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By James B. Delano and Melvin M., Carmel
SUMMARY

Investigations of the WACA 4—(5)(08)—03 two-blade propeller have
besn made 1n the Langley 8-foot high-speed tumnel for blade angles
from 20° to T0° for forward Mech numbers up to 0.925.

The resulis show that the adverse effects of compressiblllity may
be delayed to a forward Mach mumber of 0.7l for a blade angle of 65°
for which the maximm efflclency was found to be 88 percent. At
supercriticel forward Mach numbers the rate of maximm efficiency loss
increases with an Increass in blade angle, and maximm efficilencies
greater than 56 percent may be obtained at a forward Mach numbexr
of 0.925 for blade angles less than 55°. When adverse compressibility
effects can no longer be deleyed, the advance ratlo must be decreased
to obtain the highest maximum efficlencies. For very high supsercritical
Mach numbers, operatlon at reduced advance ratios provldes an Increase
in efficliency through Increased values of lift—drsg ratlos for the
blade sections, but the princlpal gain in efficiency is due to & more
favorable geomstry of the force vectors. These results are in good
agreement wlth theory and also Indlcate that supersonic types of
propellers appear to be the most promising in the high subsonlc speed
rangs wlth regard to obtaining the highest possible sfficlency.
Consideration of the propellser when operating in the supersonic range
indicates very favorable power—aebsorbing characteristics so that =
relatively mich smaller supersonlc propellsr may be used to absorb the
sams powsr at a Mach number of 0.9 than would be necessary at a Mach
numbsr of 0.75. '

INTRODUCTION

High—speed investlgations of propellers have been made previously
at forward Mach numbers up to 0.725. Many alrplanes are now being
designed, however, to fly et mich greater Mach numbers. Conseguently,
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an investigation of the NACA 4-(5)(08)—03 two—blade propeller reported
in reference 1 was' begun to obtaln propeller performance at transonlc
speede. That Investigatlion was not complete because of power limi-—
tations and mechanical difficulties encountered with the propeller
dynemomster. Since that investigatlon, the dynamomster was redesigned
end the investlgation has been completed.

Presented herein are the force~test results of the NACA 4—(5)(08)-03
two-blads propeller covering a complete range of blade angle from 20°
to 70° for a forward Mach number range from 0.175 to 0.925. These
results constltute the first part of a genersl propeller program intended
to study the effects of blade—thickmess ratic, sectlon camber, blade
sweep, and dual rotation on the performance of propellers operatling at
transonic speeds. Only a limited analysis of the force—test resulis
is presented at thils time to expedite publication of the baslc propeller
results. Inasmuch as thse present investigation is much more extensive
and the measurements are belleved to be more accurate than those of
reference 1, these data should supersede those presented in reference 1.
Large—scale plots of the basic propeller characteristics (fig. 10) are
avallable on reguest to the NACA.

SIMBOLS

A area used 1n thrusi~tare calculation, square feet
B number of blades
b blade width, feet
czd sectlion design 1ift coefficilent
Cp power coefficient ( L )

pn3p?
Crp thrust coefficient( L) )

anDh
D propeller diamester, feet, or drag, pounds
b/D blade-width ratio
Dp, skin friction of spimner (no propeller), pounds
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“thrust disk—loadlng coeffliclent (——)

“gkin Priction of spilnner (with propellsr), pounds

maximm thickness of blade section, feet

blade=thicknsess ratio

Vo
advance ratio '(EEJ

11f%, pounds

tunnel—datum (forward) Mach number (tunnel Mach
number uncorrected for tunnel—wall constraint)

local Mach number

2
helical~tip Mach mumber (M, /1 + (?)

propellsr rotational speed, revolutions per second
power, foot—pounds per second

change In statlc pressure without propeller, pounds
per square foot

change in statlc pressure with propeller, pounds
per square foot

oV
dynamlic pressure -

propeller—<tip radius, feet

. blade—sectlion radius, feeh

thrust, pounds
T
2(;_D2

indicated thrust (no propeller), pounds

indicated thrust (with propeller), pounds



oy

Bo.75R

max

$o

efficlency
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tunnel—datum velocity (tumnel veloclty uncorrected
for tunnel-wall comstraint), feet per second

equivalent free-air velocity (tunnel—datum velocity
corrected for tunnel—wall constraint), feet
per second

veloclty in wake, feet per second

blade—section station (r/R)

induced angle of attack

section blade angle, degrees

blade angle at 0.75 radius, depgrees

cot—L (lift-drag ratio for two-dimensional flow)

