, the tip clearance must be reduced to the lowest
practical level and the entrance to the duct must be clean.
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Q. ROPE UDY ~= AQUILA

From the preliminary design study of the Aquila, three differ-
ent configurations were selected to be optimized., Two 19.5-
inch-diameter, two-bladed propellers with different solidities
were analyzeti for the launch and landing condition at the maxi-
mum power, rpm, of the engine. The procedure used for the
optimization study is the same as that used for the advanced
RPV., To determine the effects of changing diameter, a two-
bladed 2l~inch-~diameter propeller was also optimized at the
launch condition. The blade characteristics for these opti-
mized propellers are given in Tables 11 through 13,

With the B-87 computer program, the performance of the three
optimized propellers was determined for & wide range of oper-
ating conditions. From the results of these calculations,
efficiency maps were prepared and are presented in Figqures

37 through 39, The performance of fixed pitch, constant
speed, two-position propellers can be determined using these
maps for a wide range of operating conditions.

ROP ERFO CE_RESUITS ~- AQUILA

The calculated performance for the above three optimized RPV
propellers operating at the given design conditicns of the
Aquila RPV are given in Tables 14 through 16, Due to the
large clearance between the blade tip and the duct wall for
the Aquila, it was assumed that the propeller performance
would be the same as that obtained with a free propeller,
Since the duct in this case will not be effective, its drag
should be charged to the airframe,

As shown in Tables 14 and 16, propeller performance is im-
proved at the launch and landing conditions using the blades
with higher design lift coefficients, This improvement would
be expected, due to the improved lift/drag ratio and maximum
lift coefficients obtained with the high cambered airfoil
sections. At the cruise and dash conditions the lower design
Cr blades are better,as the loading is reduced, which gives a
better match between the operating and design lift coeffidents.
A comparison of the performance of the two-bladed 1,625-font -
diameter propellers with that of the two-bladed 1,75-foot-
diameter propeller given in Table 15 shows that the higher
diameter propeller has improved performance at all flight
conditions, This improved performance would be expected due
to the reduction of the induced losses as a result of the in-
creased diameter,

T R L Y




e | e
- .

’ ‘TABLE 11 [ ]

BLADE DESIGN CHARACTERISTICS

Aquila

Propeller 2B130-1.625

Integrated Deaign Lift Coefficient
Activity Factor

Airfoil Section NACA 65-XX

No. of Blades 2

.621
129.7

Cri

h/b

b/D

« 200
.300
<400
»500
»600
+700
+800
.900
+950
<975

0.0
«30
«65
«70
70
«70
+70
«70
.70
+50

«300
«210
.180
«154
«130
«110
.098
. 089
.085
.084

115
+126
.132
»133
+126
«113
. 095
072
.058
.051

40.0
39,1
37.0
31.5
25,0
21,2
19.0
16,5
15.2
14.5

Note:

Q
'DUU'F x>
"=

= Thickneas
= r/R

= Chord

= Diameter
=

Section Design Cy

Blade Angle

N i;.‘,-;:u;;;r,n.::uuv;i-nu;’.r;',;.',iuk e
— J Y

e ————————————————— e i

s I Tl i

85

ot v et g ms e ommrmemeeerematmems
o S e e

R AR RIS Wl




L

| TABLE 12.  BLADE DESIGN CHARACTERISTICS o
: i N . . -,:Jz'
E Aquila Propeller 2B127-1.75 No. of Blades 2 ; i%,
? Integrated Design Lift Coefficient . ,444 - | ; iK;
' Activity Factor | 127.3 - _ .
! | Airfoil Section NACA 65-XXX o L
i

R

*ﬂ

«200 .700 «230 .100 55.0 o

.300 .700 .165 .100  42.0 i

R

400 .700 134 «100 . 32.0 ﬁ

R

Aok

.500 .700 .105 .100 26.0 S
.600 .680 .080 .09 . 2.5 |
.700 610 . .061 .098 18.5 R
.800 .525 .049 .095 16.0 | I8
, .900 .400 <042 .086 14.0
! f . .950 . 280 .036 .074 12.6 N
- ? .975 . 200 .030 .062 12.0 .

