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The power developed by seversl impéller‘-head-entrancn duct oonfigurations
of the windmill was measured at Cornell Aercnautical Wind Tunniel over a
tfach numbor range of 0.2 to 0.384. The rctational speed was varied from _

600C to 14,000 RPM. The optimmm configuration consisted of the standard ~ o

entrance Guct and the fixed pitch impeller head with a dlade angle of 60°.

This impeller head is optimm only if used in conjunction with an eddy-

current brake or paddle-blade centrifugal governor.

The optimum configuration dsveloped 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 efficiancy of 60% is asmmed,

- the windmill woulC meet the 750 watt output design requirement at the

above relesse conditions,

The agrecment between the performance characteristics of the windmill as
determined experime:ncally and as predicted from simple blade element theory
iz cnly fair at low .lach numbers. The simple blasde element theory 1s in-.
adequate in tha® it dces not account for cascade effects (mutual interfer-
ence of blades;, the effect of aspect ratio, and the cfi‘ect of co**pressip-
bility on the 1ift and drag curves beyond the stall.

Appilcation of the experimental performance data to a reprresentative high
altitude k-6 drop (45,000 feet release at ¥ = 0.5) indicates that the
maximmm power that would be developed by the optimum configuration at
design RPM at a burst altitude of 5000 feet is2l.6horsepover. Hence, the
paddle-blade or eddy current brake governor must be capable of absorbing
a naxizum of2Zl.Ghorserower org sfi-lbs of torgue in order to regulate the
system to 12,000 "M, L

RECOMMENDAT IONS

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

. 2. Shock stertc should be conducted in a wind tunnel to detemine the

time requived for the windmill to accelerate to 12,000 RFM,

3, ‘Additional theoretical investigations should be mads to correct the
simple blade element theory for the effects of cascade, aspect ratio
and comprescioility in order to better correlate the existing experi-
mental data. This would provide a combination thcoret:leal—»exzpirical
method for future designs
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The windmill generator is being developed for poscible use on the i%k-5
or -6 clasg of strategic weapons. The naximum Machk number of these
weapons during drop is on the order of 0.95. Former esrodynamic per-
formance data on the windmill (summarized in Reference 1) had been
1imited to low liach numbers (M 5 0.4) and a limited rotational speed
‘rarge. This limitation was caused by the maximum of approximately one
horgepower 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
vindmill curing a typical drop, performence data was needed at high sub-
sonic Mach numbers. :

In particular, an impeller head with fixed pitch blades 1s being considered

for use with a centrifugal paddle-blade governor or an eddy-current brake e
governor. The design requirements, of minimum time to accelerats to design .
RPM and the 750 watt genertitor output irmediately after weapon release '
(high altitude, low Mach number release), dictate that the impeller blades .
be most efficient at release conditions. At lower altitudes during a drop -
{incressed Mach number and density) e considerable excess of power is :
developed. Since this excess power or torque rust be ebsorbed by a govern-
ing device, experimental performance data was needed over a large Mach
number range to p.roperly design a govermnor.

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 optirum blade angle for the fixed pitch head.

L. The effect of blade tip clearance and root chord - hub air gap on the
efficiency of impeller heads.

This memo prééents experimental serodynanic performance data of seversl
windmill configurations over a Mach number range of 0.2 to 0.384.
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Aspect ratio, (for winga, R = span /a:ea), (for impeller blades,

& = (ry - rp)/c) , dimensionless

Munber of blades, dimensionless

Blade chord, feet

Power coefficient, eqs.. (2) end (4), dimensionless
Drag coefficient, 20/p VRZ :c(x"f - rz), dinensionless
Iift coefficient, 2L/p ng c(rg‘;- rp), dimensionless

~ Blade diameter at root chord, feet -
' Blade dismeter at tip chord, feet

Drag of blade, pounds .
Windmi1l advence ratio, eq. (3), dimensionless =~

‘Rotational velocity, rovolutions/second
' "Rotatiomal velocity, revolutions/minute
_Power developed by impeller hesd, eq. (1), ft-1b/sec

Wind tunnel total pressure, a}mo'sphe:}e‘s, \ TR g
Average blade r&dius, (r. + r)/2, feet “
Blade radius at root chord, feet

Blade radius at tip chord, feet.