Jor
Cp

maximum efficlency

alr density, slugs per cubic foot

geanetric helix engle (’oan"l ;Jx_>

APPARATUS, CALIBRATIONS, AND METHRODS

Test Bqulpment

This Investigation was conducted in the Iangley 8-Ffoot high-speed

tunnel.

The nozzle of this tunnel provides both & subsonic and a

supersonic test section. The propeller dynamameter wes Iinstalled in
the tunnel as shown in figure 1. The propeller was located in the
subsonic test section of the nozzle.
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Dynamometer.— The primary structure of the dynamamster consists

of a long circulasr shell 13 inches in dlameter and l%- inches thick.

It i1s bullt in two simllar units so that either single- or dual—~
rotation propellers can be tested. Each unit is supported by a large—
chord strut at i1ts center. The dynamaomster has a naminal rating

of 800 horsepower at 5400 revolutions per minute and can be overloaded
for short perlods of time. A continuous speed control for the four
induction motors which drive the propeller is cbtained by the use

of a varliable—frequency power supply. Xach unit has two motors
flexibly coupled. Sectional views of the dynamameter ars shown in
figure 2 and a detalled description of this dynamameter 1s presented
In appendix A.

Calibrations

The calibration of the tunnel air stream consisted principally
of longitudinal surveys of the static-pressure and radial surveys of
the static and total pressures in the propeller test plane.

Longltudinal survey.— The longitudinal static-—pressure surveys

were made by the use of a tube 12 feset In length which was Installed
first 6 inches and then 18 inches below and parallel to the outer
surface of the dynamameter barrel. Flush statlc—pressure oriflices
along the surface of thlis tube provided measurement of the static
pressure from which the values of Mach number were cbtained. The
longitudinal Mach number distributions obtained 18 inches below the
déynemcometer surfece are presented in figure 3. The pressure dlstrlbu—
tions at 6 and 18 inches fram the dynamcmeter barrel were the sams.

Radial survey.— The radia’ distributlon of Mach number was

measured with two survey rakes shown in flgure 1. TFor these surveys
the rakes were moved .forward of the position shown in the figure to
obtain measurements in the propeller plane. The Mach number distri—
bution vas uniform across the propeller plane and the maximm variation
in Mach number was less than +0.0005, which is the order of accuracy

of the measurement. The pressure measurements with the I12—-Ffoot tube
checked the radial survey at both the 6~ and 18-inch positions.

Horizontal survey.— A horizontel survey rake located 6.5 inches

gbove the dynamometer barrel at the propeller plane was used to measure
the velocity distribution in the wake of the fromt dynamameter support
gtrut. The velocity distribution obtained is shown in figure k.
Calculations of the effects of thls variation in velocity on thse
average stream velocity show 1t to be negligible.
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Thrust and torque calibrations.— Typlcal results of the thrust

and torque calilbratlons for the dynamomster are presented in figure 5.
In the Important range of propeller thrust and torgque measured in
this Investigation the maximum error in indicated thrust and torque
was less than 0.25 percent of the applied load. In the very small
load renge samewhat greater errors are involved. The method for
measuring the propeller rotatlional speed ies described in sppendix A.
The measured rotational speeds are accurate to within i2 revolutions
per minute for all rotational speeds.

Propeller and Tests

Propeller.— The NACA 4—(5)(08)-03 two-blade propeller used in

this investigation is the same propeller ag that used in the Iinvesti-—
gations reported in references 1 and 2. The blade was designed for

a three—blade propeller to produce minimum Iinduced energy losses
(profile drag assumed equal to zero) at a blade angle of 45° at

the 0.7—radius station and at an advance ratlio of 2.1. The gaps
between the spinner and blades were sealed far all operating conditions.
Blade—form curves are shown in figure 6. A photograph of the blades
Investigated is shown 1n figure T.

