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kaSTRACT

i',,rformance characterictics of a ducted windmill were deter=ined e:rperi=entalir
at Cornell Aeronautical laborr,tory c7er a gach number range of 0.2 to 0.7131, and
a n..Az=1:donal cpcc.d range of 6.:00 to 111,30G RPM. The wind t_..nnel 	 :-ere used
to oalculats the winctmill performance throughout the trajectory of a typical.
high altitude wearnn release. 
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SUMMARY

The power developed by several impaler-head -entrance. duct configurations
of the windmill was measured at- -Coreeil'Aeronantical -Mind -IUnnel Over a
Mach number range of 0.2 to 0.884. The rotational Speed was varied from
6000 to 14000 RPM. The optimum oonfiguration consisted of the standerd
entrance durt and the fixed Pitch impeller head with a blade angle of 60P.
This impeller head is optimum only if used in conjunction with an eddy-
current brake or paddle-blade centrifugal governor.

The optirmm oonfiguration developed 1.6 horsepower at the design RIM of
12,000 in air flow at 0.3 Mach number at a pressure level corresponding
to 18,000 feet altitude. - If a-generator-Officiendy of 60% - isassumed,
the windmill woulC meet the 750 watt output design requirement at the
above release conditions.

The agreement between the performance characteristics of the windmill as
determined experimen;.:ally and as predicted from simple blade eleMent. theory
is only  fair at low Aach numbers. The simple blade element theory is in...
adequate in that it does not account for cascade effects (mutual interfer-
ence of blades), the effect of aspect ratio and the effect of compressi-

-

BECOME:MAT MS

1. The paddle-blade governor should be tested at high subsonic Mach
numbers to ascertain its maximum torque-absorbing capabilities.

. Shock starts should be conducted in a wind tunnel to determine
time requived for the windmill to accelerate to 12,000 RPM.

Additional theoretical investigations should be made to correct the
simple blade element theory for the effects of cascade, aspect ratio
and comprestioility in order to better correlate the existing experi-
mental data. This would provide a combination theoretical-empirical
maw for future designs.

bility on the lift and drag'eurves beYond the still.

Application of the experimental performance data to a representative high
altitude ik-6 drop (45,000 feet release at14= 0.5) indicates that the
maximum power that would be developed by the optimum configuration at
design RPM at a burst altitude of 5000 feet is21.6horsepower. Hence, the
paddle-blade or eddy current brake governor must be capableef - absorhimg-
a maximum of21.6horseeower or9.5ft-lbs of torque in order to regulate the
system to 12,00(' PPM.



INTRODUCTION

The windmill generator is being developed for peseible use on the i-5
ct7 Z•9c6 class of strategic weapons. The maximum Mach number of these
weapons during drop is on ti's order of 0.95. Former aerodytimd&per-
formance data on the windmill (summarized in Reference 1) had been
limited to low Mich numbers (M 1 4 0.4) and a limited rotational speed
rarge. This limitation was caused by the maximum of - approloftstette
horsepower that could be Absorbed by the eddy=current devices used in
these former tests for measuring the power developed. In order to design
a governing device and to predict the performance characteristics of the
windmill during a typical drop, performance data was needed at high sub-
sonic Mach numbers.

In particular, an impeller head with fixed pitch blades is being considered
for use with a centrifugal paddle-blade governor or an eddy-current brake
governor. The designrequirements,-of minimum:time - ta-A4Celerite'te'disign
RPM and the 750 watt generator output imMediately after Weapon release
(high altitudei low Mach number release), dictate that the impeller blades
be most efficient at release conditions. At lower altitudes during a drop
(increased Mach number and density) a considerable excess of power is
developed. Since this excess power or torque must be absorbed by a govern-
ing device, experimental performance data was needed over a large Mich
number range to p:operly design a governor.

The purpose of this wind tunnel test was to determine quantitatively:

1. The power that would be developed by a fixed pitch impeller head
during a representative drop.

2. The most efficient entrance duct.

3. The optimum blade angle for the fixed pitch head.

4. The effect of blade tip clearance and root chOrd .. hub air gap on the
efficiency of impeller heads.

This memo presents experimental aerodynamic performance data of several
,41ndmill configurations over a Mach number range of 0.2 to 0.384.