kxial velocity in dugt, ft/sec

Resultant Velocity st bla'des;_,!:vaz + (20 fan)z}_ Uz,ft/aec
Free strear velocity, £t/sec |

_ Angla of attuck of bladc oleumt at T, eq. . (6) degrees

R, o 'B].ada msle at root chor\d, muasnrad botwun ad.ul
. and blat!e soct&on choxd J.hza,




“induction-type three phase model motor wnich was- mpportad An t!h
the motor was calibrated as a generator on & high speed dj

‘areas upstream of the impeller, slong with two total hs&d‘*prou 'w G oo
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K ‘Blade anglo at tip chord, mamn-od betwecn a.xial volocity vector
’ ‘and blade section chord line, degreea

og Density in duct, slugs/tt>
Q‘FS Free stream density, slugs/ft’
I le between plane of rotation and resultent velocity-vector, eq.
(5‘§ degrees
DESCRIPTION OF TEST BQUIPHENT
A sgketch of the windmill generator test setup i1s shown in Figure.l.. .The

windmill duct was sting-mounted in the wind tunnel. The inpeller head
and spinner were mounted cn the forward shaft extension of a watoxf-f ha;lod

The motor rating was 20 horsepower at 18,000 RFM. Before thc

range of 6,000 to 14,000 RPM, During the tumnel tests tha motor m.uud
as a generator to measure the power developed by the impeller head. The
rotational speed was messured with a tachometer built into the model notor.

Interchangeable entrance shrouds were used to vary the flow in t.ho duct., i
Four static pressure probes and a flush orifice, located in ammili of ! 1

for mesasuring the mass flow in the dnct

The blade dimensions of the two impeller heads are tabulated in Pigure 1

The root chord blade angle of the fixed pitch bhead 1g 60°. The wariadle

pitch head was teated at root chord blade angles of 50°, 60° and 70°,
TEST PROCEDURE

The t’ive configurations tested were:

1. Standard nose shroud with fixed pitch head
2. Cylindrical nose shroud with fixed pitch head. s S

500, 8. = 60°,

3,1. 5 Standard nose shroud vith variable pitch head, Bp =
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Each configuration was tested -over, the following tu:mel Mach’ mmber, hmnel
pressure and rotational spoed range: A

1. M =o0. 2, C.3, 0. A, O 5, O 6, O 7 0.8, and 0.284 .

2." Po = 0.5 ntmospberes for M= 0. 2 to 0.8 ,
Po = 0.4 ntmosphems for M= 0.884 o
3. ¥ =6,7 89, 10, 11, 12, 13,andll.x103R.PM..

For aach configuration, the Mach number and pressure level of the tunnel

was first adjusted. The rotational speed was set by loading up.the:genera- -
tor. -The. RPM, generatdr losd in watts, duct pressures and tunnel conditions”
were recorded for eath point. The rotational speed was veried thrdughout ', :
the range at each Mach number level. The Mach mmber of 0.88; was the maxir-

» mm obtainable in the tumnel for this particular series of tests.
) EVALUATION OF DATA
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By utilizing simple blade element theory (Ref 1), the approximate power
developed by & ducted windmill can be expressed as:

) T sin? ﬁ e
b ' Tho above expression is only approximate as it does not account for cascade

effect (mtual interference of blades), the effect of tip losses and; or;
the effective aspect ratio of the blades, the spanwise ‘blade torque veriation, *
~the variation of density and velocity across the duct, and the effect of-Mach -
number on 1ift and drag at angles of attack beyond the stall, Because of

these limitations, the blade element theory is used merely as an indication

of the way to properly interpret and apply the expermental wind tunnel data

o drop conditions

I

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

et 4

. oy = Plog Vg® a2~ ; , o {=2)
Yi=mnd, /Vg = | G




' pressures were svarsged, mpecﬁnlh o aet:
velocity., ‘
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Combining equationl (1), (2) and (3) the power ooatficiont can be. oqn'eﬁm v
ag: ; o g

%. olre? -,.2) (cL.mﬂ Cp oes #) - (4) |

23 d? GQB
e | g
f = tanl’ 2v¢ 7§= tan™ C(s)
1!(7!1.' +4)n | :

a = S.?.Z::.’.!‘l ﬂ - 90° (6)
Note that in the tbeoretical expression for ths power cocfficiont (Oq. I.), v
that the duct density and velocity terms have been eliminmted. Yor any .
- given blade smgle, the power coeffiocient can be theoretically det ' s
in torms of the advance ratioc by use of eq\nuons (4), (5) and (6). -

