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Expanded arca, % J/ cdr

Disk area of propeller, nR2
Iirag coefficient of sectlion

Lift coefficient of secticu et ideal angle of at:ack,
e
L/ ((1/2)pV “¢)

Local pressure coefficient, (p«po)/((J/Z)fVRz)

Loading prassure coefficient, (gage output) (calibration factor)

2
1/2pvR

Power coefficient based on ship, speed PD/[(D/Z)HRZVS]
Inviscid power coefficient based on ship speed

Inviscid thrust power coefficient

Thrust loading coefficient, T/((l/z)vaon)

Thrust loading coefficient based on ship spead, T/((1/2)pV2AO)

Inviscid thrust loading coefficient based c¢cn ship speed

Section chord length

Expanded distance from generator axis to leading edge

Expanded distan~ . from generator axls to trailing edge

Propeller diameter

Drag of section
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Effective power, RV

nth harmonic amplitude of pressure

Static pressure at shaft centerline

Measured pressure signal due to loading effects

Quasi-stcady loading correction, equivalent to the slope of C
versus J curve for a given blade location

Propeller radius

Reynolds number of propeller, based on inflow speed along
0.7 radius Ve c/v

0.7

Total resistance of hull

Padial distance

Radius of hub

Propeller thrust
Maximum total thickness of blade section j

Thrust deduction fraction, (T-RT)/T :

Axial induced velocity at lifting line

Tangential induced velocity at lifting line .

Ship speed

Speed of advance of propeller, V(l—wT)

Carriage speed

Inflow velocity corrvesponding to baseline, design J condition

Resultant inflow velocity to blade section,
2 2
(v (l—mx) + (2ﬂnr+VT)
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Tangential component of propeller inflow velocity
Local tangentilal wake velocity

Local longitudinal wake velocity

Wave height

Taylor wake fraction determined from thrust identity
Local wake fraction

Fraction of chord from leading edge
Blade section offset

Blade section offsets adjusted to have the camber producing
the required lift coefficlent in two-dimensional flow

Number of blades
Section equivalent angle of attack in two~dimensional flow

Ideal angle of attack required to produce specified lift
coefficient in two-dimensional flow

Circumferential mean advance angle, tan"l [V(l—wx)/anﬂ]

Hydrodynamic flow angle

Circulation about blade section

Difference in pressure coefficient across blade, Eé on

face minus Cp on back
Propeller behind efficiency, TVA/PD
Propulsive efficiency, PE/PD

Position angle about propeller axis in propeller plane,
measured from vertical upwaru, positive clockwise
looking upstream, in direction of propeller rotation
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Skew angle in the projected plane measured from spindle
axis to the radial line through the midchord of the section
at the local radius, positive in direction opposite to
ahead rotation

Kinematic viscosity of water

Mass density of water

Mass density of propeller

Local cavitation number, Zgh/VR

Cavitation number at shaft centerline, based on speed of
advance, Zgh/VA2

Pitch angle of propeller blade section tan_l(P/(Zﬂr))

nth harmonic phase angle of pressure signal due to loading
effects, based on a cosine series

Phase angle of nth harmonic of P based on a cosine series representation,

N
P(r,x,0) = P(r,x) + L Pn(r,x) cos (n9—¢n)
n=1
¢n* Phase angle of nth harmonic of P based on a sire series representation,
N
P(r,x,0) = P(r,x) + I Pn(r,x) sin (ne+¢n)
n=1
¢T Phase angle of nth harmonic of thrust per blade based on a !
cosine series representation, !
N i
T(8) =T+ L T cos (n6—¢T )
n=1 n
SUBSCRIPTS
avg Average value for two or more experimental runs
cal Value determined during calibration
cor Corrected value
des Design values
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ABSTRACT

Experiments are described in which the pressure distribu-
tion on two model controllable-pitch propellers was measured.
The pressure was measured at 40 locations on the blade surface
with the propeller operating in hoth uniform and incliaed flow,
The discussion of the experimental technique includes a de-
scription of the hardware and data analysis systems.

The accuracy of the measured pressures was comparable to
the measured calibration accuracy, excluding unexpected loading
effects observed on some of the gages.

The measured mean pressure distributions produced fair
correlation with predictions based on equivalent two-dimensional
blade-section methods at the design advance coefficient. The
measured pressure coefficients at certain blade locations were
observed to be dependent upon Reynolds number for a given advance
coefficient. Boundary-layer separation is thought to have
caused the Reynolds-number effect. These viscous effects were
greater than previously anticipated.

The variation of the mean pressure distributions with
advance coefficient produced the expected trends. At a given
location, Cp generally varied linearly with advance coefficient

with increased sensitivity toward the leading edge.
Measuremenis of the unsteady pressure were performed with
the propeller shaft inclined 7.5 degrees to the flow direction.
Quasi-steady predictions of the fluctuating pressures under-
estimated the measured values by 30 percent to 50 percent,
but generally followed the measured fluctuating pressure
distribution along the chord. Over a range of advance
coefficients, the quasi-steady predictions matched the general
trends in the measured fluctuating pressures.
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The work reported herein was funded by the Naval Sea Systems Command (NAVSEA
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INTRODUCTION
With the increasing use of controllable-pitch (CP) propellers for high powered
*
ships,l’2 the U.S, Navy has been conducting a research and development (R&D) program

to establish the technology for producing reliable CP propellers. The program
undertaken at DTNSRDC included:
1. Blade ILoading of CP Propellers
a. Model measurement and theoretical prediction of blade loading
on CP propellers
b. Model and full-scale wake measurements and theoretical
predictions of wake
¢. Full-scale measurements of forces, pressures, and strains in
CP propellers components.
2. Structural Design of CP Propeller Blade Attachments.
3. Development of Materials for CP Propeller Systems.
The current report presents the results of work conducted under Section la of
the CP Propeller Research and Development Program, i.e., model measurement and
theoretical prediction of blade loading of CP propellers. Work under the other

sections of this program will be reported separately.

"o

An accurate estimate of the maximum time-average and alternating loads under all
operating conditions i1c ‘- ccessary in order to design the blades and pitch-changing

mechanisms of high-power CP propellers so that they possess adequate strength with

WA

regard to both yield and fatigue stresses. High time-average and alternating loads

occur at steady full-power ahead conditions and during high-speed maneuvers,

Biws dary e

including full-power crash astern, full-power crash ahead, and full-power turns.
The total unsteady and time-average propeller blade loads, as represented by

-7
three force components and three moment components, have been evaluated3 in other

R T T

portions of Section 1z of the CP Propeller R&D program. These results have demon-
strated that the currently available analytical techniques substantially under-
predict periodic propeller blade loads for operation in inclined flow. However,
these available results do not yield significant information on the distribution of

the periodic loadings over the blade.

*A complete listing of references is given on page 217.
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Information on the detailed distribution of loads (or pressures) is necessary
in both uniform flow and inclined flow in order to isolate the reasons for the
under-prediction of the periodic propeller blade loads in inclined flow and the poor
prediction of time-average propeller blade loads at substantially off-design
e~rnditions., This further information is necessary in order to provide guidance for
improving the analytical predictions. To the author's knowledge, no detailed
reliable information of this type is presently available.

A number of attempts to measure the pressure distribution on marine propellers
have been reported. These attempts are summarized in Table 1. As outlined in
Table 1, several techniques have been used including air or water tubes leading to

8,9 10-16
either manometer tubes ’~ or remote pressure transducers, and pressure trans-

ducersu_l8 in the blade including transducers which extend beyond the biade surface,

fully-embedded flush-mounted t:ransducers,lg-23 and transducers24 embedded in cavities

in the blades with a small hole to the blade surface. Various experiments have been

conducted in wind tunnels, water tunnels, and towing tanks in both uniform flow and
circumferentially nonuniform flow. |

All of these data have shortcomings of commission or omission, and thus their
accuracies are suspect to varying degrees. None of the generally available docu-
mentation of pressures measured on marine propeller bladesg_23 describes the
experimental procedure in sufficient detail to demonstrate the experimental accuracy.
Further, none of these documents, except the paper by Takei et al.,21 describes the
propeller geometry in sutficient detail to allow one to theoretically calculate the
pressure distribution.

Therefore, an experimental program was undertaken in an attempt to obtain
accurate and reliable measurements of the pressure distribution on CP propellers in
uniform and inclined flow over a range of advance coefficients. This report presents
results from the program. The results of some exploratory experiments conducted

under this program were reported in Reference 25. Experimental data are presented

P

from uniform and inclined flow configurations over ranges of advance coefficient
and Reynolds numbers. Steady and unsteady pressure coefficients are presented and

compared to theoretical predictions.




PROPELLER DESIGNS

The objective of this project dictated somewhat conflicting constraints on the
propeller design. On the one hand, the design should be somewhat representative of
recent CP propeller designs for surface combatants. These designs usually have five
blades and possess nonlinear radial distributions of skew and rake. The radial
distributions of blade thickness, chord length, and load distribution for these
propellers are selected from considerations of cavitation, strength, and propulsive
efficiency. On the other hand, the propeller geometry for the present investigaticn
must allow insertion of recessed, commercially available pressure transducers over a
wide area of the propeller blade,* built to a model scale which can be handled
readily by available facilities at DTNSRDC. This dictated relatively thick blades
and a total propeller diameter of 2 ft (0.61 m).

The propeller design was based on typical realistic CP propellers?'6’27

with
adjustments as necessary to meet the constraints imposed by the model experiments. 3
The adjustments are as follows:

1. The chord-diameter ratio, c¢/D, and thickness-diameter ratio, t/D, at each

Lo B s BN

radial station were increased by a factor of 5/3. This allows sufficient thickness
to embed the gages “n the model propeller while retaining the thickness-to-chord

! ratio t/c, and to expand the area ratio AE/Ao of the five-bladed FFG-7 propeller

on a three-bladed model propeller.

557 A F RN E

2. A balanced distribution of skew** was used with somewhat larger magnitudes

ks

of skew angle than on the FFG-7 propeller. The projected skew angle 65 extended

LT

from -10 deg at the 50 percent radius teo +41 deg at the tip. E

Propeller 4679 was designed for the same advance coefficient JA and thrust

loading coefficient CTh as the FFG-7 propeller.

el Sl i

After preliminary experiments were completed on DTNSRDC Propeller 4679, a

second propeller, DINSRDC Propeller 4718, was designed to investigate the surface

pressure on a more conventional propeller geometry. The modifications for this

P

second propeller are as follows:

*The configurations of the pressure transducers are described in the section i
on Instrumentation.

*%A balanced skew distribution has forward skew at the inner radii and aft skew
at the outer radii to keep the moment about the spindle axis as low as practical.
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1. The ¢/D at each radius was the same as that on the FFG-7 propeller;
however, the t/c was increased to up to 5/3 times the value on the FrG-7 in order
to allow sufficient thickness in which to recess the gages.

2. A balanced distribution of skew was used with slightly smaller magnitudes
of skew than on the FFG-7 propeller. The proiected skew angle 8 extended fronm
-5 deg at the 50 percent radius to +20 deg at the tip.

3. The design advance coefficient JA was reduced from a value of 1.077 on
both the FFG-7 propeller and Propeller 4679, to 0.751 on Propeller 4718. Therefore,
at design JA’ the experimental propeller rotational speed n 1s increased for a
given speed of advance VA' This increases “he local Reynolds number Rn at a given
VA and increases the number of propelier revolutions for a given pass down the
towing basin. The iuncreased number of runs provided improved statistical data.

4. The desizn thrust loading coefficient CT was reduced to approximately

h
3/5 times the value on the FFG-7 propeller so that the design thrust loading

coefficient per blade i1s approximately the same as on the FFG-7 propeller.

8

The propellers were designed using the lifting line procedure of Caster et al.2
for the preliminary design, and the lifting surface procedure of Kerwin29 for the
final design. The results of the lifting line calculations are shown in Table 2.
The geometric details of the model propellers are presented in Figure 1 and Table 3.

“hotographs of the propellers are shown in Figure 2.

EXPERIMENTAL TECHNIQUE

FACILITY

All expeviments were conducted on DTNSRDC Carriage . The propeller was driven
from downstream using the drive system and housing of the DINSRDC 1000 hp dynarometer.
This dynamometer system uses two 500 hp (0.372 MW) electric drive motors located in
a pod attached to thz lower end of a strut. The test arrangement is shown in
Figure 3.

The 1000 hp dynamometer was mounted to the carriage in two different
orientations:

1. With the propeller shaft parallel to the direction of the carriage advance

so that the propeller operated in uniform flow, and

2. With the propeller shaft inclined 7.5 deg dowrnsard from the direction of

the carriage advance so that the propeller operated in inclined flow.
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INSTRUMENTATION

The propellers were instrumented with 40 semiconductor pressure transducers
(gages); 20 transducers were mounted on the pressure side (race) of one blade
(Blade 2) and 20 transducers were mounted in the same radial and chordal positions
on the suction side (back) of another blade (Blade 3); see Figure 4 and Table 4.

The pressure transducers were mounted in Helmholtz cavities. A hole 0.040 in.
(1.0 mm) in diameter connected each cavity to the surface of the blade. This
configuration was accomplished in one of two ways. Where the thickness of the blade
permitted, the transducer was installed from the opposite side of the blade
(Figure 5a). O-rings isolated th. transducer from the blade in order to essentially
eliminate the effects of blade deflection, as discussed in the section on Experi-
mental Results. A set screw secured the assembly, and the remainder of the hole
was filled with a clear resin.

Near the leading and trailing edges, and at the 90 percent radius, there was
not sufficient thickness to permit such an installation. At these locations the
transducer was set into a 0.625 in. (15.9 mm) diameter cavity which was milled into
the blade from the surface on which the pressure was to be measured (Figure 5b).

The transducer was held in place with teflon tape and the tape was epoxied in place
at its edges, sc that the transducer was not directly attached to the blade. A
faired coverplate with a 0.040 in. (1.0 mm) diameter hole was cemented over the
cavity.

Dynami. calibrations wers conducted using an enclosed column of liquid vibrated
by a shaker. The natural frequency of the pressure gage cavity arrangement was above
1600 Hz. This ensured a flat response with no dynamic effects in the 5 to 20 Hz
shaft rate frequency range investigated during the experiment.

Transducers recessed in Helmholtz cavities were used rather than flush-mounted
transducers for the following reasons:

1. Recescsed transducers are better protected from damage arising from
cavitation collapse pressures or from accidental damage due to handling the blades
than are flush-mounted transducers.

2. Recesved transducers produce less disturbance to the blade contour than do
surface mounted transducers. However, this advantage of recessed transducers has

been partially mitigated by smaller transducers which have become available since

these recessed Cransducers were installed (July 1976).
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For Propeller 4769, two of the pressure traunsducers in Helmholtz cavities were

replaced by flush-mounted transducers, one to each surface of the blade at 50 percent

1 chord at the 0.70 radius. These transducers are the recently-developed extremely
small type. The total diameter is 0.050 in. (1.3 mm) and the diameter of the sensing
element is 0.023 in. (0.58 mm). These flush-mounted transducers were found to be
unsatisfactory in terms of durability and accuracy.