Tests.— Thrust, torque and rotetional speed were measured

throughout the complete operating range of the proveller. For each
tunnel Mach number the propeller was run at constant blade angle and
the rotational speed was varied. The range of blade angle coversd
for each test Mach mmber ls given in the followlng table:
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TARLE

Forward

Msch nimber Blade angle at 0.75 radius, Bg, sg, 4e8
M

0.175 20 |25 | 30 4o | b5
.23 20 1251 30 | 35 L5
.35 25 |1 30 | 35 | 4O 50 60
A3 30 |35 | k0o | 45 55 65 | T0
.53 ) o | 45 | 50 65
.60 4o | 45 | 50 | 55 65
.65 - 45 | 50 { 55 | €0 70
.70 ks |50 | 55 | 60 | 65 | 7O
.15 45 | 50 | 55 | 60 | 65 | T0
.80 50 | 55 | 60 | 65 | TO
.85 55 1 60 | 65 | TO
.90 ' 55 | 60 | 65 | TO
<925 55 | 60 | 65 | 70

REDUCTION OF DATA

Propeller thrust.— Propeller thrust, as used in this report, is
defined as the shart tension produced by the spinner—to—tip portion of
the blade. In order to obtaln propeller thrust, it was necessary to
determine thrust tares wilth the dynamometer operating without the
propeller for all rotational speeds and forward Mach numbers et which
the propeller would be operating. In addltion, the changes 1n thrust
force produced by the changes In pressurses 1n the spinner gap in the
presence of the operetling propeller and in the dynamomster housing
were mesaswured and applled as correctlons to the msasured thrust. The
.correctlions to the measured thrust due to spinner—ekin—friction tares are
presented 1n figure 8. A detailed description of the method used to
obtain the actual propellier thrust 1s given In appendix B.

Propeller torgue.— Torque—tare corrections were found to be amall

and dependent on spimmer rotational speed.. The indicated torqgie

reading was corrected for the spinner tere (a maximm of 1.2 foot—pounds
at 6000 rpm). .

Tunnel—wall correction.— The force—test data have been corrected

for the effect of tunnel-wall constraint on veloclty at the propsller
test plane. The msthod gensrally used for determining the effects of
tunnelk -wall constralnt (reference 3) has consisted of measurement of




8 L ] FACA RM LSGO6a

the elr-—stream veloclty mlong radial lines from the propeller tip to the
tunnel wall irmmediately ahead of and behind the propeller plane. The
equlvalent free—alr velocity was then obtained by extrapolation of
these msasurementes to an imeginary point beyond the twmel wall where
the two sets of fore and aft measurements led to the same valus of
veloclty.

The uncertainty in the determination of the asymptotlc value of
veloclty plue the difficulty in procuring survey rakes which would be
structurally sultable at transonic speeds and whilch would be satis—
factory as regards aerodynamic Interference and choking effects led to
the conslderetion of ancther method for the determinstion of the wall—
interference effects. This method 1s based upon the measurement of
the effect of propeller operatlion on the pressures along the tunnel
wall. The equivalent free—eir velocity 1s determined by taking one—
half of the maximm difference betwesn the tunnel—wall velocity with
the propeller off end the tummel—wall velocity with the propeller
operating and applying this Increment to the tunnel—datum veloclty
for the propeller—off.condition. This approach o the problem has
its basls In the propeller—-momentum theory (reference 4) which shows
that the induced velocity &t the propeller plane has a valus of one—half
the iInduced veloclty In the final waks.

The pressure measuremente along the tunnel wall showsd that the
maximum change in tummel—wall wvelocity, due to the propsller, occurred
approximately 0.8 propeller diasmetser downstream of the propeller.
Confirmation of the valldity of the method used was Indicated by the
result that the measured veloclty incremente along the tunnel wall at
the propeller plane were one—half of the maximum veloclty Incremants
dowvnatream of the propeller. The results of ithese msasurements are
presented In figure 9 as the ratlo of the free—alr velocity to the
tunnel—datum veloclty es & function of the thrust disk—loading coeffi-—
clent and the tunnel—datum Mach number. Further confirmation of the
validity of this method of evaluating the tunnel—well—Interference
correction lis indicated by the agreement between the experimentally
determined values and the theoretical values obtained from the method
‘of reference 5. For the purpose of this paper, the agreement between
the experimental and theoretlcal correction is pregented in lisu of a
formal proof of the method used.