AERODYNAMIC NOPENCLATURE

1Aspect ratio, (for wing° 	 = span 2/area
AR = (rt rr)/c) , dimensionless

Number of blades, dimensionless

c 	 Blade chord, feet

ow 	Power ooefficient, eqs, (2) and (4), dimensionless

Drag coefficient, 2D/p VR2 c(rt -. re), dimensionless
Lift coefficient, 2IVo VR c(rt 	 dimensionless

Blade diameter at root chord feet

diameter at tip chord feet

Rotational velocity, revolutions/aecond

Rotational velocity, revolutions/Minute

Power developed by impeller head, eq. (1), ft-lb/sec

Wind tunnel total pressure,atmospheres

Average blade radius, (re + rt)/2 , feet

Blade radius at root chord, feet'

rt 	Blade radius at tip chord, feet

114 	 Axial velocity in duct, ft/sec

V 	 Resultaat Velocity at blades, IVa + Ca n r 1 1/2, ft/sec

Vp 	Free stream velocity, ft/sac

a 	 Angle of attack of blade element at ra, eq. (S), degrees

pr 	 Blade angle at root chord, measured between'exial veloaiiviliorand blade section obord line, degrees

for impeller blades,



Blade angle at tip chord, measured between axial velocity vector
and blade section chord line, degrees

Density in duct, slugs/ft3

Free stream'density, slugs/ft3

Al 1s between plane of rotation and resultant velocity vector
(5), degrees

DESCRIPTION OF TEST EQUIPMENT

A sketch of the windmill generator test setup is shown in Figural. The
windmill duct was sting-mounted in the wind tunnel. The impeller head
and spinner were mounted cn the forward shaft extension of a water-cooled
indccticc-tYPe three phase model motor wnich was supported in . the'dnot: -
The motor rating was 20 horsepower at I0,000 RPM. Before the towel:testa,
the motor was calibrated as a generator on a high speed dynmameeter over a
range of 69000 to 14,000 RYM. During the tunnel. testa the motor vas used
as a generator to measure the power developed by the impeller head. The
rotational speed was measured with a tachometer built into the model motor.

Interchangeable entrance shrouds were used to vary the flow in the duct.
Four static pressure probes and a f2ush orifice located in annuli of equal
areas upstream of the impeller, along with two total 	 heed - probeewereiiited
for measuring the mass flow in the duct.

The blade dimensions of the two impeller heads are tabulated in Figure 1.
The root chord blade angle of the fixed pitch bead is UP. The variable
pitch head was tested at root chord blade angles of 50 °, 60P and 70P.

TEST PROCEDURE

The five configurations tested were

1. Standard nose shroud with fixed pitch head

2. Cylindrical nose shroud with fixed pitch head.

3 4 5, Standard nose shroud with variable pitch head
13r = 70°



Each configuration was tested-ovex, the following tunnel Mach number, tunnel
pressure end rotational speed ranger

Po = 0.5 atmospheres :for

0.6, 0.7, 0.8, and 0.1384

M= 0.2 to 0.8

PO' 0.4 atmospheres for M= 0.884

3. N = 6, 7, 8, 9, 10, 11, 12 13, and 14 x 103 RPM 7

For each configuration, the Mach number and pressure level of the tunnel
was first adjunted. The rotational speed was set,by.loadingup:the .40nera-- -
tor. The•BPM, generator load in watts, dUctpresiuris and tunnel conditions

.

were recorded for each point. The rotational speed was varied tbidugheut
the range at each Mach number level. The Mach number of_0.884 was the maxi.:
mum obtaillable in the tunnel fot this particular series of tests.

EVALUATION OF DATA
$

1.422=

By utilizing simple blade element theory (Ref. I), the approximate power
developed by a ducted windmill can be expressed as:

P = Bmnc (rt2 — 	 pd Vd2 Cy sin 16.- CD cos 
2 sin2 0

The above expression is only approximate as it does not account for cascade
effect (mutual interference of bladep), the effect of.tip:lossesandior;
the effective aspect,ratio of the,blades, the spetwide•blade torque,veriation,
tree vfriation of density and velocity across theduct, and -the effect-of-Madh
number on lift and drag at angles of attack beyond the stall. Becanie of
these limitations, the blade element theory is used merely as an indication
of the way to properly interpret and apply the experimental wind tunnel data
to drop conditions.