Expsrimental valuss of the power ocoefficient ond advance ratio were’ dotminod

from eqa. (2) and (3) using the measured power developsd, RPM, and duct den-

sity and velocity. The five measured duct static presswres end two duct. total
exein %bomngodmityaxﬂ

In order to use the u:perﬁmtauy-detsnumd powor oﬁtﬁeients fer any dmp
condition, it is neoseyary %o know the relation between the flow oonditions
in the duct to fres stream conditions, Ths psrtineat dust flow parsmeter
fron equati.on {2) is th- &ensity times the welocity cubed. Hencs, the vatso

of bg Vg )ta(o,s if,)mdatemined experimentslly {rom measured pres-

will be developed by -ths windmil):during-uny phase of
ypical drop oan thus be calculated by using ths esq;eﬂ:lmtﬂh—dmwud
poWsT cooffidcnb-adma ratioc p.‘lou and duct-flow perametar plots.

Deta_Acuracy o

‘Thoarmhdmmmgtherotatiom:pwdofmwindunmonﬂn

rdor of 1/4 or 1%,  The eatimatad error in cm
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acoirrato estinmate cof the error in moasuring the powar dmloped oould be

made. Howaver, the tunecrtointy would incroase as too ge’wratcr Yoadilag - -
decrersed,  As orfer of ua"ni‘m': of the error in )o pt 7 m R eorut 5%
at 1 I gencrator doud, - oo o ; : : ‘ B

DISCUERICN

-8ince a fuli-scele cismlaied windmill gemeriior wad uested, it rem.l‘
performance data showid be diroctly epplicable to drop conditions. The

¥ = 0.2 test conditions correspond appmxi:ntely to‘a pressurs altitude
of 18,600 fent, - The M = 0,88/, tast conditicas correspond apomx:!mabely to
g procanre <ltitude of 30,000 faou.

Pownr Tovedoned
In figures 2a to 2e, tbe power develuped by *ne five conﬁgw'ratlnns tested

: . is plotted versus rotational spe2a with “‘ref- strern t’w.; amibcr, 88 .the pu'a-

. - meter, In gene*e.‘l “the vdwer deeloned Inerzassd wAth I ee.ing Mach oii: S

' ‘ber, ircreasing KPM and Racreasing biade anglsa. Bondnation of figure 2a-

i1ndicatas thet toe windm®ll develops )..5 horssporrer et deszign ™M at M ="0,3.
This Siow couditlor. corresponds Lo & pressure eltitude of epproximately 18,000
feet., If 1 generaior efiiciency of 60% is sssumecd, the genernior would met :
the 750 west nutput 2a3sifgn requirement fer these "lov cc nd.t::.ons.

fect of Configuratios Changes or Performance

The effect of onrance "-} »ouds on the power developed by tbe Tixed pitch
impelier at desi;m M is precented in Figure 3a. The cace eifiect on the
duct mess ficw iz rrescated in Figure 3b. The mass flow in the duct is
slightly increas+’ when the standard nose shroud is used. Th:.s f‘lcw incresse
iz reflected in the slight increase iIn the pover developed

The effect of ra?ucing the blade tip clearance a elim.natin;‘ the air gap

at the roct chord-iug allcr bub juncture on the pouer developed at design RPM .
is precented in Figure 4a., The same effect on the duct mass flow is presented
in Figure 4b., The fixed pitch head and the variable pitch heed set at 60°
root-chord blede angle were used in this comperison (for dimensions of esch
e . _hesd, see Figure 1}. The cogle of attack of the rmidspen blade element, ss
: DI - deternined fror equations (5} 2ed (&), 15 tavulated for each data point in -
O Figura 4B, Ar 3= 0.40, & is epproxinstely 17°, which showld
. ~of stall for" r:hasa blade eeotims. : &ppam:m.;yf. bl
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advance ratios were evaluated .from oqua.tions (2) ‘and’ (3) The theorstical

pover coefficients were calculated in terms of the advance ratio from simple
blade element theory using equations (4), (5) and (6). The 1ift end drag
data, which were used in ths R= 8 calculations, are presented in Figure 9.
The theoretical calculations were made assuming effective blade aapect

ratios of 8 and v°,

A general understanding of the ﬁmctioning of the windmill can be determined
from examination of ngro 8. An sdvence ratio of zero must correspond to
zero rotational spesd and zero power or torque developed. This point cor-