The instrumentation components used in a single pressure measurement ~hannel
are shown in Figure 6.%

The pressure transducer sensing elements are contained in a resistance
Wheatstone bridge circuit which produces an outrput signal voltage proporticnal to the
applied pressure. Power is supplied to the prassure transducer through a slip ring i
on the propeller shaft and is regulated by four integrated circuit voltage
regulators, one for each group of ten pressure transducers. Only two arms of the
Wheatstone bridge are actually located at the pressure transducer; there are two
bridge completion resistors per transducer located inside the propeller hub.

The bridge output voltage is fed through a semiconductor analog switch into a
voltage controlled oscillator (VCO). The VCO produces a frequency modulated (FM)
output signal in which a deviation in the VCO center frequency is proportioral to the
voltage level of the input signal.

The FM output signal from 20 of the VCO modules, corresponding to the 20 pres-
sure signals on one blade, are fed into a common mixer circuit module. The FM ]
multiplexed signal at the output of the mixer is then telemetered via a single slip-

ring and a single coaxial cable from the propeller hub to a bank of 20 discriminator

AT

channels located on the towing carriage. There are two identical but separate mixer

YRR

circuit modules and banks of discriminators, each of which carries the signals from

20 pressure transducers. Therefore, the signals from all 40 pressure transducers

MREN SN a4

are transmitted simultaneously using only two coaxial cables and two slip rings.
Each discriminator channel converts the associated FM signal into a high level

dc voltage proportional to a corresponding pressure transducer signal; i.e., it de-

multiplexes the signal. The resulting voltages are digitized, averaged. and stored £

by an Interdata Minicomputer, as discussed later.
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*Details of the instrumentation are shown on DINSRDC Drawings C-543-1, C-543-2,
C-543-3, and C-543-4.
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The truasducer bridge circuit sensitivity for each channel was adjusted so that
a full-scale pressure of approximately +15 psig (103 kPa), with respect to atmos-
pheric pressure, produces a +10 mV output signal. The VCO accepts a +10 mV full-
scale input signal and produces +2 kHz (constant bandwidth) deviation in center

frequency. The discriminator gain for each channel was adjusted to convert a +2 kHz

center frequency deviation into a full-scale output signal of +5 V. Therefore, the
overall sensitivity of each channel was designed so that an applied full-scale pres-
sure of +15 psig (103 kPa) produced approximately +5 V at the output of a discrimi-
nator unit. Thus, the overall system sensitivity was approximately 0.33 V/psi
(48V/MPa).

A Baldwin optical shaft-angle encoder, geared to the propeller shaft, was used
to determine shaft angular position. Two types of pulses were generated; a single-
pulse per revolution and a multipulse per revolution (60 equally spaced pulses).

The single pulse is referred to a known angular position relative to the propeller.
The pulses generated by this encoder are accurate to within +0.01 deg.

An ultrasonic wave-height probe was used to measure changes in the water leve.
above the propeller. This measurement permitted a correction to the initial pressure
zeros taken at the beginning of the run due to any variation in the average water
level during the run. The wave probe was zeroed out at the start of a day's running,
when the basin's water surface was undisturbed. The instrument zero was checked

between runs by inserting a flat platz a known distance beslow the probe, but above
the disturbed water level.

CALIBRATION

An extensive calibration program was conducted to arrive at accurate calibra-
tions for test purposes, and to investigate possible systematic errors in pressure
measurement. instrumentation,

This program was based on a computer-automated calibration system. A cylindri-
cal aluminum pressure tank was constructed to house the entire propeller and hub
assembly. Pressure inside the tank was monitored with a precision pressure standard
and used to calibrate the 40 pressure gages simultaneously. The tank pressure was L

stepped automatically by computer through a range frum -5 to 10 psig (-34 to 69 kPa).
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The minicomputer automatically performed the entire calibration in a consistent
fashion, based on programed variationz such as the number and order of pressure
steps, and the averaging and settling time for each pressure reading. After
calibration data were obtained. the computer calculated a straight line least-squares
curve fit based on the recorded pressures for each gage, providing gage sensitivity

and the standard deviation from the straight-line calculated values. This system

permitted consistently run, quick calibrations conducive to statistical analysis and

the identification of possible systematic =rrors.

(Rl

An exhaustive series of calibrat.ons was conducted on Propeller 4679 to inves-

T

tigate possible systematic crrors in the pressure measurement [nstrumentation.

o,

Initial calibrations were conducted in the laboratory without the 1000 hp dynamometer
cabling and sliprings connected through the measurement system. The propeller
pressure gages were calibrated under conditions with both water and air in the
pressure tank, and in the gage cavities. The procedure for filling the cavities with
water involved injecting water mixed with a wetting solution through the gage hole.

The wetting solution eliufnated the adhesion of air bubbles to the cavity interior.

i b ki T e 1 B M

The procedure was used throughout the experimental program to remove air from the

e

cavity. Combinations of air and water in the cavities and pressure tank had no :

effect on the gage sensitivities.

Calibrations were also conducted with the propeller and pressure tank mounted s

on the 1000 hp dynamometer. This arrangement rost closely resembled actual test

R TR IR R & | RPN,

conditions by including the dynamometer cabling and sliprings in the calibrations.
The pressure tank was also designed to be rotated with the propeiler on the dyna-
mometer shaft, allowiny calibration to include the effects of centrifugal loading,
propeller drive motor noise, and slipring noise. Calibraticns were conducted with
air in the pressure tank and gage cavities while the propeller was rotating at 300-
500 rpm, repre-2nting typical test rotational speeds. Rotation had no effect on the
gage sensitivities. Some additional noise, developed on selected gage signals,
attributed to drive motor transmission noise because of its dependency upon the FM
multiplexing frequency of the gage channels. Because the source of noi.e did not
influence thz sensitivity of the gage, it was assumed co average out in the data

collection process.
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The final calibrations used during the test were conducted in the laboratory
with water in the pressure tank and gage cavities. A series of automated calibra-
tions were performed, and averaged. A second series of calibrations was conducted
midway through the test which resulted in a slight variation in sensitivity of the
gages, which was attributed to exercising the gages during the first part of the
test. From these calibrations, the degree of expected accuracy of the pressure
measurements was obtained. For any single calibration, the error band, based on a
95 percent confidence level was calculated from the standard deviation relative to
a straight line calculated sensitivity. The average error band of all gagss for the
pretest calibrations was +0.035 psi (0.24 kPa). The average difference betweer the
pretest and midtest calibration sensitivity was 0.022 psi/V (0.15 kPa/V). For a
typical measured pressure coefficient of -0.4 this variation in calibration sensitiv-
ity corresponded to 0.015 psi {0.10 kPa) at low test speeds (VC = 6 knots) and
0.035 psi (0.24 kPa) at high test speeds (Vc = 11 knots). An expected upper and
lower bound on a given pressure measurement could be formulated by simply adding the
above sources of error.

1. Expected error at low test speeds - +0.050 psi (0.34 kPa)

2. Expected error at high test speede - +0.070 psi (0.48 kPa)

EXPERIMENTAL CONDITIONS
All experiments on Propellers 4679 and 4718 were conducted with the blades set
at the design pitch. Table 5 inuicates the test conditions. The values of carriage

speed Vc’ rotational speed n, resultant inflow speed at 0.7 radius V Reynolds

7
number Rn, and advance coefficient J are nominal values. Generally,Rgﬁ; final
measured quantities were averaged over the number of runs at each condition and
varied slightly from the quantities indicated. Most conditions were run at the three
indicated configurations of uniform flow, 7.5 deg inclined flow, and uniform flow
with the static pressure taps covered with tape to determine loading effects on the

pressure gage cutput.
DATA COLLECTION

The data which were recorded during the experiment included 40 channels of

blade-surface pressure, propeller rotational speed, carriage speed, and wave height

10
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above the propeller. The pressures were recorded 60 times per rcvolution, at every
six-degrees of blade angular position, as triggered by the shaft encoder, The other
quantities were recorded once per revolution.

Zeros were recorded before each experimental run. The zero before each run was
subtracted from the data recorded during the run as part of the data analysis.

Zeros recorded on consecutive runs were compared to observe zero drift.

Zeros were collected by recording the gage pressures with the propeller at rest.
Eaci static pressure value was corrected to its shaft centerline value in the
computer analysis by accounting for the static head difference between an individual
gage location at zero collection and the shaft centerline. This computation was
based on the propeller angular position which was recorded during the zero collection,
and the individual gage angle relative to the propeller shaft reference angle which
was stored in the analysis program.

This procedure was an improvement over a preliminary experimenc,25 where zeros
were collected by averaging pressure values during slow propeller rotation.

After the carriage had reached the desired speed and the propeller rotational
speed had been set, pressure data were recorded at cach of the 60 blade angular
positions over 75 records. Each record involved collecting data from 20 pressure
side gages on Blade 2 in the first revolutica, 20 suction side gages on Blade 3 in
the second revolution, and 3 oance per revolution signals on the third revolution (Vc,
n, and wave height WH). Therefore, each of the 75 records included data from three
revolutions. It was not feasible to obtain all of the data simultaneously due to
computer limitations.

After completion of a run, the computer analysis was performed. As part of the
analysis, the cyclic variation in hydrostatic head, Pys produced during each propel-
ler revolution, was subtracted from the measured pressure at each of the 60 blade
angular positions. This procedure produced essentially constant measured pressure
with angular position in uniform flow. The analysis provided the following output
after each run: ’

1. Quantities averaged over one record:

VC(I), n(1), J(I), p(6,N,I), WH(I), I = 1 to 75 records, N = 1 to 40 gages

. i . e, ST TS SRR N T F U

.
~
o
L&
b
ﬁ
——— g% YTRIE wﬂ
L , {
. - T R I e e aduaEa Coe e s aip R s
P T .7Mmm~&-&\£\%w%mhm!m1ﬁr,ﬁ A st st BRI w0 Bemii T A S c



:
o

TGO

VT

EYTIOT

Gron s ady st v

<

‘

2. Quantities averaged over one run:

EO(N), V, n, WH, J, pN), Eé(N), N = 1 to 40 gages where

- = =2 — .2
C = [p) - po 01/ 1/20 [V + (2nmn)?]

3. First harmonic analysis of averaged variation of pressure coefficients

with blade angular position

C,(M,8) = C (W), + C; cos (8-¢,)

4. Craphs of average pressure variation with blade angular position,
p(N,0) versus 6
5. Graph of mean pressure coefficients as a function of chordwise station,

bp(N) versus x/c

EXPERIMENTAL RESULTS

LOADING CORRECTIONS

The pressure-gage installations were designed for minimum interactions due to
loading. Propeller 4679, constructed first in the program, demonstrated small load-
ing effects on the gage pressure measurements. Propeller 4718 was constructed later
using the same gage installat.on procedures, but was found to have significant load-
ing interactions for gzges installed in the thicker portions of the blades, as shown
in Figure 5a. The cause was thought to be related to variation in the details of the
gage installation procedure. In this configuration the pressure gage was seated
against an o-ring with a set screw, and then covered with potting resin. Variations
in the torque applied Lo the set screw would cause variations of the pressure acting
on the o-ring, therefore, causing variations in the ability of the o-ring to isolate

loading interactions. Unfortunately, there is no practical method of checking this

because of the permanence of the potting material covering the set screw.
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To account for the loading effect, both propellers were load tested at
various test conditions in uniform flow.

the

To eliminate the gage response to pressure,

2-mil thick Mylar tape was applied over the gage holes. Pressure calibrations were

conducted with the taped over gages, resulting in a reduction in gage sensitivity to

less than one percent of the sensitivity without the tape applied. Rerunning the

test matrix (shown in Table 5 in uniform flow) with the tape applied over the gage

holes provided a direct measure of the loading effects on gage output. The gage

signal due to loading was nondimensionalized in the same way as the original

pressure signal and represented as a pressure coefficient., This coefficient is

defined as the loading pressure coefficient. Its mean value is EéL:

- 2
€y = /(2075

where PL, is the measured pressure signal produced when the gage holes were covered
with tape.

Figure 7 shows the variation of EEL for each gage over a range of J for inflow

speeds listed in Table 5. Each figure shows all repeat runs at each condition and a

third-order least-squares polynomial fit through the measured values. From Figure 7,

the repeatability observed was good with EEL varying by +0.01 for repea*t conditions

at constant J. Certain gages (at the inner radii) had substantial loading coeffi-

cients at design J with large variations over the range of J measured. To correct

the measured pressure for loading effects at a given J, the polynomial describing the
loading coefficient for each gage was solved and subtracted,

EPL(J) = A + BJ + CJ% + DJ°

) = EP(J) - C ()

Cpcor pL

where A, B, C, D, are the polynomial coefficients. This corrective procedure

eliminated the loading effect on most of the gages over the range of test conditions.
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To further correct the measured pressure for loading, a second-order effect of
inflow speed was investigated. Conditions were run at design J over a range of
inflow speeds. Figure 8 shows the variation of EEL over ranges of inflow speed at
design J. Again, all test spots are shown, including repeat runs, and a third-order
polynomial was fitted to the measured loading coefficients over the range of VR'
Even with relatively expanded scales for CpL (see Figure 8), the variation with VL
was small except at two gage locations, To adjust for loading effects as accurately
as possible, the second-order effect of speed was considered in a fashion similar to
the first-order effect of advance coefficient. 1In this case the curve-fit polynomial
in Figure 8 was used to analytically describe the variation of C_, with V_ at constant

pL R
design J,

- 2 3
CoL JgogrVg) = A& + BV + CV.° + DV

where A, B, C, D, are polynomial coefficients. The above quantity was then sub-
tracted from the measured pressure coefficient to correct for the second order load-

ing effect due to speed, as

J) = Cp(J) - C

Cpcor pL(J) - CpL(Jdes’VR)

To avoid accounting for the loading effect twice in the two loading terms above,

- ) ] N
CpL(JdeS,VRO) was added to the right side of the above equation, where V_, was the

Ro
primary inflow speed tested in the range of J rumns, as shown in Figure 7, Rewriting

the above equation, one obtains

C (J,VR) = Cp(J,VR) - ch(J,VRO) - C_(

pecor pL Jdes’vR) * CpL(

Jdes’VRo)

Each pressure coefficient term is 2 function of both J and V_, where,

L’
1. EEL(J’V o) is the polynomial function from Figure 7

T .
2. pL(Jdes’VR) is the polynomial function from Figure 8
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3. VRO is the primary inflow speed used in Figure 7
4, Jdes is the design advance coefficient held constant in Figure 8

A similar loading correction was made to the fluctuating pressure coefficients.

Because the runs conducted with the taped-over gage holes were performed in uniform
flow only, the loading corrcctions to the fluctuating pressure coefficients had to

be approximated. The approximation is based on an assumed quasi-steady varialion in

ARG 1

the local loading pressure coefficient CpL(G), with local advance coefficient J(8),

calculated from the variation of the mean loading pressure coefficient E?L’ with
advance coefficient J from Figure 7. The procedure was identical to that used

PG AL e

: (see page 32) to calculate predicted unsteady pressure coefficients. In the present
] case, the CpL versus J curves were used instead of Cp versus J curves, as described
in the later section. For each pressure gage, a first-harmonic loading pressure
coefficient amplitude Ele and phase ¢Ll were calculated for each run conducted and
were vectorially subtracted from the measured fluctuating first harmonic pressure
coefficient. The propeller shaft inclination produced a constant tangential wake,
producing a first-harmonic phase angle due to load effects, called the loading phase,
¢Ll of 270 deg. To more accurately approximate the unsteady correction, the phase

) of Cle, ¢Ll’ was shifted from the quasi-steady prediction of = 270 deg to ¢L1 =

A

¥
L1l

' 300 deg. This adjustment was based on a similar phase lag in previously measured

P s s i i T T i s

unsceady propeller blade loads in inclined flow by Jessup and Boswell.7

; Figures 9 and 10 show the uncorrected and corrected first harmonic pressure

3 coefficients and phases. Loading effects did not occur at the 0.9 radial positions,
so comparisons there were deleted. Note that on some gages the correction is con-
siderable and is only an approximation. When analyzing results from these gages,

consideration must be made for the uncertainty of the correction. (Some discussion

of this point will be given subsequently.) Fortunately, most gages show little or

T R

no loading correction.