Thickness b
r/R

Section Design Cp ' ;
Chord 3
Diameter . ;
Blade Angle 9

‘ | Netes

= ‘35;‘:“:% iz
nys
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Q

L RN j
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TABLE 13. BLADE DESIGN CHARACTERISTICS

i Aquila Propeller  2B137-1.625 No. of Blades 2

Integrated Design Lift Coefficient .488 !
Activity Factor 137.1 ‘

‘Airfoil Section NACA 65.-XXX

% ey /b b/D 8 }
w2000 | W70 .25 .139 54.0 |
+300 70 aTs 1134 45.0 |

| 400 . .70 .140 128 36.5 |
o 500 [ .70 .105 121 30.0
| 600 | 0 . .os0 \113 26,0
.700 .67 .060 .105 22,5
.800 .60 . .049 .096 19.5 .
+900 .46 .037 .0850 16.5 ‘ }
.950 .32 .032 .0820 15.0 |

5 St B gienove eEociaihael icn e D
R e I R R o L L e D e ey

ey

=i

ssiiis

e i

975 «20 .030 .0810 14.5

B : Notes h = Thickness
- : x = r/R
.ﬁ; Cri = Section Design Cp,
i 1 b = Chord
. {- D = Diameter
'ﬁ, B = Blade Angle
r
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i
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1 PROPELLER 2BI30-/626 7, s0 % &

1 2 BLADES & 8l
3 ' , CAF = 1297 . g
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~
1]

- 08

™

1;;- Figure 37, Performance Efficiency Map, Propeller Optimized
for Launch - Advanced Aquila Propeller 2B130-1,625,
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Figure 39, Performance Efficiency Map, Propeller Optimized
for Launch - Advanced Aquila Propeller 2B137-1.625, 4
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PROPELLER WING BODY INTERFERENCE

The interference losses between propellers and bod&es igulud-
ing wings have been studied by many investigators,<’ ™

Much of the work done was in the early duys of aircraft devel-~
opment. Although considerable testing was done, the data is
not suitable for predicting the interference corrections by
empirical procedures., Examples of typical test results from
Reference 29 are given inFigure 40, These results are mis-
leading as they include all the changes due to the propeller
body interaction, including the increase of drag due to a
velociti increase. The best approach for considering the
changs in pgrformance of propellers is that of Glauert <28 angd
Theodorsen ,

B NCE OF N [®)

The interference of a body and wing on the performance and
design of & propeller depends on whether the propeller is a
tractor or pusher and the relative sizes of each., For in-
stance, 1f a large propeller is coperating in the tractor posi-
tion on a small body,the interference effects will be very
small or zero. However, i1f a pusher propeller is installed
behind a large body, such as a lighter-than-air vehiclas, the
interference effects can be very large "152 apparent lavels of
efficiency exceeding 100% being achieved, The level of

2 Theodorsen,
27

28

Weick, F.E., AIRCRAFT PROPELLER DESIGN, McGraw-~Hill, 1930.

Glauert, H., AIRPLANE PROPELLERS VOL. 4 DIV. L OF AERO-
DYNAMIC THEORY, Durand Editor, Dover, New York.

49 Von,Dr. G. Cordes, Dessau, DIE LUFTSCHRAUBE BEI GESTORTEM
ZUSTROM, Abgeschlossen am 10 January 1938,

30 Wood, D. H., TESTS OF NACELLE~PROPELLER COMBINATIONS IN
VARIOUS POSITIONS WITH REFERENCE TO WINGS II — THICK WING
-~ VARIOUS RADIAL-ENGINE COWLINGS - TRACTOR PROPELLER, NACA
TR 436, 1932,

L 31 gtickle, G.W., Crigler, J.L., & Naiman, EFFECT OF BODY NOSE

1 SHAPE ON THE PROPULSIVE EFFICIENCY OF A PROPELLER, NACA
g TR 725.

2 32 McLemore, H. Clyde, WIND-TUNNEL TESTS OF A 1/20-SCALE

| ATIRSHIP MODEL WITH STERN PROPELLERS, NASA TN D-1026.