Accuracy of results.— Analysls of the accuracy of the separate
measurements previocusly described has indicated that errors in the
results presented hereln are probably lsas than 1 percent. Repseat runs
have confirmed thils estimate.
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RESULTS AND DISCUSSION

The basic propeller chearactesristics are presented in figure 10.
For each value of tunnel—datum Mach nuwmber, M, the propeller thrust
and power coefflclentes and efficlency are plotied agalnst advance ratilo.
The variation of +ip Mach number with advance rstio is also included.
As used }n thls report, the tunnel—deatum Mach nmumber, M, is not corrected
for tunnel—wall constralnt. However, the free—stream Mach number can be
obtained by applying the tunnel-wall corrections, presented In figure 9,
to the tunnel—-datum Mach mumbsr. At the hilgh Mach numbers the tunnel—
wall correction 1s generally less than 1 percent but, in any rigorous
analysis wherever small changes in Mach number produce large changes in
propeller charecteristics involving the basic date presented In figure 10,
the tunnsl—datum Mach mmber should be corrected to free—stream Mach
number.

Effect of forwerd Msch number on maximm efflclency.— The varlatlon
of maximm efficlency wlth forward Mach number is presented in figure 11
for all of the blade .engles investlgated. The deshed lines, which
rrovide an estimatlon of the data for the lower blede angles, represent
merely the highest mesasured vaelues of efflclency and do not represent
the highest possible valuesg of the efficiency.

The highest values of low—speed meximm effliclency were obtalned
throughout & wilde range of blade angles from 30° to 60°. Ths maximum
efficiency throughout this range was about 92 percent. At blade angles
above 60°, and particularly at the blade—engle setting of 70°, large
reductions in the value of the efficiency resulted (n = 84 percent)
These relatively low efficlency values for the higher blade angles are

-undoubtedly dus to the high rotational losses assoclated with the high

blaede—angle opsratlon which are further aggravated by the fact that the
design pltch distribution for these blades (design B = 45°) leads to
operation of the shank sectlons at blade angles greater than 90°. As
has been shown previcusly, the forward Mach number at which efficlency
losses begln because of adverse effects of compressiblliity was found
t0 Increase with Incresse in blade angle. For this propeller, these
adverse effects were delsyed to a forward Mach mumber of 0.71 for which
a blade angle of 65° was required. The meximm efficilency for this
condition was 88 percent. Beyond. this point the large low—speed losses
previously discussed for the TO cage become even grember and thus
limit eny further delays in compressibllity effects through the use of
higher blade angles. These delays are accomplished simply through the
reduction 1n rotational speed as ths forward speed 1s Increased to
maintaln sufficlently low tip speeds to avoid the effects of compressi-
bllity. Once the effects of campresslbility occur, however, large
reductions in the efficlency assoclated with reduced lift-drag ratios
are sncountered for all the blade angles tested. The rate of maximm
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efflclency reduction Iincreases as the blade angle 1s Increesed. At a
forward Mach mmber of 0.9 the valus of meximm efficlency 1s 57 percent
at a blade angle of 55°.

Attention is called to the fact that in the range of forward Mach
numbers above approximastely 0.8 the maximum values of efficiency are
obtained for the lowest values of blade angle which correspond to the
lowest velues of advence—dlameter ratic, and thus in this speed range,

. decreases in the advance—dlameter ratio rather than Iincreases Iin
advance—dismeter ratlo appear necessary for best efficiency. Further
attention 1ls celled to the fact that these lower values of blade angle
and ths corresponding reductions in advance—dlameter ratlo are associ—
ated with marked increases I1n rotational speeds so that the propeller,
at a blade angle of 55° and at a forward Mach number of 0.925, is
operating almost as a fully supersonic propellier In which the resultant
Mach numbers all along the blade are in excess of unity (My = 1.5). The

results therefore indicete that supersonic types of propellers appear
10 be most promlsing in the high subsonic spesed range with regard to
obtaining the highest possible efficiency.