MEASURED MEAN PRESSURE DISTRIBUTIONS
Figure 11 depicts the measured and predicted mean pressure distributions for
Propellers 4718 and 4679 at design advance coefficient at the 0.5, 0.7, and 0.9

radial positions. The measured mean pressure coefficients represent average values

over the range of speeds tested for each propeller to allow general comparisons with .

theory.
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The predictions were calculated by a combination of the propeller design

28,29
procedure”™ '"" and equivalent two-dimensional blade section methods.30 Initially,

from the lifting~line prediction,28 the radial loading distribution was obtained,

providing the required 1lift coefficient for a given section of chord length.
Assuming a NACA 66 thickness airfoil section, with an & = 0.8 meanline, a two-
dimensional camber ratio and ideal angle of attack were calculated to produce the

desired loading.* The two-dimensional theoretical pressure distribution was calcu-

lated by the method of Brockett30 using the assumed thickness shape, meanline, and

ideal angle of attack.

Before comparing results of the two propellers, one should note the qualitative
geometric differences. Propeller 4718 was designed to resemble a conventional CP
propeller with moderate skew and planform. Propeller 4679 was designed with
increased skew, increased pitch, and increased expanded area ratio, producing much
larger chord lengths for an equivalent overall diameter. In planar-wing terminology,
Propeller 4679 resembles a delta wing, especially at the outer radial positions.
Therefore, the pressure distribution at the outer radii of Propeller 4679 could be
dominated by the real fluid effects of cross-flow and tip-vortex roll-up observed on
low-aspect ratio wings, and would be less likely to match predicted two-dimensional
pressure distributions. At the inner radii, the measured flow characteristics of the
two propellers would be expected to be similar due to the effect of the hub and the
close similarity of the local planforms.

On the suction side, at the 0.5 radius, both propellers display similar measured
results., The measured negative pressure coefficient, ;Ep’ is less than the theoreti-
cal value near the leading edge region, and greater than the theoretical value near
the trailing edge.

On the pressure side, at the 0.5 radius, the measured results on Propeller 4718
more closely resemble the theory with irregular peaks in the measured result at the

10 percent and 50 percent chord positions. Measured magnitudes of Eﬁ on Propeller

4679 are generally less than theoretical predictions ever the forward portion of the

*The final propeller geometry is determined using lifting surface techniques29
to arrive at the corrected camber, and ideal angle of attack to produce a chordwise
lcad distribuiion equivalent to that calculated in two dimensions.

16

AT AT e TR ke ST ,ws.zwmvnn;a
s

—ancabn s,

PRERA SN A




T o TR RN A O, ST 24
F \!

ominkan b L S

e mMorn o B K

I RS e

chord, and greater towards the trailing edge. There, a large negative pressure
coefficient implies an acceleration of flow at the trailing edge on the pressure
side, in somewhat better agreement with the suction-side pressure coefficients at
the trailing edge.

A possible explanation for some of the irregularities in the measured pressures
at the 0.5 radius involves the flow perturbation produced by the fairwater and hub of
the propeller. The propellers were operated on a downstream shaft, with a hemi-
spherical fairwater ahead of the blades. The blades were mounted to a protruding
spherical section intersecting the cylinder to which the fairwater was attached, as
shown in Figures 1lb and 2. The hub would disturb the flow into the blades near the
root and the perturbation velocity would depend on the axial position of the blades
relative to the hub and fairwater. The increased axial speed would increase the
advance coefficient locally at the blade-section leading edge near the hub, thus
causing a decrease in -Eé on the suction side and an increase in —E} on the pressure
side. Potential flow calculations on a hemispherical headform predicted a maximum
axial velocity increase of 3 percent of free stream speed at the 0.5 propeller
radius. A 3 percent increase in advance coefficient changed the measured pressures
at the leading edge only slightly, but in the direction of the theoretical result.
Therefore, this effect could only partially explain the trends of the measured
pressures near the leading edge at the 0.5 radius.

Image effects of the hub are another possible explanation for the trends of the
measured pressure distribution on the suctiou side at the 0.5 radius. Unfertunately,
there is no simple way to approximate the effect. Any influence would be tied to the
roll-up process of the hub vortex and the boundary condition on the hub. At present,
there is no available lifting-surfacz design computer code that takes the hub into
account.

At the 0.7 radius, data from Propeller 4718 match the theory reasonably well,
but there is a theoretical over-prediction of pressure magnitudes in the midchord
regions.

At the 0.7 radius, the flow over Propeller 4679 produces irregular pressure
distributions. On the suction side, the measured pressure distributior has a suction

peak at the leading edge followed by a drop across the midchord, and an increase
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matching theory in the trailing-edge region. The measured pressure at midchord may

be in error because it was obtained with a questionable surface mounted gage which

proved unreliable in unsteady flow. The bracket indicates a more credible result

from earlier tests before the surface gage was installed. The measurements on the

pressure side have similar irregularities across the chord, with values greater than

theory near the leading edge, then dropping below theory further aft.

; Results of this type are questicnable, since one expects smoother variations in
é prescure along the chord. Irregular variations along the chord could be explained
Ly the effect of crossflow and rollup processes of the tip vortex. The leading edge
at the 0.7 radius is positioned at the start of the extreme sweepback of the leading
edge, which could be the start of streamwise vortex generation and rollup. Strong

] vortex formation in this leading-edge region will induce high local velocities in

% the chordwise direction along the leading edge from the 0.7 radius to the tip, thus
4 producing suction peaks in the surface pressures. Also, any degree of crossflow

i woculd greatly change the effective blade-section shape traversed by the flow over
the gage of interest. It is believed that an extremely complex lifting-surface

flow model with advanced numerical-analysis techniques is required to predict the

¢ pressure distributions in these regions.

% ! At the 0.9 radius, measured pressure coefficients on Propeller 4718 are

? 4 generally less than the theoretical predictions. On the suction side, measured

E values are less than predictions except near the trailing e'ge \..ere measured alues
% are slightly greater than predictions. On the pressure side, measured values are

% less than theoretical predictions uniformly across the chord. On Propeller 4679,

? theory and experiment are in good agreement on the pressure side; however, on the

3 suction side the experimental pressure distribution is greater than the theoretical

prediction. This result is much different than that of Propeller 4718, again

implying possible differences in flow patterns near the tip.

Again, the difference in correlation between theory and experiment for [
Propellers 4679 and 4718 may relate to different rollup and tip-vortex positions
near the tip not accounted for in the mathematical model. The greater skew on .
Propeller 4679 may cause tip vortex formation further inboard of the tip, resulting
) in a decrease in pressures on the suction side near the tip. Also tip-vortex

N separation may occur, influencing the local pressures.

: 18




REERLC S et

R T R Ay

ERTT S TN TN BT R

T
s

TERTTEY

L2t ER

L

ki

ey TRy T e

Summarizing, ccrrelation - { mean pressure distributions with data from exdisting
analytical methods produces pcor results compared to similar measurements on planar
wings. It is thought that improved correlation could be obtained with theories

accounting more completely for observed three-dimensional flow effects.

INFLUENCE OF REYNOLDS NUMBER ON MEASURED PRESSURE DISTRIBUTIONS

It was thought that over the range of Reynolds numbers covered by the tests

(6x10°

>Rn>2X106) the pressure distributions would be essentially independent of
Reynolds number at a given design point. With an absence of cavitation and boundary-
layer separatior, it was expected that the measured pressure coefficients at constant
J would match a potential flow model, being independent of Reynolds number or, in
this case, carriage speed Vc, resultant inflow speed VR, or rotational speed n.

To investigate this, runs were conducted at design advance coefficients over
ranges of carriage speeds in a Reynolds number range of 2.50 X 106 to 4,63 x 106 for
Propeller 4718, and 3.08 x 10° to 6.20 x 16® for Propeiler 4679. a ilimited number
of speed runs were also made at off-design conditions. Results shown in Figures 12
and 13 indicate a relatively large speed dependence of the pressure coefficients in
various chordwise regions of the blade.

At the 0.5R radial position, a dramatic increase in pressure coelficient oc-
curred on the suction side with increasing speed in the mid-to-aft choxd region on
Propeller 4718, representing the greatest speed effect observed. A variation,
similar in effect, occurred in a similar reeifon on Propeller 4679, but to a lesser
degree. On the pressure side of Propeller 4718, a pressure increase with increasing
speed occurred near the leading edge; however, for the gage nearest the leading edge
the'ap was essentially constant. The pressure side of Propeller 4679 showed less of
a speed effect than Propeller 4718 with the exception of increased values of CF on
the lowest speed run, contradicting the usual trend cf increasing Cp with increasing
speed,

At the 0.7 radial position on Propeller 4718, values of Cp increased on the
suction side with increasing speed in the fore- to mid-chord regions. On the
pressure side, a similar variation occurred. In both cases, little or no variation

occurred at the leading and trailing edges. Propeller 4679 produced a similar trend
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on the suction side, but to a lesser degree.

The pressure side showed irregularities
at the lowest speed, similar to those at the 0.5 radius, but produced a large in-

crease in Eb with speed at the trailing edge.

: At the 0.9 radial position on the suction side of Propeller 4718, Cp increases
: with speed, with increasing magnitudes toward the trailing edge. On the pressure
: side, only a slight speec effect occurred at the leading and trailing edges. The
suction side of Propeller 4679 had pressures increasing with speed in the fore-chord
region. The pressure side had little speed dependency except for, again, irregular-

ities at the lowest and highest speed condition.

PR ASL A C g b de

Generalizing the pressure-coefficient speed-dependence trends are as follows:
1. Consistent direction of speed dependence - The pressure coefficlents i
increased with increasing speed on both sides of the blade with the exception of

the pressure side of Propeller 4679, at the lowest speed run.

TR TR T T

Z. E; versus VR was a smooth function - In most cases, pressure coefficients

plotted against VR produced smooth monotonically varying curves, as shown in
Figure 14.

T

3. Propeller 4718 exhibited slightly greater speed effects for Eé than did
Propeller 4679,
4. Speed dependence of E% occurred ir both uniform and inclined flows.

5. Speed dependence appeared to be independent of J (from results to be
discussed subsequently). A

TN ACS PIR 4 SERR TG T

6. No speed dependence was observed in unsteady pressure measurements (from E
results to be discussed subsequently).

i T S R

POSSIBLE MEASUREMENT ERRORS CAUSING C_ VARIATION
WITH REYNOLDS NUMBER P

The above trends do not obviously point to any real flow effects, so the feasi-

e

bility of an instrumentation error as the cause of the speed effects should be con-

sidered. The form of the pressure coefficient is:

F
P - P,
C = —

P
1/2 ovy
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Because of the speed squared term in the relation, any constant or variable
error in p, P,» OT VR will produce a speed effect on the calculated value of C_. For
example, if the static pressure, P, s measured is greater than actually occurred,
then the measured value of p - P, will be decrezsed over the range of speeds by a
given increment. When nondimensionalized by VR , a monotonically decreasing pressure

coefficient will result over the given speed range.

Errors in measurement of p, were possible due to the many corrections performed

before the final value was reached. As stated previously, zeros were taken when the

propeller was stationary. The value was then corrected for wave height deviations
from zero and the hydrostatic correction to the propeller axis based on the angular

position of the propeller. Corrected static zeros were compared over twenty range-

of-speed runs with variations observed from 0.02 to 0.07 psi (0.1l4 to 0.48 kPa). No
correlation of speed with pressure variation was observed. This variation was within
the expected gage error, and did not approach a p, error of 0.2 - 10 psi (1-69 kPa)
which 1s necessary to produce the observed speed effect. The small variation in P
values demonstrated the proper zero correction, because each zero collection was
performed with the propeller at a different angular position.

Errors in the measured pressure p were possible due to uncertainties in the
loading corrections. As stated earlier, some gages, primarily on Propeller 4718,
exhibited a sensitivity to blade loading. To correct the data for this effect, the
test conditions were repeated with tape over the gages (which then measured the
cavity air pressure) to desensitize the gage ocutput to pressure. The measured load-
ing effect was subtracted from the measured pressures. The loading effect was found
to be sensitive to advance coefficient, but relatively insensitive to Reynolds
number or speed when nondimensionalized by 1/29VR2. Because the loading effect was
independent of speed, it was thought not to be the cause of the observed speed
efrect.

Correlations between gages with large loading and speed effects indicated a
possible cause for some of the large speed dependency. A measure of the relative
loading effect was represented by the quasi-steady loading correction Q, which is
the slope of the CpL versus J curves at design J shown in Figure 7. Figure 15 shows
the magnitude of the loading correction Q against the speed dependency, as the

difference in pressure coefficient at two inflow speeds. For Propeller 4718 it
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appeared that many of the gages with large loading corrections also had large speed
effects. Also, most of these gages were the back-mounted type used in the thicker
sections of the blade. Propeller 4679 did not have as large a speed effect or as
great a loading effect as Propeller 4718, but showed similar correlation between the

two effects, and indicated greater problems with the back-mounted gages.

From this observation it was thought that some errors existed in the loading
correction procedure. The most probable error was a coupling effect between the
gage calibrations for loading and pressure. When the loading sensitivities were

measured, the gage holes were taped over, producing approximately constant atmos-

pheric pressure acting on the gage. During pressure measurements, additional non-

atmospheric pressures acted on the gage, therefore, the same conditions occurring

iy S A

during the loading effect measurements were not reproduced. If the loading effects
were caused by gage diaphram deflection, produced by displacements of the blade in
contact with a gage, then that effect could be dependent upon the initial deflection
of the gage, before the blade was strained by the loading. The dependence of the

YT Py e Py

loading sensitivity on gage deflection or pressure was checked in the laboratory by
hanging a weight from the end of the blade while applying known pressures to the

gage of interest. The gage output due to loading was independent of the pressure on

TP THVT T T

the gage. The lack of interaction effects between loading and pressure eliminated
the loading effect as a possible cause of the observed speed effect. The correlation
between loading effects and speed effects, if not due to instrumentation, could be
caused indirectly by systematic real flow effects for the speed-affected gages and
may be influenced by thneir location in the thicker mid-chord region of the blade.

e R IR ITERTRRY T e

In future pressure measu.ement tests, closer attention should be paid to the
loading effects on the gages. It appears that on both propellers, the coverplate
configuration produced little or no loading effect, while the back-mounted configura-

tion produced large loading effects on Propeller 4718, and lesser effects on
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Propeller 4679. As stated earlier, it is suspected that the back-mounted configura-
tion is very sensitive to slight variations in installation. In the future, a new

gage mounting configuration could be designed incorporating the advantages of both

” e
I

’ types.
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The remaining source of instrumentation error possibly causing the speed

variation was in VR’ the inflow speed, calculated from carriage speed VC’ and pro-

2
1]
"
9
3

peller rotational speed n. Error in these measured quantities was highly unlikely

for the following reasons:

1. An error in either n or VC would have shown up as a variation in advance
coefficient, causing variations in Cp near the leading edge. That did not occur,
2. An error in VR would cause a systematic variation in Cp over speed

identical for all the gages on both propellers,

PRE(PTRIC TR 38 SRR N s T o

With the elimination of possible instrumentatioi. errors in = asured p, Pys and VR‘
only real flow effects can explain the large pressure variations with speed cbserved

at the design test condition.