108

" s Ll y T w ) ot ""“‘ AN ¥ et h qer Didfeqancd et Ll T b 3 AL s e A e s g L BOAEL e
bR S A N A i i il A L i il o s S o b



M= 59 65 67%

Propellers in Pusher Position

-3
L}

66,62,61%

e b A e e e e e S e i e A

y

1= .65, 63%

' Bropellers in Tractor Position

Figure 40, Effect of rropeller Location on Efficiency.
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interference of a wing and body on the performance also depends
on whether the losses are charged to the airplane drag or to
the propeller thrust, Thus, if the increase of velocity due to
the propellier wake results in a drag increase on the body this

. could be charged to the propeller thrust or the aircraft drag.

! The following definitions of terms are used und have been found

i to avoid confusion in considering the installed propeller

’ performances

Ts Propeller shaft thrust, tractor or pusher

i " Ty = Tg ~AD (Net Thrust)
' AD = Change in aircraft drag due to propeller
Tg V
Propeller shaft efficiency = 7, = .S Yo 18
P ¥ s % 550w (a8
Vo = The free-stream velocity, £t/sec ]
: HP = The net shaft horsepower to the propeller i
Ta V E
| True propeller efficiency = 1, = 5-% (19) |
!

Vi, = The integrated average velocity in the plane
of the propeller

| Propulsion Efficiency = 7p = Egéz%; (20)

| The propeller shaft thrust is often the value measured and is
f actually the force on the shaft due to the development of the
& propeller thrust operating in this local environment. It is
§5 the actual thrust produced by the propeller and is calculated
1. by strip analysis using the actual local velocity at each
- blade section as influenced by the body and wing. If there is
1 ' a large gradient of velocity between the leading and trailing
. edges of the propeller, a pressure change will exist causing
B a buoyancy force to be developed. This must be added to thrust
b calculated by strip analysis to find the shaft thrust.

. The shaft efficiency, Equation 18, is the value usually quoted
- for propeller performance. This definition is used as the

- shaft thrust is easily determined fromn g knowing the power

- input and the free stream velocity. The shaft thrust is the

i quantity used to find the performance of the airplane,

o 1f the interference of the body causes a large reduction in

- the axial velocity in the plane of the propeller, the shaft
- efficiency will be higher than the true efficiency. It is not
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uncommon to have shaft efficlencies over 100% for both tractor ]
and pusher propellers operating in conjunction with large ;
bodies. These high apparent values of shaft efficiency are obh-
tained due to the velocity decrease which results in an in-
crease of propeller thrust. The true propeller efficiency
equation is never over 100%,as it is found based on the inte-
grated average velocity. This efficiency is equal to the

shaft efficiency when the blockage is gero.

The change in efficiency due to the blockage of a body can
best be illustrated by an example. Consider a propeller oper-
ating at a T of .6 based on the free-stream velocity. The
gowar'coefficient of this propeller is equal to .l and the

ody blocks the flow so that the average velocity in the plane
of the propeller is 0.5. From an efficiency map the perform-
ance of the propeller would be - i,

il ¢ Jp.  Sr. s
.5 .1 .66  .132 79.2
.6 .1 .74 .1233  T4.0

In the above case %5 is based on the free stream J of 0.6.
Thus, a S-point increase in shaft efficiency is cbtained due
to the body blockage even though the true efficiency actually
| goes down by 8 percentage points. ~ ~

s Rt R e B AR R e s SRt Z it T

A

The preopulsion efficiency and net propeller thrust are deter-
mined from the increase in drag due to the Eropollcr~inter- ;
; ference on the airplane, The drag of the airplane is in- ' !
i creased by the propeller due to the increase in slipstream |
' velocity and thus skin friction, due to changes in pressure i
: : drag and due to separation from the rotation of the wake. A

E : wing operating in the propeller wake can actually remove some

L. of the losses due to slipstream rotation and result in an

B efficiency increase.