The power coefficient and advance ratio for the windmill can :be defined as:

cw ."4" '/pd Ird3 de

I/sT = nd„ / Vd
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(6)

Combining equations (1), (2) and (3) the power ooefficient can be expressed
as:

Pr 4Pt )a= ( 	 + 0.90°900

Note that in the theoreticel expression for the power coefficient (eq. 4),
that the duct density and velocity terms have been eliminated. Fors:4y
given Wade angle, the power coefficient can be tbsoretiCellyderiineted'
in terms of the advance ratio by use of equations (4), (5) and (6).

iggeadtala

, cperiarentsa vaunt' of the power coeffielent and advance ratio were determined
from eqa. (2) and (3) using the measured POWsr devsloPed, Rpm, and duct den-
aity and velooltr. The five measured"duet static pressures and two duct.totel
pressures were averaged, respectively, to deteraine 	 average density and
velocity.

In order to WM the experinontallYt-deterndned power,eoliffiaiente far any drop
condition, it is neeeesary to know the relation between the flow cxnxiitione
in the duct to fro, streak conditions. The pertineet duet flow parameter
from equation (2) is the 4ensity times the velocity cubed. Nene., the ratio

3 	t*IAY	 sensedof d Vd3 ) to (pis Tps ) vas det•rmined exPerimen 	 floe! 	 Pria-
3=08 The power thet will be developed by-the windmill, during any= phase of
a typical drop "oat UM be oalculatsd by using the experttente237.4etensined
cower coefficient-advance ratio plots and duct-flow parameter plots.

Des", Aceyrecy

The error in dOtotmining tho'rotationalmieed of the windmill was on the
order'et 2./4 of 1%.. The estimated error in deter the ratio of
‘41 	'to'. -(pips v79) vreled"frold 6% 'it , 14"* . 0".2 ,tO:1%jait.10,



r 	 1/4 - 	 rr 	 A $4 ....71%; 7 7477 pr.do 	 ,r1)

6.776.t

ItiffiwprINFIMIA****

accurate estimate of the error in Pleasuring the power developed =id be
macle. However, the lincertainty would increase ab t. genarater loading
decrened. A". orer us.7uitude of the error is let 5 1,74 Pi KootAt 5%
at 1 rw gene_Ator 10,4.

7.7:77.0N

-Since a full-scale L::imutated windmill genera .dor wa tested, the resulting
performance data shot.Ld be directly applicable to drop conditions. The

= 0.2 test conditions correspond approximately to e s pressure altitude
of 18 t CC0 feot. The ri = 0,884 test o:uditleas correspond approximately to
a 11_ .0re e:t!tude :f 30,000 17,..11,.

In figures 2s. to 2e, the over aevelope,: by .the five configuretions tested'
is plotted 7crsus rotattonal spee-a 	 free, Stn...V11, 	 aumko.:r,as,the para.
meter. In general. he t.Wer 	 incrsalA with :::.creating Haab num-
ber, ircreasing RPM and eocrealing haaele angle. EmmirAatIon of figure 2a.,
indicates that tue windmill de7elops 1.6 horsep•rer at design RFM at 111= - 0737
This flow condition corrt.spondd to a pressure altitude of, app::oximately 18,000
feet. If 1 generator efi.'oiency of 60% is essumed, the generator would meet
the 750 watt output dosign requirement for these flow conditions.

Effect of Configuration Changes on Performance 

The effect of en-ranse shrouds on the power developed by the fixed pitch
impeller at des.a is presented in Figure 3a. The came effect on tbe
duct mess flow is presented in Figure 3b. The mass flow in the duct is
slightly increase:7 when the standard nose shroud is used This flow increase
is reflected in the slight increase in the power de7eloped.

The effect of reuzing the blade tip clearance and eliminating the air gap
at the root chord -i,Feller hub juncture on the power developed at , design BFK
is pmmented in Figure 4e. The same effect on the duct mass flow is presented
in Figure 4b. The fixed pitch head and the variable pit& bead set at 600
root-chord blade angle were used in this comparison (for dimensions of each
heed, see Figure 1). The angle of attack of the midspan blade element, as
determined from equations (5) and (6, in tabulated for each data pOint in
Figura 4a. At Mt= 0.40. to la approntn.- F4sly :7°, which showslikhelbkentle
of °teal for These blade sections. Apparent y, the'blidas-of thilfrakpitob.
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advance ratios were evaluated from equations.(2). and (3). The theoretical
power coefficients were , calculated in terms of the advence ratio from simple
blade element theorY using eqoations (4)<, (5) and (6). The lift and drag
data, which were used in thavAll= 8 calculations, are presented in Figure 9.
The theoretical calculations were made assuming effective blade aspect
ratios of 8 and vo.