POSSIBLE REAL FLOW EFFECTS CAUSING C VARIATION
WITH REYNOLDS NUMBER P

The variation in measured pressure coefficients at design J with Reynolds
number could be related to variations in flow regime over the blade. Reynolds
number will influence the development of the blade boundary layer, including laminar
to turbulent transition and flow separation, and perhaps the formation of the tip
vortex. If boundary-layer development leads to separation, then the pressure field
will be altered in the separated flow region cf the blade, and adjustments in cir-
culation will cause some change in the pressure field ahead of the ceparated region.
Changes in tip-vortex formation and position will alter pressures at the 0.9 radius
on the suction-side of the blade. Alsc leading-edge separation and reattachment
could occur over much of the outboard radius, altering the pressures near the
leading edge.

It was suggested that part of the boundary layer on the blades might be laminar,
making separaticn more likely than for a turbulent boundary layer at increased values
of the Reynolds number. To check this, sand of 400 grit size (60 um) was glued to
the leading edges of the blades with shellac. Upor rerunning the test matrix, it was

found that no appreciable change in measured pressure coefficients occurred. Table 6
shows values of pressure coefficients for Propellers 4718 and 4679 with sand, and
the difference produced when the sand was applied. The differences measured were

generally within the largest standard deviation produced from repeat runms conducted
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for the two cases. Inspection of runs at other speeds also produced no effect of

the tripped boundary layer. It was concluded that the bou.dary layer was essentially

fully turbulent without the sand, even for the run at the lowest Reynolds number of
2.5 x 106 for Propeller 4718, and 3.08 X 136

for Propeller 4679. This result agrees
with data from Meyne31

who predicts a fully turbulent boundary~layer to occur for
Reynolds number values greater than about 106.

Attempts to correlate the speed effects at certain gage locations with possible
separation could be advisible without a better understanding of three-dimensional

separation and other boundary-layer flow phenomer 2, as could be determined with flow

visualization on the two propellers. Unfortunately, little insight can be drawn

from experiments correlating the effects of two-dimensional separation phenomena with
static surface pressures.

Three~dimensional separatlon could be influenced by many effects. At the root

of the blade, local separation forms and is dependent upon the thickness and mean-

line of the inner radius sections and con the fairness cf the blade fillets. Also, a

secondary-flow horseshoe vortex is formed around the root of the blade, and is shed

downstream, inducing flow on the blade. The rotation of the blades produces a

boundary-layer flow component radially outward, directing the surface shear stress
also radially outward.

The effect is more pronounced for laminar than turbulent
31
flow.

The large thickness ratios at the inner radii, especially on Propeller 4718,
could also contribute to possible three-~dimensional separation related to strong

adverse pressure gradieats in the radial and chordwise directions. At the tip, the

formation of the tip vortex could cause extreme local pressure gradlents contributing

to separation. JInfluences from these effects could lead to separation in various

regions of the blade.

More detailed predictions of boundary-layer flow and separation could be made

only through boundary-layer flow visualization techniques. By applying a paint

(or 0il) tu the leading edge of the blades,31 the paint-film flow patterns produced

after running can indicate the details of the boundary-layer flow. This would pro-

vide a base to compare variations in pressure coefficilents with Reynolds number.
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VARIATION IN PRESSURE COEFFICIENTS OVER A RANGE OF J

As the propeller advance coefficient ig reduced, the increased loading will be

a result of increasing pressures on the pressure side of the blade and decreasing

pressures on the suction side. Analogous to a planar wing, pressure coefficients

toward the leading edge will be most influenced by angle-of-attack changes.
propeller, variations in J

For a

are closely relatcd to variations in blade section
angle-of -attack.

Graphs were constructed presenting the variation of pressure coefficient with

advance coefficient for each pressure gage location. Initial plots revealed pro-

blems on certain gages due to the effect of speed on the measured pressure coeffi-

cient. The uncorrected pressure coefficients plotted in Figures l6a and 16b demon-

strate how the speed effect shiftedEp values based on the operating speed of each

J condition. By matching speed runs from Table 5 to the plotced C_ values, it was

apparent that the values of Eé corresponding to higher speed runs at low advance

coefficients were uniformly shifted below the values extrapolated from measurements

of Cp corresponding to high J, low speed runms.

To better describe the relationship between Ep and o, it was hypothesized that

the variation of E; with speed was independent of J and only dependent upon the local

inflow speed, VL‘ This assumption permitted the pressure coefficient to be corrected

for the observed speed effect. Third-order, least-squares polynomials were fitted

to the Eé versus VR relationships shown in Figure 14 representing the observed speed

effect at design J. All measured pressure coefficients were corrected to a baseline

condition at design J of 7.88 rps for Fropeller 4718 and 8.20 rps for Propeller 4679,

The correction was made by subtracting from the measured C_ the difference in C_ from

Figure 10, This difference is between that at the base condition and that corre-

spording to the local speed of the E; to te corrected. Again, this assumed that the
speed effect was independent of J.

The improvement to the Cp versus J relationship can be seen in tne plots

corrected rfor speed; see Figure 16, The pressure coefficients shown with relatively

large speed effects tend to collapse to approximately straight lines indicating a

generally linear relationship. Similar relationships resulted with gages with little

or no speed effects, differing primarily by the slope of the line. Because of the

substantial improvement obtained, the assumption was considered accurate.
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Figure 17 represents the variation of the speed corrected pressure coefficients

with J for uniform and inclined flow. Along with the measured pressure coefficients

for each rup, first- and second-order least-squares curves are shown. There are no
significant differences in the curves for the cases of uniform and inclined flow, as
expected, excepi when numerous bad runs shifted the shape of the curve. Generally,
che slopes of the curves increased in magnitude from trailing edge to leading edge,
as expected.

Some gages produced obvious second-order nonlinear Cp versus J curves. On
Propeller 4718, nonlinearity occurred mainly at the leading edge and at the 0.9
radius. On Propeller 4679, nonlinearity occurred, with some exceptions, at all
blade positions, clouded to some extent by scatter of the data at some gage posi-
tions. The nonlinearity which occurred may be associated with effects caused by the
tip-vortex separation or crossflow over the blade surface. Comparisons with lifting-
surface theories may provide insights into this possibility.

The variation of the pressure distribution along the chord over a range of J
is shown in Figures 18 and 19. As expected, increased sensitivity of the pressure
coefficients to J occur towards the leading edge of the blade. From two-dimensional
theory, the sensitivity should be zero at the trailing edge and monotonically in-
crease towards the leading edge. This generally occurs except on the suction side
of both propellers at the 0.5R and 0.7R radius positions, where the point of insensi-
tivity to J occurs forward of the trailing edge. In each of these cases, this point
is shown by the location at which a reversal occurs in the direction of C_ variation
with J at the 90 percent chord position. This could be due to viscous effects or by
induced velocities from a variable 'tip" vortex and the trailing-vortex sheet.

The results for Propeller 4718 appear consistent with expected trends, with the
exception of the 50 percent chordwise position at the 0.5 radius on the pressure
side of the blade. A reversal in the direction of the E} variation with J occurs
there, completely inconsistent with surrounding gage results. A polarity error in
the gage output would seem obvious, except for the proper polarity of the measured
E% at design J. Also, this gage has no speed effect or loading correction, and the

measured unsteady pressures, as explained later, support this result. Al this

supports a real flow effect, but given the expected behavior over the rest of

propeller, this seems unlikely.
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Propeller 4679 showed behavior similar to Propeller 4718, with some noticeable
variations. At the 0.7 radius on the suction side, the suction peak that occurred
at the leading edge at design J remained even at the high J condition, implying not
a simple angle of attack cause, but perhaps a local effect due to blade geometry at
the leading edge. Also, the dip in JEé at the 50 percent chord corresponds to a
questionable surface mounted gage. The bracket at that position represents the
range of pressures recorded in earlier tests, before the surface gage was installed.
On the pressure side of the blade, a constant sensitivity of Eb to J was observed in
the aft chord region. This appeared only at the 0.9 radius and could be related to
tip~vortex separation and rcllup occurring on the opposite side of the blade.

At the 0.9 radius of Propeller 4679, dramatic tip effects appeared to dominate
the variation of pressure coefficient with J. On the suction side, variations with
J occurred to a greater degree than for Propeller 4718. Also, from Figure 7c, the
measured pressure coefficients at design J were larger than the theoretical predic-
tions, contrary to data for Propeller 4718. As J was reduced, large decreases in
E; occurred near the leading edge. On the pressure side, variation in Ep was small,
and the data were mostly uniform across the chord. This behavior was substantially
different from the expected sensitivity of Eé to J occurring over most of the blade

sections, including the 0.9 radius of Propeller 4718.

It is hypothesized that the formaticn and position of the tip vortex on
Propeller 4679 produced the unconventional pressure distributions at the tip.
Figure 20 shows Propeller 4679 operating in uniform flow at advance coefficients of
1.077, 0.8, and 0.6, The carriage speed in this preliminary test series was slightly
greater than test values reported herein, causing a visible tip vortex even at design

J. All three conditions shown were at approximately the same Reynolds number. As J

. was reduced, a thicker vortex core formed on the back of the blade migrating forward

along the broad tip. At J = 0.6, the tip-vortex formation seemed to begin close to

4
the leading edge at the 0.7 radius. Increased tip-vortex separaticn may have ?
occurred also, but this is unclear from the photographs. If the tip veortex formed %
well ahead of the 0.9 radius, the tip vortex would have induced higher velocities F
along the 0.9 radius, causing a decrease in the pressure coefficients on the suction §
side which are strongly dependent on J. The pressure coefficients on the pressure g
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side seem little affected by the vortex, and perhaps are desensitized to J by its
position on the back. This effect at the tip occurred only on Propeller 4679 which
is characcerized by swept-back blades with wide, swept tips.

An attempt was made to compare the sensitivity of C_ with J along the chord
with the tvo-dimensional theory30 used to predict the przssure distributions at
design. From Figure 17, the slopes of the first-order curve fits of C_ versus J
were plotted against chord position in Figures 21 and 22, The magnitude and sign
of the slope are proportional to the magnitude and direction of the sensitivity of
E; to J. At the 0.5 and 0.7 radii, the pressure coefficients on the pressure side
of the blade were more sensitive to J than those on the suction side, while at 0.9
radius, the pressure coefficients oan the suction side appeared more sensitive on
both propellers. Also, the sensitivity reversal at the trailing edge on the suction
side can be seen as a negative slope.

Similar slope distributions along the chord were approximated from the two-
dimensional theory. With the same propeller blade sections, pressure distributions
were calculated over a range of assigned angles of attack a. Slopes of these
approximately linear relationships between E? and O were calculated. The predicted
slopes on each side of each section were then normalized by a constant factor so
that the predicted and experimental slopes were equal for the gages nearest to the
leading edge. This.procedure was used to make simple approximate predictions of the
slope or sensitivity distribution of E? to J along the chord, because no simple
relationship between effective two~dimensional angle of attack and advance coeffi-
cient is kaown. The predictions show roughly similar distributions of slope, but
do not predict the differences between the measured slopes on the suction and
pressure sides. Also, as expected, the predictions do not indicate any sensitivity
reversal near the trailing edge. One might conclude from the gross similarity
between prediction and measurements, that the effective three-dimensional camber
distribution is similar to that of the equivalent two-dimensicnal model. More

accurate comparisons with a lifting surface model should be made to confirm this

hypothesis.
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ACCURACY OF MEASURED DATA

At the time of earlier evaluations, attempts to quantify the accuracy of the
measured mean pressures were hindered by small variations in advance coefficient.
Because the carriage speed and the propeller rotational speed are set manually, a
precise value of J cannot be set., The prescribed test matrix produced a series of
runs at values close to the specified test conditions., The dependence of certain
gages on speed or Reynolds number further hindered an quantification of the accuracy
of the measurement system.

To overcome these problems, an error analysis was conducted based on the C
versus J curves in Figure 17. The mean pressure coefficient represented in these
curves had been corrected for Reynolds number dependence, as described earlier.
Therefore, this accepted Reynolds number effect, whether being an instrumentation
error or a real-flow phenomenon, had been eliminated in these figures. First- and
secornd-order curves were least squares fit to these speed-corrected pressure coeffi-
cients over a range of J, and then a standard error for each curve was calculated.
The standard error represents the standard deviation of the measured pressure
coefficients from the least squares curve-fit values. The standard error was
multiplied by 1.96 to represent the standard error at a 95 percent confidence level.
This implies that, if one assumes a normal distribution of the variation of measured
pressure coefficients from the curve fit values, then 95 percent of the measured
pressure coefficients fall within plus or minus the value of the standard error from
the curve-fit result. This procedure permitted the use of the entire test matrix,
over a range of J and carriage speed, in calculating a statistical error band. Also,
small variations in J, for a given test condition, were properly accounted for. The
resulting nondimensional error bands in iﬁp, are shown in Table 7.

These results were extended to provide a dimensional error band in terms of a
dimensional pressure. The standard error process was modified tu calculate dimen-
sional pressures and arrive at a 95 percent ¢cuildence level error band in psi that
could be compared to the aprrcaimated error band of the measured pressures during
calibration. These results, shown in Table 8 for the two propellers tested, indi-
cace, in the best case of Propeller 4718 in uniform flow with a second-order curve
fit, an average error band very close to the predicted error from the calibrations.

Most other cases indicate a test error band up to twice the predicted error based on

calibration error.
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These results, especially in the best case, are very encouraging, indicating an
observed test accuracy similar to the expected accuracy of the gages. The only

discrepancy in the overall result is the Reynolds number effect, which when corrected

for, produces test accuracy similar to the expected accuracy of the instrumentation.

F ARG 4T

The runs conducted with Propeller 4718 in inclined flow produced noticeably

larger error bands than the uniform flow runs. Some of the increase was due to the

=2 vagr Sy

inclusion of one or two questionable runs In the inclined flow case. The general
policy was to remove bad ruus from results if justifying errors where found. If .
errors were concluded to be random for given gages, then the result was not removed.

This type of error can be seen in Figure 13. Another possible error in the inclined

- flow runs was the use of speed corrections generated from the uniform flow runs.

Any difference in the speed dependence between inclined and uniform flow runs would

show up as an error in the inclined flow result. It appeared that on some gages with
large speed corrections, for example, Gage 25, the Eé values in inclined flow did not

collapse onto the fitted curve as well as in uniform flow. Another possible source

of error in inclined flow could have resulted rrom instrumentation problems asso-
ciated with maintaining and measuring carriage speed that occurred at the beginning
of the inclined-flow measurements with Propeller 4718.