S S

R B o T

e . ERENCE VELOC ~=_TRACTO OSITION

i Body

. The interference velocity ratic due only to the presence of

k! the body relative to the propeller i1s defined as the ratio of
- : the actual velocity Vi to the free-stream velocity Vo. The

L axial velocity induced by the propeller u adds to Vi, but is

3 not considered toc be part of the interference velocity. The
ratio of Vi/V, is needed to calculate the forces at each blade
station by strip analysis. If the body is large and complex,
measurements of Vi, should be made for best results. With nor-

mal types of streamline bodies, Vi can be estimated by poten-
tial flow theory with good accuracy.
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Using the potential flow theory,33 a computer program was set
| vp and Vv was determined as a function of radial distance

i at two axial propeller locations for a series of prolate

; spheroids, The length<to-diameter ratio of the bodies covered
[ was 3, 5, 6 and 10, The results of the calculations are pre-
{ sénted in Figures 41 and 42 in terms of Vy/Vo as a function of
} x/Rp. This ratio can be converted to the r/R, value, needed

| : for strip analysis calculations, with the equation

r/Rp = r/Rp . Rb/np (21)

X From the data given in Pigures 41 and 42 the velocity ratio

g due to the body can be estimated by determining the prolate
apheroid that is the nearest in shape to the body or fuselage
being considered.

Wing

The wing interference velocity on a propeller operating in the
tractor position is generally small, especially for a single -
Co engine airplane, If the propeller ils mounted on the wing, the
! upwash velocity can change the angle of flow into the propel-
. léer and this can be important in determining the alternating
stress on the blade, As the blockage of the wing is small,
due to the low relative thickness to propeller diameter ratio,
the change of efficiency is small and 18 neglected.

. Bi e to e e

The wake of a propeller operating in the tractor position
cauges an increase in drag on the fuselage due to the axial
velocity increase compared with free stream. This increase
in drag is the result of the increase in dynamic pressure;
the drag coefficient change is usually not significant. The
rotational component of velocity in the wake of a propeller k:
can also change the fuselage drag by causing separation at '
the wing juncture arasimilar component., This drag increase
can easily be reduced by a change of the blade load distribu-
tion. The drag due to the wake on a fuselage is generally
neglected as it is small.

A wing operating in the wake of a propeller will often im- ;
prove the overall efficiency due to the recovery of the rota- ﬁ
tional losses in the propeller slipstream. Increasesin effi- ' 4
ciency as high as 1 to 2 have been measured in a wind tun-
nel., 8Since this gain tends to offset the losses due to the
b increased q in the wake, it is usually neglected in calcu-

. lating propeller performance.

p 33 purand, AERODYNAMIC THEORY, Vol 1, Dover, N.Y., pp 277-265.
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INTERFERENCE VELOCITY ~- PUSHER POSITION
Body

When a propeller is mounted behind a large body such as an
airship hull, large changes in efficiency are obtained. For
instance,in Reference 32 the shaft efficiency measured was
123%. This high value of efficiency is caused by the propal-
ler operating in the reduced velocity field of the large body.
At the lower local velocity the thrusteto-power ratio of the
propeller increases, 80 when this is multiplied by the higher
frea-stream velocity the efficiency can exceed 100%. The true
efficiency is of ~ourse less than 100% when the actual velocity
in the plane of the propeller is used.

When finding the local axial velocity in the propeller plane
(V) for the pusher case, the effect of separaticn on the

bd%y and the relieving action of the propeller should be con-
sidered. For instance, with the body alone the flow will
tend to separate sooner than in the case where the propeller
is acting as a sink and is reducing the adverse pressure gra-
dient on the body. This trend has been cbserved in the wind
tunnel tests of pusher propellers mounted on large bodies and
in the flight teat of a general aviation aircraft with tractor
and pusher propellers, From thia it appears that the potential
£low solution discuassed for the tractor case can also be used
- for the pusher propeller case, Figures 41 and 42.

| If there is a large protuberance in front of the propeller,

i such as an engine cylinder, the velocity in the propeiler
plane must be modified., The ratic of loss of head(A K)to the

free-stream g due to such a body is of the order of magnitude

as the drag coefficient for the projected area. Averaging

this loss over the disk and adding Vy,, determined from Figures :

41 and 42, will give net local veloc&ty at the propeller plane. )

i e iR 8 o SRR S

32 Mcremore. »
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In addition to the velocity change encountered due to opera-
tion in a potential flow,the skin friction developed on the
body will further reduce the velocity in the plane of the push-
er propeller. This reduction of velocity aft of the body will
reduce the total head. The average local velocity over the

wake area can be determined knowing the drag coefficient of the
body from the equation