A general understanding of the functioning of the windmill can be determined
from examination of Figure 8. An'advance ratio of zero mat correspond t o
zero rotational speed and zero power or torque developed. This point aor-
responds to conditions at weapon release before the windmill starts to ac-
celerate to speed. The angle of attack of the blades is the blade angle
setting of the fixed pitch head. The windmill accelerates, the advance
ratio increases, the angle of attack decreases and the power coefficient
increases to a maximum near the maximum lift of the blades. Por example,
at a free stream Mach number of 0.3, the angle of attack decreases from
65.40 to approximately 100 as the rotational speed increases from 0 to
32,000 RPM. If the windmill is allowed to run freely (no generator load
or governing device), it will seek the mindmilling condition wherein no
torque or power is developed and the rotational speed is the maximum ob-
tainable. The windmilling speed of the optimum oonfiguration is on the
order of 50,000 RPM at a free stream Mach number of 0.95. Hence, it is
imperative that a governing device be incorporated into the . .system to pre-
vent the windmill from failing structurally as well as to control the out-
put frequency of the alternator.

The experimental data taken at M= 0.3 and PI= 0.4 agrees qualitatively with
the theory calculated for blade aspect ratios of 8 amic.o. There is no
method at present for calculating the effective aspect ratio of blade awl,
tions in rotational flow. The blade tip clearance and resulting tip losses
due to spenwise flow should govern the magnitude of the aspect ratio. The
large scatter of the data at N = 0.3 can be attributed to the ,large
curacies in measuring the power developed (small generator load) and the
mass flow parameter (low dynamic pressures).

At higher free stream Mach numbers, the oarrelation of experimental data
with the theory is poor. A. possible explanation of this discrepancy is the
unknown effects of compressibility on UJe lift and drag coefficients at
angles of attack beyond,the stall. Some data indicate that the lift co-
efficient increases with Mach number in this angle of attack region. This
effect mould increase the theoretical power coefficients far-better corre-
lation of the data.

The blade element theory , falle doun'in that it does nat'anombunt'fbiAbs
mutual interference or.bladet (eatcode affect). Blades in dascoderictlia
guide pecaages for turning the air which Changers'-the resuItint,elocitr
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and lift and drag coefficients from that of a single airfoil caned in blade
element theory. Another unknowa error in the blade element theory is the
assumption that the torque loading on the mid:span blade element Is repre-
sentative of the integrated torque looding along the blade span.

Thece effects on the blade element theory should be investigated theoreti-
cally at some future data to better correlate the experimental data and to
better understand the aerodynamic aspects of windmill performance. However,
even though the b) -ode element theory does not correlate with the expert-
mental data, it does indicate the correct method of interpreting the data.
The experimental performance data presented in Figure 8 should be directly
apmlicable to drop condition performance calculations.

Application of Performeme Dada to Droo„Con4itions

The power that would be developed by the optimum winimill oonfiguration
(if attached to the fin tip of a M3c-6 class weapon) during a representative
high altitude drop is presented in Figure 10. The release Mach number and
release altitude were 0.51 and 45,000 feet, respectively. It was assumed
the windmill would accelerate to design RPM in 4 seconds and the governor
would regulate the system at 12,000 RPM during the remainder of the drop.
Calculations, using measured values of moment of inertia,and taroomsdlemeloped,
indicate the 4-second acceleration time is fairly realistic. Hence fOur
seconds after release the generator output would be 625 watts (assuming a
60% generator efficieacy).

The power developed increases quite rapidly during the drop because of the
increased density level and Mach number. If a burst altitude of 5,000 feet
is assumed, the maximum power developed will be 21.6 horsepower. Thus, a

e blade or eddy-current brake governor must be capable of absorbing
1.6 horsepower or 9.5 ft-lbs of torque ,in order to meieteima ,rotational

speed of 12,000 RPM. For any given drop condition,, the power that must be
*bsorbed by the governor would depend upon the generator load.

7be windmill performance Wiring a drop can be calculated from the experi-
t►mstal performance data in the following manner:

41, The weapon velocity and density are known from trajectory data.

2. Determine the duct velocity from Figure 7.

3. '5,terfaine the power coefficient from the calculated advance ratio
as Figure S.

I.. DetedAza (AS Vd3) ( Fs V2 ) from figure 6 are then calmiate
the P'sr developed from equation (2).



In conclusion, the power developed by the windmill during a typical drop
can be calculated with reasonable accuracy from the experIrdental per
mance data taken in the wind, tunnel.
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