The average error bands generated from runs of Propeller 4679 in inclined flow

and uniform flow are both noticeably larger than the best case. Table §b indicates
many gages having numerous bad runs that were not removed from the error analysis,
implying no obvious gage malfunction. It was generally felt that the gages on
Propeller 4679 were less reliable due to previous use on two other tests. These
gages were more prone to zero shifts during a given run, which would cause random

errors in the pressure measurements. Fortunately, most gages performed properly

T R I R A e Tl g

in both uniform and inclined flow so that Eé versus J measurements were available.
Speed correction problems did not occur in the error analysis due to the small
speed dependence of most of the gages.

Generally, error bands were reduced on both propellers when the second-order
curve fit was used. From Figure 17 it is obvious that certain gages displayed a
nonlinear behavior that was better fitted by the second-order curves. Where no

improvement occurred using a higher order fit, then the E; versus J relationship

could be assumed linear.
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Accuracy in the measurement of carriage speed and propeller rotational speed

would also affect the overall accuracy of the pressure measurements. No determina-

tion was made to evaluate the accuracy of these measured quantities, but given the

good results of the best-case test error, it was felt these measurements were
accurately made.

The only remaining assumption in the measurement process that could be ques-

tioned was the equating of the carriage speed to the advance speed VA through the

propeller disk. This assumption is always made in basin testing; however, with the

large size of the dynamometer, small amplitude, low-frequency standing waves were
setup after a few runs.

These standing waves caused small additional velocities in
the basin.

It was assumed that this effect would average out over a run, and given
the accuracy of the best case, was neglected.

The accuracy of the measured fluctuating pressures was generally good. Repeat-
ability was the only indication of accuracy in this case because no consistent

governing trend existed for unsteady pressures. Error bands with a 95 percent con-

fidence level were calculated for first harmonic amplitude C 1 and first harmonic

phase ¢1 from the repeat runs conducted at each given test condition in inclined

flow. Propeller 4718 produced an average ercor band of ACpl = 40,002 and A¢l =

+4 deg, while Propeller 4679 produced expected larger average error values of AC 1=
+0.005 and A¢l = +8 deg. This average error band was relatively small for typical
first harmonic amplitudes in a range greater than C 1 - 0.0150, but in some cases on
0.0050, thus

phase.

the pressure side of the propeller blade, values of C p vere less than

causing uncertainty in the measured amplitude and also in the measured

FLUCTUATING PRESSURE MEASUREMENTS AT DESIGN J

Periodic pressure measurements were obtained when the propellers were operated

in inclined flow. The 7.5 deg shaft inclination produced a first harmonic, once per

revolution variation in the measured pressure. A typical variation of pressure with

gage angular position is shown in Figure 23. As expected, the pressure variation

was primarily first harmonic, with negligible higher harmonics observed, attributed

to noise. The fluctuating pressure is represented as the first harmonic pressure
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coefficient amplitude épl and the corresponding lagging cosine series phase, ¢l:

~

C,(8) = C ) cos (6-9,)

This result at design J is presented for Propellers 4679 and 4718 in Figures 24
and 25. Included in the figures are fluctuating and quasi-steady predictions. The
small effect of speed or Reynolds number is depicted by the similarity in Cpl and ¢l
at two speeds. There appears to be no correlation between the Reynolds number de-
pendency of certain pressure gages measuring mean pressure and the same gages
measuring unsteady pressures.

The corrections to the fluctuating pressure measurements due to loading are
shown in Figures 9 and 10 for Propellers 4679 and 4718 at design J. Note that no
corrections due to loading occur at r/R = 0.9 on either propeller attributed to the
use of the coverplate gage installations. The locations of the largest corrections
are the 0.5 and 0.7 radius positions on the suction side of Propeller 4718. These
loading corrections were determined from a quasi-steady analysis of the measured
mean load corrections in uniform flow, This approximation places some uncertainty
on the unsteady measurements associated with gage positions with large corrections,
and the difference between the corrected and uncorrected pressure measurement could,
conservatively, provide an envelope for the actual measured result.

Before correlating the measured fluctuating results to the unsteady and quasi-
steady predictions, a detailed description of the quasi-steady technique is

necessary.

QUASI-STEADY PROCEDURE FOR PREDICTING FLUCTUATING
PRESSURE DISTRIBUTIONS

The quasi-steady analysis for predicting the fluctuating pressures was an
adaptation of a quasi-steady procedure by McCarthy32 for predicting fluctuating
thrust and torque on a propeller. The procedure predicts the fluctuating propeller
loads from the steady open-water propeller performance characteristics. The proce-
dure is applied to predict unsteady pressures using the Eﬁ versus J curves in

Figure 13. The procedure is identical to the technique used earlier to approximate
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the fluctuating load correction. Fluctuating pressure is produced by the variations
in local advance coefficient, J(6) and resultant inflow speed VR(G) as the propeller
blade rotates through a spatially nonuniform wake.

In inclined flow, the quasi-steady procedure is relatively simple due to the
simple nonuniform wake. The flow inclination, as seen in Figure 26, produces a uni-
form downward component of tangential velocity VT' This tangential velocity compo-
nent adds tc the propeller‘s angular rotational speed when the blade is moving upward
at © = 270 deg, and subtracts from its rotational speed at 6 = 90 deg as shown
in Figure 26b. This variation in rotational speed produces a variation in local
advance coefficient J(8), with a maximum value at 6 = 90 deg, and a minimum value at

6 = 270 deg, as shown.

VA VA
Jmax = J(90) = 5(;:9;73}53 Jmin = J(270) = D(n+VT/2nr)

where VT is Vc sin (7.5 deg), and VA e Vc

The sinusoidal variation in J(6) produces a sinusoidal variation in pressure in

the blade based on the E; versus J curves in Figure 17 as shown in Figure 26c. Also,

. Th
Jmin and Jmax produce corresponding pressure coefficients, Cmein and Cmeax e

maximum and minimum pressures calculated from the pressure coefficients are,

- . 2
(p-po)Jmax - Cmeax l/ZQVR (50)

2
(p—po)Jmin - Cmeax l/?‘QVR (270)

2

2 _ 2
where VR (90) = Vc + [Zﬂr(n-VT/Zﬂr)]

2+ [2mr a4V, /2m0) )2

v 2 =
g (270) = V_
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The first harmonic pressure coefficient is approximated by,

(p—po)Jmax B (p_po)Jmin
6 - 2 2

pl l/Zp[VC2+(2nrn)2]

this information produces a lagging cosine series phase angle ¢l, as defined by
Equation (1), of 270 deg if Cpl is negative, and 90 deg if Cpl is positive. Sub-

stituting into the previous equations, Cpl can be represented as

2 2 2 2
s Cmein Vc +(2ﬂrn+VT) Cmeax VC +(2ﬂrn—VT)
1 -

P 2 Vc2+(21rrn) 2 2 VC?'+(2'rrrn)2
The first harmonic pressure coefficient Epl, can be seen to depend upon two effects.
One is the local variation in J producing the C and C terms. The other is

pJmin pJmax

the speed correction of those terms due to the local variation in speed VR’ repre-
sented by the ratios inside the brackets. Term Cmein will always be increased by

the speed correction by a constant ratio, dependent upon radial position for a given
operating condition. In a similar manner, Cmein will always be decreased.

From this result, trends can be observed in the predicted quasi-steady first
harmonic pressure coefficients. Figure 27 demonstrates typical quasi-steady calcu~
lations on the suction and pressure sides of the propeller blade. Note that the
magnitude of the slopes of the E% versus J plots for the suction side and pressure
side of the blade are roughly similar, but the pressure side has a negative slope
while the suction side has a positive slope. This slope polarity difference will
produce an opposite effect of the quasi-steady speed correction in calculating the
first harmonic pressure coefficients. The speed correction will tend to decrease
the first harmonic pressure coefficient on the pressure side of the blade, and
increase it on the suction side. This trend is due to only the difference in local

velocities at J , and J . , and the signs of slopes of the C_ versus J curves.
max min P
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The speed correction term produces a dependency of the first harmonic pressure

coefficient on the magnitude of the mean pressure coefficient, C Since the ve-

F Ty A

locity correction terms are constants multiplied by C , and C , increased
pJmin pJmax
values of C C

pJmin and pJmax will produce an increased value of C This trend is

pl’
important when observing Cpl over a range of J, and when considering the accuracy of

~

the first harmonic pressure coefficients, Cpl generated from values of C_ with large
speed effects.

The quasi-steady analysis represents an intuitive description of the fluctuating

pressurc, excluding any unsteady effects. It provides a good base for comparison of

the measured data for the two propellers, and the unsteady theory by Tsakonas.33’34
The ceorrelation between the measured and quasi-steady results can also be compared

to similar correlations of fluctuating blade loads performed by Boswell and Jessup.5

COPRELATION ¢¥ FIRST HARMONIC PRESSURE COEFFICIENTS WITH THEORY

The measured first harmonic pressure coefficient in Figures 22 and 23 generally
tend to decrease in amplitude from leading to trailing edge. This trend was gen-
erally approximated by the quasi-steady approach, but with an amplitude 30 percent
to 50 percent less than the measured result. This result matched similar correla-
tions of quasi-steady and measured fluctuating blade loads by Boswell and Jessup.s’6
Intuitively, the observed trend from leading edge to trailing edge was reasonable due
to the higher sensitivity of the leading-edge pressures to angle-of-attack variation.
,00d correlation with the quasi-steady predictions was due partially to the shaft-

rate frequency of the nonuniform tangential wake. Fluctuating effects will be small

for low-frequency, shaft-rate variations in the wake. Therefore, with small fluc-

tuating effects, a quasi-steady analysis should provide close agreement to the

measured result. Also, good correlation may be due to the incorporation of measured

mean results in the quasi-steady procedure, avoiding possible errors by the predic-

tion of mean pressure variation with advance coefficient. The unsteady theory by

Tsakonas et al.33’34 produced a reduction in the first harmonic pressures in the

first quarter chord at each radial station. The extreme nature of this trend as

compared to both the measured and quasi-steady results produced little confidence in
the accuracy of the method of Tsakonas et al.
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The quasi-steady method and the experiment both indicate that the first harmonic
amplitudes of the pressures are larger on the suction side of the blade than on the
pressure side of the blade. This trend was consistent for both propellers except
for the measurements nearest to the leading edge at the 0.5 and 0.7 radius stations,

. where the results on the pressure side were larger than the results on the suction
side. This variation in fluctuating loading between the suction and pressure sides
of the blades did not occur in the theoretical prediction method of Tsakonas et al.,
further supporting the hypothesis that this method does not adequately predict the
distribution of pressures.

On the suction side of Propeller 4718 at the 0.5 and 0.7 radius positions, the
quasi-steady analysis at certain chordwise positions over-predicted the measured
first hermonic amplitudes. These over-predicted values were partially due to the
strong dependence of the quasi-steady result on the magnitude of the mean pressure
coefficient, Eé. Some of the Eﬁ measurements from the 40 to 70 percent chordwise
locations exhibited a relatively strong speed dependence. The mean pressure coeffi-
cients were corrected upward for the speed effect, leaving 46? values greater than

average over the range of speeds conducted. This would artifically increase the

quasi-steady results. A calculation of the quasi-steady results with reduced Eé
values did not reduce the quasi-steady first harmonics enough to match the general
trend completely, possibly implying inaccuracies or over-simplifications in the

quasi-steady analysis.

CORRELATION OF FIRST HARMONIC PHASE ANGLE WITH THEORY

The measured first harmonic phase angles were generally in the range expected.

s 41y

On the suction side of the blade, most phase angles ranged from 60 deg to 120 deg,
while on the pressure side of the blade, values ranged from 270 deg to 333 deg. E
There was no specific variation in phase angle over the chord. Cases of gradual
phase angle increase, decrease, and consistency occurred over the chord, with some :
instances of sudden drops in phase angle near the trailing edge. No overall trend v

in phase angle occurred, but certain blade sections produced similarities between the

two propellers tested.
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On the suction side of the blade, at the 0.5 radius position, the phase angle

of the first harmonic on the two propellers was strikingly similar. Values of

120 deg at the leading edge dropped slightly below the quasi-steady phase of 90 deg,

remaining constant over most of the chord. In each case, the phase dropped substan-

tially at the trailing edge, to approximately 100 deg. This drop in phase angle at

the trailing edge was not predicted in the quasi-steady analysis, but justification

for it existed in the Eé versus J curve slopes in Figures 21 and 22. The Eé versus

J slopes on the suctlion side of the blade reversed polarity at the 0.5 and 0.7 radial

positions on Propeller 4718 and at the 0.5 radial position on Propeller 4679, This

polarity reversal could have caused a 180 deg phase angle shift at these gage loca-

tions, which was supported by the experimental results, This phase angle shift did

not show up in the quasi-steady predict.ons due to the dominance of the speed

correction terms coupled with small Eﬁ versus J curve slopes and small first-harmonic
amplitudes.

The first-harmonic phase angle on the blade pressure side at the 0.7 radius
position (Figures 22d and 23d), was also similar for the two propellers with phase

angles of approximately 300 deg, which was 30 deg greater than the quasi-steady

prediction of 270 deg. There was an extreme speed dependence of the phase angle for

Propeller 4718 at the chordwise positions from the midchord to the trailing edge.
This variance in phase angle is attributed to the small measured amplitudes at the
corresponding locations causing lnaccuracies in the measured phase angles.

At the 0.9 radius position (Figures 22e, 22f, 23e, and 23f), the four conditionms,
representing the two propellers and two sides of the blades, each show measured phase

angles 30 deg to 60 deg greater than the quasi-steady results of 90 deg and 270 deg

on the suction and pressure sides, respectively, Also, in three of the four cases,

the phase angles increased from leading edge to trailing edge along the chord. These
trends could be related to effects of the tip-vortex rollup process.

On the pressure side of Propeller 4718 at the 50 percent chord, 0.5 radius

posicion, the first harmonic pressure was 180 deg out of phase from the expected

value. Figure 22b demonstrates this unusual variation from the general trends. This

behavior implies a phase shift in the first harmonic amplitudes along the chord at

the 50 percent position. At this particular gage location, there was no loading

effect, as shown in Figure 90, Therefore, no uncertainty was introduced due to the
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quasi-steady loading correction. Also there was a negligible variation in C_ with
speed. This implies gond creuibility in measurement at this gage location.

The quasi-steady prediction at this gage location (C.5R, 0.5x/c) supported the
measured result by agreeing with both the first harmonic phase angle and amplitude.
The good quasi-steady correlation relates to the reversed slope of the Eé versus J
curve in Figure 17. As J decreases, the pressure coefficient Cp decreases rather
than increasing as with the other gages on the pressure side at the 0.5 radius.

This anomaly in the fluctuating pressure was supported by the steady measure-
ments conducted over a range of advance coefficients. An obvious polarity error at
this gage location woulu not explain this anomaly due to the correct sign of the mean
pressure coefficient, Eé. The evidence indicates that a real-flow phenomenon pro-
duced the unexpected behavior at this location. Separation is not an cbvious hypoth-
esls due to its lcocation on the pressure side of the blade, but is a possibility due
to the adverse pressure gradient starting at the 50 percent chord position.
Physically, in uniform flow, the inclined flow, increased loading increases the
pressures on the pressure side of the blade and thereby decreases the local velocity.
At this gage location (0.5R, 0.5x/c), the local velocity increased instead of
decreasing. The anomaly could be due to a severe local effect of various induced

velocities in the flow regime, possibly causing large cross flows.