VLa = .JVO - vag A)V? | (22)

where ' Vg = the average velocity in the wake of the body

g

the diameter of the wake
Dp = the body diameter

the drag coefficient of the body based on
frontal area,

Q
=]
I

The wake diameter, Dy, for a streamline body can be estimated
from the equation given by Hoerner

D, = '\/.462(1,an RN17T- (23)

where L = the body length
RN = the Reynolds number

Wing

The drag of a wing results in a decrement in velocity in its
wake ,which will influence the velocity in the propeller plane.
In the tests of two-dimensional wings,the drag is measured
from wake survey measurements. Typilcal measurements of the

wake behind the wings are given in Figures 43 through 45,

Since the distribution of AH across the wake of the wing can
be read from Figures 43 through 45, the variation of the local
velocity can easily be found, Thus

vi = Vo V1 -ar/g (24)

The propeller will tend to average the local wake valocity 80
that if Vi is the average in the wing wake having a width Wy
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Vy, o ( wXD = 2W,) + Vi 2W, (25)

‘ at a blade station x then the effective local velocity is
t
|
|

*xD

{

where Vy, .= the local velocity at the propeller influ- |

-enced by the central body |

vi = local vélocity influenced by the wing . .

VL;' = effective local velocity at propeller _f
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With conventional propellers in the 8- to 19-foot-diameter range
changes in performance due to manufacturing tolerances were
difficult to measure, apparently due to the small differences
of efficiency encountered. Many attempts were made to find
changes in performance due to changes of the blade aerodynamic
shape from that specified. The differences in efficiency were
apparently within the t 1% accuracy of measurement., In the
case of conventional propellers,the induced losses are predom-
inant with losses due to profile drag being only 2 to 10% of
the total., Thus, the effect of manufacturing tolerances in-
fluencing profile losses due to changes in the blade chord and
profile shape will have a small influence on the overall re-
sults. A change of 20% in the profile losses due to the ef-

fects of manufacturing tolerances would change the efficiency
by a maximum of only 2%.

MANVFACTURING TOLERANCES

The change in performance due to shape deviations on the blades
of RPV propellers are potentially more important than for con-
ventional propellers, as the profile losses are a much larger
percentage of the total. For instance, the profile losses at
the launch condition are of the order of 20 to 25 percentage
points in efficiency and the corresponding losses in cruise are

15 garaentage points, Thus, a 20% loss in drag could mean an
efflciency difference of 3 to 5%.

Blade Section Shape and Chord

In the low Reynolds number range a specification can be formg-
lated for the surface finish and profile shape from Hoerner 4
that should prevent drag loss over and above those predicted.
For a blade section in the 2- to 3-inch chord size, the surface
finish should be the same as an aircraft sheet metal surface.
That is, the equivalent grain size would be of the order of

»1 mil, Such a surface should easily be obtainable even on a
wooden surface, if reasonable care is exercised,

The camber surface shape of the airfoil section should be main-
tained so that when a straight edge is worked over the surface
no discontinuities will be noted from the 0.4 to the tip. The

34

!ilgglsrner, 8.F., FLUID-DYNAMIC DRAG, published by the Author,
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, surface waviness should be within .00l. The overall tolerance
! on thickness and chord can be I .02 without influencing the
efficiency within measurable accuracy. This is the result of

drag being relatively linzensitive to changes in small). changes k
of thickness and oporating Cr. The leading-edge radius should i
blend smoothly into the upper and lower blade surface. The e
radius should not be less than the drawing, but can be up to o
.02 inch greater as long as no local bumps are ancountered. W

Rlade Angle bistribution
Studies of changes in blade angle distribution indicate that

the officienc¥ does not change as long as it is hgld within ‘ 1

* .2 degres from the .5 station to the tip, and T .5 degree b

from the .5 station inboard. In considering the accuracy _ ﬁ%

neaded on the blade angle,a change of .5 degree over the en- N

tire radius will result in & power changs of .8%, This will Z e

cause &n efficiency change of .5% in cruise and 1% in launch. - S
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2.

3.

4.

5.

6.
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CONCLUSIONS

Using the procedures and data developed, propellers with

improved performance can be designed for mini remote pi-
loted vehicles.

The operating Reynoldslnumber is an important design para-

meter in the design and performance analysis of mini-RBV
propellers.