Effect of advance ratio and forward Mach number on maximum
efficliency.— A further Insight into the nature of this phenomenon is
galined by considering as & primsry varlable the advance ratlo. These
game maximmm efficiency results from flgure 11 are presented as solld—
line curves in figure 12. For purposes of camperiscon, calculated
values of propeller efflciency are also shown for fixed values of the
lift—drag ratio L/D in the form of dashed lines.

The efficlency of a sectlon along the blade 1s a function of the
goometric hellx angle, induced angle of attack, and the two-dimensional
lift-drag ratio, and is given by

n, = ten @o coten(@y + ay + 7) (1)

If ay and 7 are corbined, it 1s posslble to define a new lift—-drag
ratio which includes induced drag and 1s therefore comparable to the
definition of lift—drag ratic for a finite wing. In this paper the
lift—drag ratio 1s therefore defined by

g + 7 = c:otan,_'l % : (2)
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Slnce the geomstric hellx angle 1s glven by

—1

¢O = tan % (3)

the sectlon efficiency can be expressed as

-

L ()
6

The theoretical sectlon efficlency glven by equation (4) has been
plotted in figure 12 for the O0.7—radius station and thus represents

an spproximate average propeller efficlency. Both the experlimental
results and the calculated results show that, when the levels of
efficiency are high (corresponding to high values of Lift-drag ratios),
a wlde rangs of advance ratlo exists through which high levels of
efficlency are mailntained. As the Mach number is iIncreased, however,
there first occur the reductlons In the efficlency 1n the lower range
of advance—dismeter ratios due to the onset of compressibllity effects
in ths experimental results; thus, only a narrow reglon of high values
of the advance ratio are left for which high values of efficlency are
obtalned. With further increases in Mach number, however, even this
small range of high advance ratlo ls eliminated, and the average valuss
of the blade L/D as indicated by comparison with the dashed lines
undergo marked reductions.

At the low values of advance ratio the theory clearly indlcates
that the effliciency is no longer relatlvely Insensitive to the value
of J as was previously pointed out for the low—speed operating cases.
Examination of the theory to explain the sensitlvity of the efficlency
to advance ratio when the values of lift—drag ratio are low has
indicated that this galin ls assoclated wlth the changes in the geomstrical
combination of the force vectors. The theoretical line for lift—drag
ratios of 3 and 4 shows that very marked differences in efficiency occur
over the range of advance ratios investigated by the experimental study.
The reduction thus obtained from the theoretical calculatlon would
indicate that for e fixed value of lift—drag ratio, &dvance ratios of
the order of 2 are necesgary to maintaln best possible efflclencies.
The experimentel results tend to confirm thils at forward Mach numbers
in the range around 0.9. The comparilison between ths theoretical and
the experimsntal results further Indicates that sbout three—fourths of

SN
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the rige in efficlency with reduction of the advance—dlameter ratio
shown in the experimental results is accounted for solely by the
reduction in J. The slightly greater slope for the experimental
results, eccounting for the remalning 25 percent of the improved
efficlency, is chargeable to slight Improvemsnts in the average 1ift—
drag ratilo.

The results of the analytical study have therefore confirmed the
experimental Indicatlon that operation at lower advance ratios at very
high subsonic forward Mach numbers (supersonic operation) would be
expected to give the best possible propeller performance.