‘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 maximm near the maximum lift of tbe blades, For example,
at a free atream Mach mmber of 0.3, the angle of attack decreases from
65.4° to approximately 10° as the rotational speed. increases .from: 0:to-
12,000 RPM. If the windmill is allowed to run freely (mo generator load
or governing device), it will seek the windmilling condition wherein no
torque or power is developed and the rotational speed is the maxiram ob-
tainable, The windmilling speed of the optimm configuration is on the .
order of 50,000 RPM at a free stream Mach mumber 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 outp
put frequency of the altermator.

The experimental data taken at M = 0. 3and M= 0.4 agrees qualitatim],v with
the theory calculated for blade aspect ratios of 8 and ©°. ‘There is no :
method at present for calculating the effective aspect ratio of blade seo-
tions in rotational flow. The blade tip clearance and resulting tip logses
due to spanwise flow should govern the magnitude of the aspect retio. :The
large scatter of the data at ¥ = 0.3 can be attributed to.the.large inec-
curacies in maa.sm'in? the power developed (small generator load) and the
mass flov parame low dynmnic px-essures).

At higher free strean Macb. mmbers, the comlation of eurperi.mntal dm ,
with the theory 1s poor. A possible explanation of this discrepancy is the
unknown effectz of compressibility on che 11ft and drag coefficients at
angles of attack beyond the stall, . Some data Indicate that the 1if%{ oo-
efficient increases with Mach mmber in this angle of attack region. This
effect would increase the theoreticsl power coefficients for-better corre- .
lation of the data. ;

_* . The blade element theory falls down in that 1t does nat scoount  Por the
R mu’mal inwrforenoa of blzdas (eaacndc affect)"*"*f ‘ i
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and 14Ft and drag coefficients from that of a single alrfoil used in blade e

olement theory. Another unknowa error in the blade element theory is the
assumption that the torque loading on the midspan blade element is' repre-
- santative of the mtegrat.ed tomue looding along the blade spem.

Thace effccts on the blsde element theory should be investigated’ ‘theoreti-
cally at some future date to better correlate the experimental data and to

 better understand the serodynamic aspects of windmill performance. However,
. even though the blade element theory does not correlate with the experi~

mental data, it does indicate the correct method of interpreting the data.
The sxperimental performance data presented in Figure 2 should be directly

o apnlicable to drop condition p»rfor*nancc calculations.

The power that would be davelopad by the optimun windmill configuration v
(if attached to the fin tip of a Mk-6 class weapon) during a representative .
high altitude drop is presented in Figure 10. The release Mach mmber and
releese altitude were 0,51 and 45,000 feet, respectively. It was assumed

the windmill would accelerate to design RPM in / seconds and the govermor = £
would regulats the system at 12,000 RPM during the remainder of the drop. ' ‘
Calculations, using measured values of moment of inertia and. torque dewveloped,

indicate the /-second acceleration time is fairly realistic. Henos, four

saconds after release the generator output would be 625 watts (assuming a
60% generator efficiency).

‘ The pover developed inecreases quite rapidly during the drop because of the
- increased density level and Mach nunber. If a bhurst altitude of 5,000 feet

is assumed, the maximm power developed will be 21.6 horsepowar. Thus, 2

' gaddle blade or eddy-current brake governmor rust be capable of abaor'omg

1.6 horsepower or 9.5 fi-1bs of torque in order to -maintain.a rotational -

-speed of 12,000 RPM. ‘For any given drop condition,. the power that- mat be

Absorbed by the governor would depend upon the generator load.
Tke windnill nerfomanca during a drop can be calculated from the eo:peri-

- martal performance date in the following menner:

1, The weapon velocity and density are known from trajectory data. | T
2. De'bemim the duct velocity from Figure 7. . . ..o o o , %

'9\1.0&‘1:19 the power coefficient rrom the calculated a&vanee ratio
=Tares. .
| (P v / {F v 3) from figure 6 a.le then calmlam S
th" W‘"r dmlgpod fxmzns eqvﬁticn (2) B s o




Uy

In conclusion, the power developed by the windmill during a typical drcp
can bs calculated with reasonable accuracy f'nm the expe"ment& per.d-
mance éata teken in the wind tumnel.
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