UNSTEADY PRESSURE MEASUREMENTS OVER A RANGE OF J

The first harmonic pressure coefficients and phases were measured over a range
of advance coefficients for both propellers, and are shown ir Figures 28 and 29.
Quasi-steady predictions of the first harmonic amplitudes were calculated over
similar J ranges and plotted in Figures 30, 31, and 32.

A general trend on the suction side of the blades indicated a decrease in the
measured first harmonic amplitudes in the midchord region, with decreasing values of
J. The 0.9 radius position did not follow this trend. Propeller 4679, at 0.9
radius, produced a sharp increase in the first-~harmonic amplitude at the leading edge
with decrease in J, while on Propeller 4718 the same trend occurred to a lesser

degree. This trend at the tip could be due to the separation of the tip vortex as

J decreases.
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The variation of first harmonic amplitudes with J on the pressure side of the
blades appeared to be less than on the suction side. A general trend occurred at
the 0.5 and 0.7 radius positions where the leading-edge values dropped with decreas-
ing J, while tne midchord values slightly increased. Dissimilar trends occurred at
the 0.9 radius position for both propellers, again possibly caused by tip-vortex
effects.

The first harmonic phase angles on either propeller did not produce any consist-
ent trend with variation in J. The phase angler in various cases increased,
decreased, or remained constaant. Some evidence indicates that the variations in
phase angle with J were coupled to trends in amplitudes that deviated from the pre-
viously stated general trends. The suction side of Propeller 4718 at the 0.5 and 0.7
radius pcsitions showed large variations in phase in the mid- to afc¢-chord region.
These could be coupled to larger~than-expected amplitudes in the same region at
low J.

Quasi-steady predictions of {irst-~harmonic amplitudes were calculated, producing
good correlation with the measured trends on the suction and pressure sides of the
blade. As with the design J correlations, the quasi-steady aralysis underpredicted
the measured amplitudes by 30 to 50 percent. On the blade suction side, the quasi-
steady result produced decreasing amplitudes with J in the midchord region, similar
to the measured result. On the blade pressure side, the quasi-steady calculation
produces a similar consistent trend of first harmonic amplitude with J over most of
the chord with a similar decrease in amplitude at the leading edge.

The quasi-steady analysis was performed on Propeller 4718 using both the first
and second order E% versus J curves. On gages where a noticeable nonlinearity
occurred, variations in the quasi-steady predictions occurred, as seen by comparing
Figures 30 and 31 in the leading-edge regions. It appears that the second-order
curves more closely resemble the measured results implying dependence of the fluc-
tuating pressures on the nonlinear variation of Eb with J observed in uniform flow.

The quasi-steady procedure generally predicted a constant first-harmonic phase
angle with J of ¢l = 90 deg on the blade suction side, and ¢l = 270 deg on the blade
pressure side. This consistency of phase angle weakly supports the concept that

phase angle variations with J are related to variations in the trends observed in
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both the measured and predicted amplitudes. These variations could be produced by
effects not considered in the quasi-steady procedure, such as unsteady flows of the

tip vortex, hub, and fairwater.

SUMMARY
Experiments were described in which blade-surface pressures were measured on two
model-side controllable-pitch propellers. Pressures were measured at 40 locations on
the blade surface in uniform and inclined flow, over a range of Reynolds number and
advance coefficients., The discussion of experimental technique included descriptions
of the hardware and data analysis systems. The results are summarized as follows:
1. Pressure measurement instrumentation

a. At best, pressures were measured on propeller blades with accuracies
comparable to laboratory calibrations of +0.07 psi.

b. The thin blade gage installation configur tion (Figure 5b) displayed
negligible loading effects, while the thick blade gage instailation configuration
(Figure 5a) showed substantial loading effects of varying magnitude.

2. The mean pressure distributions produced fair correlation with the equiva-
lent two-dimensional theory with the following deviations observed.

&. The Es distribution at the 0.5 radius showed a marked deviation from
the theoretical nrediction on the suction side of the blade, resulting in an un-
expected suction peak at the 50 to 70 percent chord position.

b. Propeller 4679, characterized by wide blades with large swept tips,
at the 0.7 radius on the suct n side, pronduced a leading-edge suction peak attrib-
uted to local blade shape. Also, a reduction occurred in suction pressure through
the midchord with increased suction pressures towards the trailing edge. At the

V.9 radius on the suction side, suction pressures were greater than predicted, hence

Cpmin was less than predicted.

3. At constant J, substantial variations in C_ occurred at certain gage
locations over a Reynolds number range of 2 to 5 X 106. The following results are
noted:

a. The variez.ion of EE with Rn appeared independent of J.
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b. At the 0.5 and 0.7 radii, variation of Ep with Rn occurred at numerous
gage locations with the largest variation occurring at the 0.5 radius on the suction
side for Propeller 4718,

c. At the 0.9 radius, suction side, the Eé variation on Propeller 4679
occurred toward the leading edge while the Cp variation on Propeller 4718 occurred

toward the trailing edge.

d. Roughening the leading edge with sand produced no noticeable change in
the Eb distribution.

4, The variation of Cp with J led to the following observations:

a. At most blade locations, Cp varied linearly with J. Slight second-order
nonlinearity occurred on Propeller 4718 at the leading edges and 0.9 radius. On
Propeller 4679, nonlinearity occurred at various, more numerous locations on the
blade.

b. Generally, over the chord, Eﬁ values on the pressure side of the blade
were more sensitive to J than on the suction side at the 0.5 and 0.7 radius, while
the reverse was true at the 0.9 radius.

c. On the suction side of the blades at the 0.5 and 0.7 radii the chord
position of insensitivity to J occurred not at the trailing edge as expected, but
around the 80 percent chord position.

d. The sensitivity of Cp to J, Increased toward the leading edge, as
expected,

5. Unsteady pressure measurements were performed with the propellers operating
in 7.5 degree inclined flow at design J. Quasi-steady and unsteady theoretical
comparisons were made, resulting in the following:

a. Measured first harmonic pressure coefficient amplitude Epl and phase
angle ¢l were independent of Reynolds number.~

b. The quasi-steady pre lictions of CPl underestimated tEe measured values
by 30 percent to 50 percent, but generally followed the measured Cpl distribution
along the chord.

¢. The quasi-steady first harmonic phase angle prediction of ¢l = 90 deg
on the suction side and ¢1 = 270 deg on the pressure side of the blade was only
approximately matched by the measured results. Variations in these predictions

occurred at the various radial and chord positions with no obvious trends observed.

In some cases, sharp phase changes occurrad near the trailing edge.
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d. The prediction of c A from the unsteady throry of Tsakonas et al.,
produced an unrealistic drop in Cpl near the leading edge. Also, the Cpl distribu-
tion was identical for the suction and pressurc sides of the blade at a given blade
section, contrary to measured results. The validity of the unsteady procedure of

Tsakonas et al., appears to be questionable based on consistently poor correlation

with measured results in inclined flow.

CONCLUSTIONS

The following conclusions were made based on the summarized results:

1. The pressure measurement system performed satisfactorily, providing
sufficient measurement accuracy for the present state of theoretical correlationms.
0f the pressure distribucions that wc.e measured, the most reliable data are consid-
ered to be those showing low sreed and loading effects.

2. The measured mean pressure distributions proviied fair correlation with
equivalent two-dimensional theoretical pressure distributions. Some large discrep-
ancies were hypothesized as folliowed:

a. &t che 0.5 radius on the suction side, unexpected measured suction peaks
are thought to be caused by flow interference at the hub and include three-
dimensional effects.

b. The irregularities of the measured pressures on the suction side of
Propeller 4679 at the $.7 and 0.9 radii are felt to be due to the influence of
three-dimensional effects and tip-vortex formation f.om the leading edge.

3. Variation in the pressure distribution with Reynolds number is believed to
be caused by real flew effects, and not instrumentation errors. Reynolds-number
effects influenced by three-dimensional separation and tip-vo cex formation are
possible causes. Relatively thick blade sections, and highly-swept leading edges
are the primary factors producing the above effects.

4., Based on the results of the leading-edge roughness tests, it is concluded
that both propellers operated with turbulent boundary layers throughout the Reynolds
number range tested.

5. At the 0.9 radius, the unexpectedly large sensitivity of'E? to J on the
suction side of Propeller 4679 is attributed to tip-vortex separation.
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6. Good correlation with the quasi-steady predictions is attributed to the low

frequency of the nonuniform wake, and the use of measured mean pressures in the
quasi-steady procedure. The general underestimation by the quasi-steady technique
was similar to quasi-steady correlations with measured fluctuating blade loads by

Boswell and Jessup.s’6

7. Sharp increases in Ep, at the 0.9 radius of Propeller 4679 are attributed
to tip~vortex separation.

8. Insufficient data were obtained to compute 1lift coefficients for
individual radii.

9. Calculations of pressure distribution for measured sections showed large
deviations from those computed for the design shape, caused by local irregularities

on the surface., It is believed that in viscous flow, a more conventional pressure
distribution would occur. (See the Appendix)

RECOMMENDATIONS

Work should be done in the near future to complete the effort that has been
described. Many of the unresolved questions should be resolved by performing the
following:

1. The experimental results should be compared to the results of the latest
propeller lifting surface theories, such as the theory of Kerwin and Lee.35 This
will provide a more exact representation of the mean and unsteady pressure distribu-
tions than the methods used in this report.

2, Water-tunnel tests should be conducted on Propellers 4679 and 4718.
Cavitation tests would verify the minimum-pressure areas on the blades. Thrust and
torque measurements could be used to correlate integrated pressures for the two
propellers. Finally, flow visualization techniques should be used to identify
possible areas of transition and separation over a range of Reynolds number.

3. New gage mounting techniques should be developed that minimize the influence
of blade loading and maintain a smooth blade surface in the region of pressure
measurement on the blade. Also, a technique should be devised so that a greater
number of points along the blade chord could be measured. This would permit calcula-

tions of integrated load for thrust and torque correlations.
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APPENDIX
COMPARISON OF MEASURED AND DESIGN GEOMETRY OF PROPELLER 4718

In an attempt to explain the discrepancies between the measured and design
pressure distributions, the model blade section geometry was investigated. Detailed
measurements of Propeller 4718 were made and compared with design section geometry
at the 0.5, 0.7, and 0.9 radial positions. Pressure distributions were calculated
using the measured geometry and were compared to design predictions.

Measurements were taken while each blade was supported in a fixture positioning
the blade at the design pitch. No measurement of pitch was obtained, because the
blades were not attached to the hub. The increased complication of measuring actual
pitch was not considered necessary, because of the good agreement between measured
and predicted pressures near the blade leading edges at design conditions. The
primary concern was the effect of the general variations from design in the geometry
of the sections.

Measurements were obtained using a Validator coordinate measuring machine
coupled to a PDF 11 minicomputer. The computer was programmed to automatically
measure vertical distances to the blade surface along the 0.5, 0.7, and 0.9 radii
positions at 0.5-degree angular increments across the blade surface. Figure 33 shows
the measuring arrangement. Upon completion of measurements on the suction side, the
blade was rotated 180 deg in the fixture for measurements on the pressure side of the
blade. Approximately 120 points were measured at the 0.5 and 0.7 radii, and 90
poines at the 0.9 radius on each side of the two blades on which the surface pres-
sures were measured. The measurements of Cartesian Coordinates (x,y,z) were stored
on a 10 megabyte disk pack interfaced to the minicomputer. Later, the data were ;

transferred to magnetic tape, and stored on file on a CDC 6700 computer for further i

hoad as e

analysis.
The measured results were transferred from Cartesian Coordinates as measured,

to section offsets for comparison to design values. The corrdinate transformation

TR Y e

program, REVERSE,* was used to convert the measured blade-surface points to section
offsets. To make the transformation, the position of the nose-tail line was needed.

To define the nose-tail line the extreme leading and trailing edge points must be
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measured. These measurements are very difficult to perform and are subject to error.
In this case, the nose-tail line was specified by calculating it from design values
of chordlength, pitch, skew, and rake. Actual values of pitch, skew, and rake
occurring during the pressure measurement test could not be measured. Therefore,
design values were used and varied slightly to place the measured offsets clote to
the design values. The relative position of each measured offset remained constant,
while the section was displaced to match the design section. This was performed by
calculating two common points near the ends of each section, and adjusting the
measured section to minimize the difference in the location of the points between

the two sections.

MEAéURED RESULTS

Figure 34 shows the comparison between the measured and design blade sections
at the 0.5, 0.7, and 0.9 radial positions. Table 9 lists the offsets of Blade C
at the 0.7 radius, Each figure shows the section properly proportioned, and expanded
to allow a more detailed comparison. 1In all cases, the general measured section
shape matches the design shape quite well. The expanded section views indicate a
tendency for the measured section to be thicker than design over most of the section
except at the leading edge where the measured section is thinner. This could be
indicative of the manufacturing process, where extensive hand finishing at the lead-
ing edge 1s necessary. The largest measured deviation in offset was approximately
0.006 in. on the suction side of Blade B at the 0.7 radius, as shown in Figure 34d.

A possible error could have occurred, influencing the offset measurement
uniformly across the chord. An error in the measurement of the reference axis of
the blades would have increased the offsets on both sides of the blade, thus explain-
ing the extra thickness measured. A thicker leading edge would result, perhaps
obscuring a critical problem with leading-edge shape. It is doubtful that this error
occurred.

A variety of localized irregularities in blade shape were also measured over
most of the sections. Where surface pressures were measured, roughness was caused
by gage cover plates protruding above the surrounding blade surface. This was most

prevalent at the 0.9 radius where the coverplate gage configuration was used
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exclusively. On the opposite side of the blades, roughness was measured due to the
resin filled gage wire channels. In most cases, the resin potting material was not
satisfactorily faired into the blade surface. This was not viewed as a serious
problem because pressures were not measured in these areas. Pressure distribution
calculations were performed replacing the rough side of the blade with smooth design
offsets. Results showed that the irregularities on one side of the blade did not
influence the pressure distribution on the other side of the blade.

CALCULATION OF PRESSURE DISTRIBUTIONS FROM MEASURED SECTIONS

Pressure distributions were calculated from measured offsets using the procedure
of Brcckett.BO The measured sections were assumed to be at the two-dimensional
ideal angle of attack (see Table 2), representing the design J condition. To perform
the pressure distribution computations, the measured offsets were modified and
supplemented as described below.

1. A cosine function distribution of offsets was required for the calculation,
therefore, 120 offsets were interpolated across the chord of each section. The
cosine distribution produces a progressively finer ircrement of points towards the
ends of the section.

2. The leading edge point was not measured, so a reasonable leading edge shape

was extrapolated by fitting a second order curve of the form:

where A0 and A, = constants.

The curve passid through the leading edge with an infinite slope, and through the
first reasonable measured offset, with the samz slope as the interpolated offsets.
In some cases the first measured offset was toc close to the section centerline,
possibly indicating that the section chordlength was shorter than the assumed design

value. Figure 35 shows these results,

2
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3. Details of the trailing edge appeared to be very critical for producing
reasonable pressure distributions., The calculation procedure assumed the trailing-
edge point to be symmetrically located about the zero offset position for the suction

and pressure sldes of the section. The procedure used to aline the measured offsets

with design did not force the trailing-edge points to symmetrical locations. This
procedure resulted in sharp kinks in the pressure-side offsets at the trailing edge,
which completely altered the pressure distribution. By fairing out the kink at the
trailing edge, reasonable pressure distributions were obtained. The modifications
to the sections are shown in Figure 36. The pressure distributions varied only
slightly with the extent of fairing, provided the sharp kink was eliminated.