Power coefficlent for maximum efflclency.— Contours of constant
power coefficient for maximm efficlency are shown as dashed lines
in flgure 13. The solid lines are the maxlmm effilclency results from
Pigure 11. At the highest forward Mach numbere reached in this
investigation, the power coefficient for highest efflciency decreased
+o sbout half the values occurring at forward Mach numbers of
ebout 0.75. These very marked reductions In power coefficlent are,
however, associated wilth quite large reductions in the size of the
propellers needed for maximum efflcliency in the higher speed range.
For exsmple, although there is a marked reduction in the power coef—
ficlent for maximm efficlency, the actual power absorptlon of this
two—blade propeller at an advance ratio of 2.8 and at a forwsrd Mach
number of 0.9 ls six tlmes as great as the corresponding power absorp—
tion of the propeller when operating at a forward Mach number of 0.75
and an advance ratlo of approximately 5. Thus & very much smaller
propeller ls required for the supersonic type of propeller; and 1f this
camparison is based upon conslderation of propellers of different slze
to absorb the same power, 1t would result in the supersonic propeller
operating at a Mach mumber of 0.9 which would have a dlameter 40 percent
of the dismeter of the subsonlc propellsr designed to absorb the seme
power at a forwerd Mach number of C.75. Thus, a very fevoreble power—
absorption characterigtic ls Indicated for the low advance—ratio
supersonic type of propeller, which would lsad to consldsrable reduction
in propellsdr welight.

Comparison with results of previous investigation.— The envelope
efficisncies for blade angles of 45° and 60° are presented iIn figure 1k
and compared with results of the previous investigation reported in
reference l.

The keyed synbols In figure 14 are included to indicate the points
of tangency of the envelope curve with the Individual efficlency curves
for a glven forward Mach number. The dashed line In the curve for the
60° blade angle of reference 1 represents the highest measured efficien—
cies, but the limited range of power avallable in the previous tests was
Insufficlent to reach the meximmefficlency conditions; thus, in this
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range, the differences in the two sets of data result primerily from
the increased power avallable 1n the present teste. The remsining
comparisons, that 1s, for the 45° blade angle and the lower—speed
range for the 60° blade angle, generally present an average difference
of the order of about 3 to 4 percent. This difference 1s belileved to
result primarily from the comblned errors Iin the testing technlques of
the two serles of tests. In ths former tests, the measurements were
consliderebly less accurate than in the current tests and, as 1s noted
In reference 1, determination of the efficlencles was not belleved to
be more accurate than about 2 percent wlth the possiblllty of errors
due to spinner corrections of an additlonal 1 percent, thus about

3 psrcent of ths difference can be considered chargesble to the errors
of the previous tests. Because the present tests are considered to
represent a much more accurate set of megssursments and are mich more
extensive, 1t is recommended that the results presented In thils paper
be considered to supersede the resulis of reference 1.

CORCLUSIONRS

Tests of an NACA 4—(5)—{08)—03 two—blade propeller in the
Langley 8—foot high—spesd tunnsl for blade angles of 20° to TO° and
through a forward Mach number range eXxtending up to 0.925 indicsate
the followlng results:

1. The adverse effects of compressibllity may be d.ela.yed. to a
maximum forwerd Mach number of 0.7l for a blede angle of 65° for
which the maximm efficiency was found to be 88 percent.

2. For the forward Mach numbers at which low lift—drag ratlos due
0 operation at supercritlcal speeds can no longer be avolded, the
highest efficlencles are obtalned at reduced values of advance ratio,
approximately 2.0 for best efflclency.

3. At high supercritical forward Mach numbers, lerge gains In
maximum efflclency are possible through operatlon at low advance ratios.
Pert of this efficlency galn results from Increased blade—section 1ift—
drag ratio, but the principal gain results from the more favorable
geometry of ths force vectors. For these conditions of operation,
which are obtalned through large Increases in rotational speed, the
propeller operates as a supsrsonic propeller.

L. Consideration of the propeller when operating at supersonilc

sectlon speeds indicates very favorable power—absorbing characterlstics
so that a relatively much smaller supersonlc propeller may be used to
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obtain the same power—absorbing characteristice at a Mach number of 0.9
than would be necessary to absorb the same power at a forward Mach
number of 0.75.