Corrections to drag as a function of Reynolds number must
be applied tc conventional high Reynolds number airfoil
data to find the profile losses at the operating conditims
of mini-RPV propellers.

The induced losses and corrections predicted by theory are

not affected by propeller size and can be found with satis-
factory accuracy.

The performance of propellers operating at low Reynolds
numbers can now be predicted with satisfactory uccuracy

for the range of operating parameters expected with mini-
RPV's.

Due to the low speed operation of RPV's, the sgkin friction
and profile drag of the shroud of a ducted propeller is
low relative to the gain of induced efficiency of the
rotor, As a result, the efficlency of an optimized ducted
propeller installed on RPV's will be higher than that of
an open propeller,

The rotor diameter of a ducted propeller will be lower
than that of an open propeller when installed on identical

engines, resulting in reduced tip speeds with a correspond-
ing reduction in noise level,

The new computer-designed airfoils appear to offer blade
structural advantages along with possible improved per-
formance., Further basic data are needed before propel-
lers can be desi¢med to use these airfoil sections.

Propellers with variable blade angles, either of the two-

position or constant speed type, will have performance
advantages.
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RECOMMENDATIONS

Based on the resulta of this effort, it is recommended that:

1.

2.

New computer-designed airfoils be developed with thick-
ness ratios in the 6% to 21% range for a range of
cambers alcng with wind tunnel test data covering Mach
nunbersg to the critical and Reynolds numbers down to
at least 200,000,

A series of optimum ducted fans be designed and
evaluated in comparison with open propellers for

mini~RPV,
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LIST OF SYMEOLS

TS i,

e

=

AF  Dblade activity factor
B blade number
b ‘blade chord, in.or ft

e

R

2t
e

=

Y

Cp drag coefficiert ;

AT

profile drag coefficient |
cr, 1ift coefficient )
Cra section design 1lift coefficient | i

g

Lt
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=k

operating lift coefficient

=

Ty

maximum lift coefficilent

Cro
Crx ”‘a
Cp pdwe: coefficient  §
Cp pressure coefficient | }%
Cq torque coefficient | g
Cp thrust coefficient %
i D drag, lbs g g
E D propeller diameter, ft : é
-‘ Dy, body diameter, It ’
. i Dy wake diameter, ft
;f | d distance, ft .
55 j ¥ propeller axial location, ft |
ﬁ? £y Reynolds number correction for drag = :
ji | CDLow R.N./CDHigh R.N. i }
X ™ figure of merit
;? oW gross weight, 1bs
5? : H total pressure head, lb/sq ft
’ |
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LIST OF SYMBOLS (Continued)

maximum blade thickness, ft

horsepower

advance ratio = v/nD

circulation function — single rotation propellers
lift, 1b

body length, ft

unit loading parameter = Cp 400/B (AF)

integrated loading parameter =
4000 Cp sinfg. 75/3%B (aF)

Mach number

critical Mach number

miles per hour

propeller rotational speed, rpm
Reynolds number

propeller rotational speed, rps
power, ft-l1bs/sec

pressure, psf

torque, ft-1lbs

dynamic pressure, psf

propeller radius, ft

body radius, ft

propeller radius, ft

rate of climb, fpm

Reynolds number
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LIST OF SYMBOLS (Continued)

propeller radius at any station, ft
shaft horsepower

thrust, 1b

turust horsepower

propeller net thrust, 1lb

propeller shaft thrust, 1b
free-stream velocity, £fps

induced axial inflow velocity, £fps
airplane velocity, fps

integrated average velocity in plane of propeller, fps
free-stream velocity, £ps |
velocity in final wake, fps

induced radial inflow velocity, £fps
true wind velocity, f£fps
displacement velocity, fps
displacement velocity ratio = w/V
fractional radius at any station = r/R
angle of attack, deg

induced angle of attack, deg

blade angle, deg

drag lift angle = tan~1 CD/CL , deg

propeller efficiency
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LIST OF SYMBOLS (Continued)

advance ratio = JA

mass density of air, slugs/cu ft

p
P propeller solidity

¢ helical pitch angle, deg

%o apparent wind angle, deg

w rotational velocity, rad/sec
SUBSCRIPTS

ref reference

.75 conditions at x=.75

i incompressible; induced

P profile

c calculated

T true

t test
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