4. The pressure distributions were calculated from equivalent two-dimensional
measured secticn shapes. Since the measured sections were true three-dimensional
shapes, the measured meanline had to be reduced to its equivalent two-dimensional

value, Assuming the design meanline distribution of a NACA 66 airfoil section of a

= 0.8 meanline, the offsets were adjusted to have the camber producing the required

were calculated for each of the measured sections. Figure 37 shows the comparison

predicted from measured and design offsets. Also shown is the difference between

é lift coefficient in two-dimensional flow. The coordinates on the suction and

B pressure side were reduced as follows:

%

: Yop = ¥ = (Byrfipp) (B /fyY

B

§ After the above modifications were made, potential flow pressure distributions

the measured and design offsets, expanded by a factor of ten. The pressure distri-
butions predicted from measured offsets generally matched the design curves over most
of the chord. Extreme fluctuations in the pressure distribution occurred over most
of the sections caused by the local irregularities in the section shape. The magni-
tude of the pressure fluctuations appeared to be dependent upon the change in slcpe
surrounding the irregularity. The measured offsets produced extreme variations in
pressure from design at the leading edge, partially due to the approximated leading-

edge shape resulting from insufficient measured offsets at the leading edge.
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LIMITATIONS OF THE PRESSURE DISTRIBUTION CALCULATION 3
The major limitation of the method used to calculate the pressure distribution
was the inability to account for the local irregularities in the section shape in a
manner compatible with real-fluid effects. The extreme fluctuations in the pressure
distributions appeared to overpredict the influence of the section irregularities.
lhis problem may be partially due to the numerical representation of the section
shape used during the pressure distribution computation. The technique of Brockett30
is a conformal mapping procedure using trigonometric interpolation polynomials to
describe the section shape. A trigonometric series is fitted analytically to the
offsets at the prescribed chordwise points. By requiring the series to pass through
the given points, unfair offsets will produce sinusoidal variations in the section
shape between points. The conformal mapping procedure then calculates the potential
pressure distribution of the series-described section shape. Sharp pressure fluc-

tuations may result from the relatively large variations in geometry between pre-
scribed offset points.

Figure 38 shows a comparison between the section geometry created from the

AT

trigonometric series representation and the measured offsets interpolated to a

cosine distribution from the measured geometry. Correlation can be seen between the

pressure fluctuations and the irregularities in the section shape. In Figure 38c,

o

the series representation of the offsets are quite close to the measured values,
while Figures 38a and 38b produce distinct deviations causing changes in section

slope at the poinis where pressure is calculated. The variations produced by the

series representation in these cases is considered small compared to the size of the 5
irregularity of the section. Therefore, it is believed that the potential flow é
pressure distribution calculation is reasonable from a mathematical standpoint. The E
details of the pressure distribution about each irregularity, in some cases, is only %
approximated by the series representation of the geometry, but since the measured %
irregularity is not sufficiently defined, z more exact pressure distribution is §
inappropriate. i
The boundary layer must also be considered when interpreting the calculated %
pressure distributions of the measured sections. Small irregularities in section E
geometry, producing fluctuations in the potential-flow pressure distribution, will g
&

i
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be smoothed out by the boundary layer depending upon its thickness. Therefore, the

potential-flow solution will exaggerate the variations in pressure when predicting %

the flow over the sections. Generally, the section irregularities are within the

boundary layer over most of the section, except at the leading edge where the

boundary layer is very thin. In this area, surface irregularities would cause

serious pressure fluctuations, strongly influencing leading-edge cavitation.
Localized flow separation tripped by surface irregularities could also occur. The
effect on the pressure distribution could be very complex and unpredictable.
Unfortunately, procedures for coupling the influence of the boundary layer to

irregular surface pressure predictions are unavailable, so the effect can be con-
sidered only qualitatively.

SUMMARY AND CONCLUSIONS

The section offsets of Propeller 4718 were measured at 0.5, 0.7, and 0.9 radii.

Using a computer interfaced to a coordinate measuring machine, one could automatically
measure offsets at 0.5-deg increments across the blade sections. From the measured
geometry, pressure distributions were calculated and compared to design values. The

following results and conclusions were obtained:

1. The measured geometry matched the design geometry in general shape. The

measured blade sections were generally slightly thicker than design over most of the
chord except at the leading edge, where the measured sections were thinner possibly
due to hand finishing.

2, Local irregularities in the blade shape were measured, produced by uneven
potting resin, and pressure gage coverplates in the blade surface.

3. Calculated pressure distributions from the measured offsets matched the
pressure distributions for the design geometry in the general shape; therefore,

variations in constructed section geometry did not explain the discrepancies in the

” TmeTeeae AR

measured surface pressures. Irregularities in the blade surface produced sharp

SRR

variations in the pressure distributions, but are not thought to be related to

abnormalities in the measured pressure distributions.

AR TR g

4. The trigonometric series used to describe the blade section for the pressure

T,

distribution calculation matched the measured offsets exactly and may have represented
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the actual surface reasonably well over most of the section.

At the local irregular-
ities, the fluctuations in the calculated pressure distribution approximately repre-

sented the potential flow pressure distribution of the measured blade section.

r
I

The pressure fluctuations predicted by the potential flow model are probably

smootrned out in the real flow by the viscous boundary layer. At the leading edge,
where the boundary layer is thin, pressure fluctuations due to section irregularities
probably occur, and would greatly influence cavitation inception at the leading edge.
This effect emphasizes the importance of improving the detail geometry of model- and

full-scale propellers, especially at the leading edges.
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Figure 2a - Propeller 4679

Figure 2b - Propeller 4718

Figure 2 - Photographs of DITNSRDC Model Propellers 4679 and 4718
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Figure 4 - Approximate Location of Pressure Transducers
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Figure 7 - Variaticn of Mean Loading Pressure Coefficient with
Advance Coefficient for Propeller 4718
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Figure 7 (Continued)
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Figure 7 (Continued)
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Figure 8 - Variation of Mean Loading Pressure Coefficient with

Inflow Speed for Propeller 4718 at Design J
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Figure 9 - First Harmonic Pressure Coefficients with Propeller 4718 Inclined
7.5 Degrees at Design J; Comparison of Uncorrected with
Approximate Loading Corrected Results ,
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Figure 10 - First Harmonic Pressure Coefficients with Propeller 4679
Inclined 7.5 Degrees at Design J; Comparison of Uncorrected with
Approximate Loading Corrected Results
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Figure 11 - Average Distribution of -C_p at Design J for Propellers
4718 and 4679 Over a Range of Reynolds Numbers
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Figure 11 (Continued)
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Figure 15a - Propeller 4718
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Figure 15b - Propeller 4679

Figure 15 - Correlation Between Speed Effect and Loading Effect
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Figure 16 - Variation of Eé with J, with and without Speed
Correction for Propeller 4718
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Figure 16a - Gage 24, x/c = 0.35, r/R = 0.5, Suction Side of Rlade
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Figure 18 - Variation of Eé Distribution with J
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Figure 19 - Variation of Ep Distribution witk J, with Speed
Correction, for Propeller 4718
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| Figure 20 - Tip Vortex Formation on Propeller 46749
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Figure 21 - Slope of Eé versus J Curve for Propeller 4718
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Figure 21 (Continued)
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Figure 22 -~ Slope of Ep versus J Curve for Propeller 4679 i
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Figure 24 - First Harmonic Pressure Coefficient with Propeller 4679
Inclined 7.5 Degrees at Design J; Correlations of
Experimental Results with Analytical
Procedures
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Figure 25 - First Harmonic Pressure Coefficients with Propeller 4679 Inclined
7.5 Degrees at Design J; Correlation of Experimental Results with
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Figure 25 (Continued)
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Figure 28 - First Harmonic Pressure Coefficients for Propeller 4718 Inclined
7.5 Degrees Over a Range of J
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Figure 28 (Continued)
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Figure 31 - Quasi-Steady Prediccions of First Harmonic Pressure Coefficients
for Propeller 4718 Inclined 7.5 Degrees Over a Range of J;
Based on Second-Qrder Curve Fits of Cp versus J
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Figure 32 - Quasi-Steady Predictions of First Harmonic Pressure Coefficients
for Propeller 4679 Inclined 7.5 Degrees Over a Range of J;
Based on Second-Order Curve Fits of Cp versus J
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Figure 35 - Details of Leading Edges Produced from Interpolation of Measured Offsets
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Figure 35 (Continued)
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Figure 36 - Modification of Pressure Side Tralling Edges on Interpolated Qffsets
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Figure 36 (Continued)
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TABLE 3 - CHARACTERISTICS OF DTNSRDC MODEL PROPELLERS 4679 AND 4718

sy

TABLE 3A - PROPELLER 4679

Diameter, D: 2.000 ft (0.610m)

Rotation: Right Hand

Number of Blades, Z: 3
Hub-Diameter Ratic, Dh/D: 0.30
Expanded Area Ratio: 0.755

Blade Thickness Fraction: 0.099

Design Advance Coefficient, J: 1.077

Design Thrust Loading Coefficient, CTh: 0.425

Design Thrust Coefficient, KT: 0.194

Design Torque Coefficient, KQ: 0.0486
r/R ¢/D P/D 0 (deg) iG/D t/c t/D flc £/D
M M
0.3 | 0.274 0.950 0.0 0.0 0.2496 0.0684 0.0000 0.0000
0.4 | 0.4C4 1.225 -7.56 0.0 0.1418 0.0573 0.0171 0.0069
0.5 [ 0.519 1.449 -9.73 0.0 0.0855 0.0444 0.0287 0.0149
0.6 | 0.611 1.556 -7.94 0.0 0.0566 0.0346 0.0321 0.0196
0.7 | 0.672 1.572 ~-3.14 0.0 0.0378 0.0254 0.0306 0.0206
0.8 | 0.682 1.475 8.0 0.0 0.0281 0.0192 0.0293 0.0200
0.9 | 0.609 1.270 22,28 0.0 0.0254 0.0155 0.0287 0.0185
0.95| 0.518 1.120 31.48 0.0 0.0249 0.0129 0.0287 0.0149
1.0 | 0.117 0.965 41.18 0.0 0.0248 0.0029 0.0274 0.0032
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TABLE 3 (Continued)

TABLE 3B - PROPELLER 4718

Diameter, D: 2.000 ft (0.610m)
Rotat.oun: Right Hand
Number of Blades, Z: 3

{ Hub-Diameter Ratio, Dh/D: 0.30

R T R e R N e S B W s et

Expanded Area Ratio: 0.44
Blade Thickness Fraction: 0,069

Design Advance Coefficient, J: 0.751

TR o T T VA
g

% Design Thrust Loading Coefficient, CTh:0.248
: ; Design Thrust Coefficient, KT: 0.055
3 1 Design Torque Coefficient, KQ: 0.0106
i /R | /D P/D | 6 (deg)|i /D t/c t/D £ /c £ /D
s M M
& 0.3 0.187 0.718 -1.65 0.0 0.2497 0.0467 0.0 0.0
1 0.4 0.249 0.796 ~4,05 0.0 0.1771 0.0441 0.0044 0.0011 ?
0.5 0.311 0.855 -5.00 0.0 0.1280 0.0398 0.0085 0.0027 ?
0.6 0.366 0.886 -3,50 0.0 0.0910 0.0333 0.009%9 0.0036 A
3
0.7 0.403 0.888 0.40 0.0 0.0630 0.0254 0.0101 0.0041 %
0.8 0.409 0.870 5.75 0.0 0.0469 0.0192 0.0097 0.0090 %
£
0.9 0.365 0.825 12.40 0.0 0.0419 0.0153 0.0082 0.0030 g
0.95| 0.311 0.786 16.10 0.0 0.0418 0.0130 0.0065 0.0020
1.0 0.070 0.734 20.00 0.0 0.0414 0.0029 0.0090 0.0006 :
— E:
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TABLE 3 (Continued)

TABLE 3C - THICKNESS AND CAMBER DISTRIBUTIONS USED FOR PROPELLERS 4679 AND 4718

y ET/t* EC/fM**
0.0000 0.0000 0.0000
0.005 0.0665 0.0423
0.0075 0.0812 0.0595
0.0125 0.1044 0.0907
0.025 0.1466 0.1586
0.05 0.2066 0.2712
0.075 0.2525 0.3657
0.1 0.2907 0.4482
0.15 0.3521 0.5869
0.2 0.4000 0.6993
0.25 0.4363 0.7905
0.3 0.4367 0.8635
0.35 0.4832 0.9202
0.4 0.4952 0.9615
0.45 0.5 0.9881
0.5 0.4962 1.0
0.55 0.4846 0.9971
0.6 0.4653 0.9786
0.65 0.4383 0.9434
0.7 0.4035 0.8892
6.75 0.3612 0.8121
0.8 0.3110 0.7027
0.85 0.2532 0.5425
0.9 0.1877 0.3586
0.95 0.1143 0.1713
0.975 0.0748 0.0823
1.0 0.0333 0

*NACA 66 Section (DTNSRDC modified).