Langley Aercnautical Leboratory
National Advisory Committee for Asronautics
Langley Air Force Base, Va.
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APPENDIX A
DESCRTETTION OF FROPELIER DYNAMOMETER

Flgure 1 shows the complete dynamomster installed 1In the test
sectlion of the tunnel. Figure 2 shows one of the two similar
L00-horsepower units of the dynsmometer. The itwo motors of each unlt
are "doubly™ coupled; that is, a flexible coupling comnects the drive
ghafts or rotors and a fixsed coupling conmects ths two stators or
motor casings so that each unit has essentlally one motor of 400 horse—
power. The flixed coupling ls a long steel shell. On each end of this
shell a cylindrical air bearing (shown in fig. 2(b), detaill A) 10 inches
long and 8;'— Inches in dlamster supporte all the moving parts of one
unit. The air bearing ls essentlally a thin Jacket of moving alr
which provides the sustalining force for the dynamometer. Ths outer
race of this bearing 1s fixed to the outer shell of the dynasmometer
and contains a compressed—alr chamber and a system of radlal orifices
located longitudinally and circumferentially around the race. The
inner race 1s a floating slseseve which l1s connscted to the motor caslngs
by an alinement ring. Between the two races is a gap of about 0.002 Inch
through which the compressed alr (pumped from an external source) is
allowed to expand. Thils alr Pflows out both ends of the alr bearing and
is deflected by exhaust—eir baffles to flow over the coupling shell and
out through the large supporting strute and then into the tunnel (fig. 1).
A lebyrinth-type meal located at ths end of the dynamometer unit near
ths propeller restricts the flow of air out of that end of the dyna—
mometer. One part of thls seal was fixed to the outelde casing of the
dynemometer and the other part was flxed to the floatling unit of the

dynemomster.

Axial and rotational movement of the floating parts of the
dynamometer is automatlcally controlled by pneumatlc compensators
to provide essentlally a null-movement system. These pneumstic
compensators are Integral parts of the hydraulic thrust— and torgue—
measuring unlts.

A cross section-of the torque unit i1s shown in figure 2(c),

detall B. Two semiclrcular shells and two flat alr plates containing

a compressged—alir chamber are rigldly connected to the outer casing of
the motors. The alr escapes from the air chamber through small orifices
in the plates. Between the alr plates is a four-—cell hydraullc cylinder
block rigidly fixed to the outer barrel of ths dynamometer. The liquid
in each hydraulic capsule is retained by a rubber dlaphragm agsinst
which a floating plston acts to change the pressure of the fluild when

a torque force 1s transmitted to 1t. An air gap of 0.002 Inch exlsts
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hetween the oubter surfaces of the pistons and ths air plates on the
semicircular ghell. This film of alr transmite the motor—torgue
reaction to the pistons of the hydraulic units. When the semicircular
ghells move rotationally, because of torque reaction, the pressures in
the air geps change, and thereby produce corresponding changes in the
load on the pilstons. Diliametrically opposite plstons experience ldenti-
cal changes in pressure, and the hydraulic fluld acted upon by diametr—
ically opposlte pilstons 1s forced Into one hydraulic pressure line
leading to ons slde of a similar hydraulic cepsule on a Tolsdo Printweigh
scale. The pressure line from the other two hydraulic capsules in the
dynsmometer 1s connected similarly to the other slds of a hydraulic
capsule on the beam balance.

The fluld in each of these hydraulic units is supplied from
separate reservolrs which are kept about half full. The upper part
of one reservolr contalns air maintalined at a constant pressure
through a constant—pressure valve Inserted 1n the air-supply line.
The upper pert of the other reservolr contelns pressure—regulated ailr
from a pilot valve. This pilot valve is connscted directly to the air—
supply line and to a ‘compensator valve which automatically fixes the
poeition of the floating part of the dynamometer and regulates the
pressure In the regervolr for all applied torgue loads. The pressure
difference between the two hydraulic unlte is proportional to the torque
and is mesasured dlrectly on the beam balance.

Operation of the thrust unit (see fig. 2(c), detail C) is similar
to that of the torque unit. Two coaxial hydraulic capsules seperated
by a common plston are rigldly attached to the motor cesing or floating
framework of the dynsmometer. The liquid in these capsules 1s retalined
by rubber dlaphragms In contact with the working surfaces of the piston.
Presaure lines from both capsules are comnected to a gimilar hydreulilc
capsule on a Toledo Printwelgh scale to indicate the thrust. The
thrust 1s proportional to the pressure dlfference of the liquid In the
two capsules. In order to provide freedom of motion in the torgue
direction, the outer ammular area of the thrust capsule piston is
sandwlched between two alr plates to make the piston float. Thse alr
plates are rigldly connected to the dynamdmeter barrel and contain
high-tressure air chambers. The high—-pressure alr escapes from these
chambers through smell orlfilces and flows radially in both dlrections
between the air plates and the plston. This air ls exhauasted through
the main support strut. This thin £f1Im of air, 0.002 inch thick,
transmite the load to be msasured to the floating pleton.

Since the alr f£ilm between both thrust and torgque alr plates does

not trensmit shesr loads, no Interaction is posslible between thrust
and. torque forces and cross callbrations have shown no interaction.
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An 8-pole alternator is coupled to the shaft of ome of the
200-horsepower motors and its output ls fed into & frequency—msasuring
instrument to glve the propellsr revolutions per minute. A check on
the accuracy of this instrument is provided by comparing its indicated
frequency with a known Lissajous! figure on an oscilloscope; such
checks give agreement to X2 rpm through the whole speed rangs used in
this Investigatlon. '

Thrust and torque callbratlons of the dynamometer for sach unili
seperately or for unlis coupled were the same and linesr. Calibration
curves are shown In figure 5 and the Indicated thrust and torque loads
are within £0.25 percent of the applled loads for the range of loads
of importance In this Investlgetion. Periodic checks of the thrust
and torqus callbrations have shown no change 1in the calibratlons.
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APPENDIX B
PROPELIER THRUST

The tere thrust without the propeller_is compoged. of skin
friction DfT of the spinner and any change In thrust reaction X AppA

produced by changes in pressure at the spinner gaps and inside the
dynamometer, where A 1s the portion of the projected area of the
floating part of the dynamometer affected by the pressure chenge A@T.

Thus, the indicated tare thrust Ty becomes
Ty = Dg, +ZApph (1)

When the propeller 1s producing thrust, the Indicated thrust is composed
of the thrust T produced by the spinner~to—tip portion of the blade,
apinner skin friction DfP and any change in thrust reactlon =ZApph

produced by changes In pressure at the spinner geps and Inside the

dynemometer. Thus the indicated propeller thrust, Tp, becomes

Tp = T + Dpp + EAPpA (B2)
and.

T = Tp — Dpp —SAPLA (B3)

If the skin friction of the spinner is assumed to be the same with or
without the propeller for the same conditions af tunpel and dynamometer
operation, then Dpy 1s equal to Dp, and equation” (B3) becamss

T = Tp — Dp, — ZApPpA (B4)

The -skin frlction of the spinner as evaluated from the tare runs was
found to be relatively iIndependent of rotational speed and dspendent on

*
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tunnsl Mach number only. Figure 8 shows the varilatlon of msasured skin
friction with Mach number for thls dynamomster. The thsorsetical skin
friction calculated for a flat plate based on a turbulent boundary
leyer and the local Reynolds number (reference 6) is shown for compar—
lson. The agreement 1s good.

It was necessary to measure pressures at nine locatlions In the
dynamcometer housling and at three radlasl locations on each slde of the
splmner in order to evaluate the changes in thrust produced by changes
in pressure. The locations at which pressure measurement were mads
are shown in figure 1. The complete system was checked to Insure
correct evaluation of thrust changes dues to pressurs by applying known
Internal pressures throughout the dynsmometer barrel. Checks of this
were made frequently for the dynamomster without a propeller, and the
change i indlicated thrust checked. the calcula'bed. change due to pressure
within #0.15 pound. ’

Very little change in spinner—gap pressure was measured when the
shank sectlons of ths propellsr were unstalled or operating at
gubcritical speeds. Larger changes in pressure occurred, however,
at both the front and rear gaps of the splnner for supercritical
shenk ssctlion operation amounting to 13 percent of the propeller
thrust at a Mach mmber of 0.925 for By 75y = 55° and as much as

100 percent of the propeller thrust at a Mach numbexr of 0.925
for Bg,7sg = T0°« This was for maximm-efficlency operatlon of the

propeller. Very llttle change Iin pressure was msasured at the nine
locations ingide the dynamometer, These changes show that, for
propeller testing at hlgh forward speeds, particular care must be
glven to mressure lnstrumentation In order to Imsure accurate evalua—
tion of propsller thrust. .
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