**%*NACA a = 0.8 meanline: the design procedure determines the magnitude
of the camber at each radius and uses the two-dimensional chordwise dis-
tribution of camber.
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TABLE 4 - LOCATIONS AT WHICH PRESSURES WERE MEASURED

Fractional
radius, r/R 0.5 0.7 0.9
Propeller 4718 4679 4718 4679 4718 4679
Fraction of 0.03 0.05 0.03 0.05 0.1 0.21
chord from 0.12 0.12 0.1 0.12 0.2 0.36
leading edge, x/c 0.2 0.2 0.2 0.2 0.4 0.51
0.35 0.35 0.3 0.3 0.6 0.63
0.5 0.5 0.4 0.4 0.8 0.76
0.7 0.7 0.5 0.5
0.9 0.9 0.7 0.65
0.9 0.85
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TABLE S5 - EXPERIMENTAL CONDITIONS

TABLE 5A - PROPELLER 4718

7 .mm%?mg@mmmlmmm%zﬁmmﬂwﬂfmmeﬂﬂmmww
g

Vc N VR -6 umber of Runs
0.7 Ry x 10 J Uniform | Inclined | Taped
(ft/sec) (rps) (ft/sec) N Flow Flow Gages
10.13 6.68 31.08 2.50 0.751 6 4 4
11.827 | 7.88 36.62 2.95 0.751 8 17 6%
13.50 9.00 41.82 3.37 0.751 5 6 4
15.19 10.13 47.07 3.79 0.751 5 5 3 J
16.88 11.23 52.20 4.20 0.751 9 6 4 |
18.57 12.35 57.40 4.63 0.751 7 4 3
10.13 11.21 50.33 4.06 0.451 4 - -
10.13 10.95 49,21 3.96 0.463 4 4 2%
8.44 7.87 35.63 2.87 0.526 3 4 -
11.82 11.23 50.79 4.09 0.532 4 5 3%
13.50 11.21 51.12 4,12 0.607 4 5 3%
__'10.97 8.09 37.23 3.00 0.677 4 - 2%
15.19 11,18 51.46 4.15 0.685 3 5 2% :
12,66 7.85 36.77 2.97 0.806 3 - 2% 5
13.50 7.80 36.87 2.98 0.855 2 4 2% é
14,35 7.88 37.51 3.01 0.919 3 - 2%
15.19 7.80 37.52 3.02 0.980 4 - 2%
*Conditions plotted in Figure 7. ;
+Baseline design J c&ndition. %
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TABLE 5 (Continued)

TABLE 5B - PROPELLER 4679

v N VR Number of Runs |
c (rps) 0.7 Ry x 1076| g Uniform | Inclined Taped

(ft/sec) P (ft/sec) Flow Flow Gages

10.13 4.68 22.94 3.08 [1.081 3 - -

11.82 5.45 26.73 3.59  |1.086 6 5 4

13.47 6.23 30.53 4,10 |1.080 4 7 4

15.14 7.02 34.39 4.62 11.078 4 6 4

17.70" 8.20 40.17 5.40 |1.080 4 7 5

20.28 9.407 46.08 6.20 [1.078 2 - 1

10.13 8.21 37.50 5.06 [0.617 4 2 3

11.81 8.21 37.99 5.10 ]0.719 4 4 2

13.48 8.19 38.46 5.17 |0.823 4 5 3

15.15 8.21 39.16 5.26  |0.923 4 3 2 :

17.17 7.02 35.33 4.74  |1.262 5 2 4 E
:’é

+Baseline design J condition. 3]
3
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TABLE 6 -~ COMPARISON OF MEASURED MEAN PRESSURE COEFFICIENTS AT DESIGN
CONDITION WITH AND WITHOUT SAND ON BLADE LEADING EDGES

Propeller 4718%* Propeller 4679+
Gage x/c r/R cp w/o sand-~ | largest cp w/o sand- largest
w/o sand w/sand o w/o sand | w/sand o
1 0.900 ) 0.500 | -0.0189 -0.004 0.004 -(.0492 | -0.001 0.003
2 0.700 | 0.500 | -0.1662 -0,001 0.00% -0.0489 | -0.002 0.004
3 0.500 ) 0.500 | -0.2957 -0.013 0.006 -0.0737 0.001 0.003
4 0.350 |1 0.500 | -0.2152 -0.003 0.008 -0.0651 0.003 0.003
5 0.200 | 0.500 -0.2308 -0.009 0.007 -0.0712 0.003 0.003
6 0.080 | 0.500 -0.1932 -0.008 0.008 -0.0187 -0.012 0.002
7 0.030 { 0.500 | -0.0184 -0.029 0.010 ~0.0015 | -0.017 0.005
8 0.900 | 0.700 0.0065 0.003 0.003 -0.0055 0.005
2 0.700 | 0.700 | -0.0632 0.000 0.002 0.0422 6.000 0.004
10 0.500 { 0.700 | -0.0949 -0.001 0.003 0.0106
11 0.400 1 0.700 | -0.0765 0.000 0.002 0.0094 | -0.001 0.004
12 0.30010.700 | -0.0774 0.0C3 0.004 0.0338 0.002 0.001
13 0.200 ) 0.700 | -0.0813 -0.003 0.003 0.0363 0.002 0.003
14 0.100 | 0.700 ~0.0661 -0.001 0.004 0.0053 -0.010 0.005
15 0.030 ] 0.700 | -0.0173 -0.041 0.009 0.0207 | -0.018 0.002
16 0.800 | 0.900 | -0.0051 0.001 0.001 -0.0029 0.000 0.003
17 0.600 | 0.900 | -0.0335 0.000 0.001 0.0035 0.001 0.002
18 0.400 | 0.900 | -0.0458 -0.001 0.003 0.0162 0.001 0.002
19 0.200 { 0.900 | -0.0261 0.008 0.003 -0.1043
20 0.07510.900 { -0.0217 -0.005 0.003 -0.0273 [ -0.003 0.001
21 0.030{ 0.500 0.0073 -0.007 0.008 -0.1714 | -G.003 0.006
22 0.080 | 0.500 | -0.0015 ~0,2064 0.022 0.019
23 0.200{ 0.500 | -0.2687 0.001 0.004 -0.2416 | -0.009 0.021
24 0.350 | 0.500 | ~-0.3240 0.004 0.006 -0.2981 0.001 0.029
25 0.5001{ 0.500 -0.4447 0.009 0.016 ~0.3340 0.008 0.007
26 0.700] 0.500 | -0.4220 0.009 0.008 -0.3762 0.007 0.012
27 0.900 | 0.500 | ~0.0862 -0.011 0.003 -0.1513 | ~0.007 0.011
28 0.030; 0.700 | ~0.0840 -0.025 0.004 -0.1933 | -0.009 0.003
29 0.100| 0.700 | -0.1081 0.001 0.002 -0.1335 | -0.005 0.006
30 0.200{ 0.700 | ~0.1799 -0.005 0.005 -0.1332 0.014 0.015
31 0.300] 0.700 | -0.1631 0.002 0.006 -0.1328 0.001 0.002
32 0.400{ 0.700 { -0.1867 -0.003 0.007 -0.1456 0.000 0.001
33 0.5001 0.700 | -0.1739 0.005 0.008 -0.1611 0.007
34 0.700| 0.700 { -0.1700 -0.010 0.005 -0.1837 | -0.005 0.006
35 0.900| 0.700 | -0.0306 -0.002 0.002 -0.1384 | ~0.005 0.003
36 0.075| 0.900 { ~0.0707 -0.005 0.002 -0.0946
37 0.200] 0.900 | ~-0.1112 0.005 0.003 -0.1209 0.029 0.031
38 0.4001] 0.900 | -0.1209 -0.001 0.002 -0.1702 0.001 0.005
39 0.600 1 0.900 ; -0.0963 0.000 0.001 -0.1482 0.000 0.006
40 0,800 0.900 | -0.0963 -0.003 0.001 -0.1083 (| ~0.007 0.001
* - 6
'RN = 2.79 x 10",
0.7
+RN = 5.1x 106.
0.7

LY M= 31




TABLE 7 - STANDARD ERROR AT A 95 PERCENT CONFIDENCE LEVEL OF MEASURED MEAN i
PRESSURE COEFFICIENTS FROM Cp VERSUS J CURVES ;

TABLE 7A - PROPELLER 4718

Uniform Flow (c.) Inclined Flow (c )
Gage x/c /R P o
1st Order | 2nd Order 1st Order 2nd Order
1 0.900 | 0.500 0.0059 0.0058 0.0106 0.0094
2 { 0.700 | 0.500 0.0108 0.0107 0.0193 0.0192
3 | 0.500 | 0.500 0.0700 0.0054 0.0205 0.0205
4 1 0.350 | 0.500 0.0205 0.0205 0.0174 0.0174
5 0.200 0.500 0.0061 0.0061 0.0147 0.0147
6 | 0.080 | 0.500 0.0093 0.0069 0.0177 0.0163
7 [ 0.030 | 0.500 0.0261 0.0091 0.0419 0.0394
8 | 0.900 | 0.700 0.0041 0.0032 0.0062 0.0060
9 | 0.700 [ 0.700 0.0031 0.0028 0.0070 0.0069
10 | 0.500 | 0.700 0.0057 0.0049 0.0076 0.0073
11 { 0.400 | 0.700 0.0046 0.0034 0.0073 0.0069
12 { 0.300 | 0.700 0.0039 0.0032 0.0093 0.0090
13 | 0.200 | 0.700 0.0039 0.0033 0.0070 0.0068
14 | 0.100 | 0.700 0.0038 0.0037 0.0076 0.0076
15 | 0.030 | 0.700 0.0118 0.0094 0.0271 0.0271
16 | 0.800 | 0.900 0.0038 0.0029 0.0061 0.0061
: 17 | 0.600 | 0.900 0.0045 0.0023 0.0059 0.0056 ;
3 18 | 0.400 | 0,900 0.0036 0.0029 0.0070 0.0069 g
x 19 | 0.200 | 0.v00 0.0029 0.0027 0.0064 0.0058
20 | 0.075 | 0.900 0.0064 0.0048 0.0147 (0.0128
21 | 0,030 | 0.500 0.0248 0.0082 0.0259 0.0179
g 22 | 0.080 | 0.500 * * * *
g 23 | 0.200 | 0.500 0.0069 0.0042 0.0119 0.0111
e 24 | 0.350 | 0.500 0.0119 0.0075 0.0150 0.0146
3 25 { 0,500 | 0.500 0.0104 0.0079 0.0220 0.0219
26 | 0,700 | 0.500 * * 0.0217 0.0211
27 | 0.900 | 0.500 0.0050 0.0044 0.0099 0.0095 :
28 | 0.030 | 0.700 0.0237 0.0054 0.0240 0.0141 2
29 | 0.100 { 0.700 0.0041 0.0041 0.0131 0.0130 s
30 | 0.200 { 0.700 0.0066 0.0064 0.0110 0.0110 3
31 | 0.300 | 0.700 0.0054 0.0042 0.0116 0.0114 g
32 { 0.400 | 0.700 0.0046 0.0036 0.0112 0.0112 &
33 { 0.500 { 0.700 0.0089 0.0078 0.0140 0.0140 g
34 | 0,700 | 0.700 0.0055 0.0046 0.0141 0.0140 b
35 { 0.900 | 0.700 0.0031 0.0027 0.0074 0.0072 %
36 | 0.075 | 0.900 0.0095 0.0061 0.0090 0.0082 g
37 | 0.200 | 0.900 0.0070 0.0036 0.0097 0.0080 E
38 0.400 0.900 0.0033 0.0030 0.0072 0.0072 E
39 | 0.600 | 0.900 0.0040 0.0027 0.0067 0.0065 %
40 | 0.800 ! 0.900 0.0065 0.0031 0.0081 0.0065 I3
*Namaged gage, ;
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T4BLE 7 (Continued) y
TABLE 7B -~ PROPELLER 4679

« Uniform Flow (cg) Inclined Flow (c )
Gage x/c /R P P
1st Order 2nd Order 1st Order 2nd Order
1 0.900 0.500 0.0173 0.0173 0.0111 0.0111
2 0.700 0.500 0.0184 0.0177 0.0179 0.0177
3 0.500 0.500 0.0206 0.0185 0.0137 0.0120
4 0.350 0.500 0.0236 0.0202 0.0148 0.0128
5 0.200 0.500 * * 0.0175 0.0142
6 0.080 0.500 0.0273 0.0231 0.0568 0.0561
7 0.030 0.500 0.0203 0.0192 0.0314 0.0205
8 0.900 0.700 0.0260 0.0260%%* *
9 0.700 0.700 0.0133 0.0111 0.0115 0.0112
10 0.500 0.700 * *
11 0.400 0.700 0.0172 0.0152 0.0283 0.0279
12 0.300 0.700 0.1209 0.1170%* 0.0091 0.0081 j
13 0.200 0.700 0.0167 0.0148 0.0124 0.0114
14 0.100 0.700 0.0223 0.0171 0.0199 0.0187
15 0.030 0.700 0.0259 0.0200 0.0406 0.0398%*
16 0.800 0.900 0.0144 0.0094 0.0102 0.0074
17 0.600 0.900 0.0151 0.0100 0.0104 0.0080
18 | 0.400 0.900 % 0.0261 0.0258"
19 0.200 0.900 * *
20 0.075 0.900 0.0151 0.0146 0.0147 0.0147
21 0.030 0.500 0.0178 0.0177 0.0205 G.0205
22 0.080 0.500 0.0207 0.0173 0.0438 0.0425%%
23 0.200 0.500 0.0214 0.0167 0.0570 0.0532%%
24 0.350 0.500 0.0322 0.0235 0.1376 0.1351**
25 0.500 0.500 0.0243 0.0205 0.0236 0.0184
26 0.700 0.500 0.0275 0.0223 0.0346 0.0307%%
27 0.900 0.500 0.0222 0.0219 0.0456 0.0456%% E
28 0.030 0.700 0.0194 0.0167 0.0135 0.0182 s
29 0.100 0.700 0.0153 0.0139 0.0175 0.0173 ;
30 0.200 0.700 0.0120 0.0119 0.0290 0.0290%% g
31 0.300 0.700 0.0125 0.0120 0.0104 0.0095 :
32 0.400 0.700 0.0145 0.0142 0.0135 0.0231 ;
33 | 0.500 0.700 0.0287 0.0282% * :
- 34 0.700 0.700 0.0175 0.0175 0.0188 0.6137 3
35 0.900 0.700 0.0178 0.0177 0.0121 0.0121 é
36 0.075 0.900 0.0409 0.0323 * :
37 0.200 0.900 0.0156 0.0151 0.0245 0.0244%% i
38 0.400 0.900 0.0163 0.0148 0.0196 0.0178 y
39 0.600 0.900 0.0170 0.0160 0.0196 0.0165 }
40 0.800 0.900 0.0172 0.0171 0.0140 0.0121 E
3
*Damaged gage. %
**Numerous bad runs. é
+Improper speed correctlion, i
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PRESSURE FROM Cp VERSUS J CURVES

TABLE 8A - PROPELLER 4718

TABLE 8 ~ STANDARD ERROR AT A 95 PERCENT CONFIDENCE LEVEL OF MEASURED MEAN

Gage | x/c r/R

78 Runs
Uniform Flow (psi)

69 Runs
Inclined Flow (psi)

. v L Pr porverr i T 3
SR RTINS P mg%ﬂ.m%&wﬁﬁ;:mtm&m»iwmm%&r.sz,h_ p—

lst Order | 2nd Order lst Order | 2nd Order
1 10.900 | 0.500 0.0417 0.0418 0.0579 0.0564
2 |0.700 | 0.500 0.0744 0.0742 0.1319 0.1317
3 10.5001]0.500 0.0518 0.0413 0.1209 0.1208
4 10.35010.500 0.1399 G.1400 0.0913 0.0913
5 0.200 | 0.500 0.0444 0.0442 0.0892 0.0892
6 10.080 |0.500 0.0741 0.0542 0.1064 0.0935
7 10.030(0.500 0.1954 0.0695 0.3377 0.3204
8 [0.900 |0.700 0.0575 0.0476 0.0696 0.0646
9 0.700 { 0.700 0.0434 0.0408 0.0679 0.0671
10 |0.500 |0.700 0.0762 0.0642 0.0835 0.0771
11 }0.400 ;0.700 0.0633 0.0481 0.0736 0.0672
12 10.30010.700 0.0567 0.0488 0.0975 0.0993
13 {0.200 ]0.700 0.0545 0.0481 0.0752 0.0725
14 | 0.100 | 0.700 0.0544 0.0532 0.0885 0.0881
15 }0.030{0.700 0.1726 0.1337 0.3814 0.3850
16 0.800 | 0.900 0.0874 0.0627 0.1044 0.0998
17 |0.600 (0.900 0.1018 0.0713 0.1025 0.0890
18 10.400 | 0.900 0.0855 0.0701 0.1C34 0.1034
19 }{0.200 { 0.900 0.0596 0.0581 0.0955 0.0913
20 10.075]0.900 0.1251 0.1014 0.2723 0.2826
21 (0.030]0.500 0.1722 0.0669 0.1637 0.1475
22 10.080 }0.500 * * * *
23 }10.200 |0.500 0.0531 0.0320 0.0793 0.0736
24 ] 0.350 | 0.500 0.0841 0.0502 0.0962 0.0931
25 10.50010.500 0.0712 0.0540 0.1342 0.1345
26 {0.700]0.500 * * 0.1148 0.1113
27 10.900 | 0.500 0.0376 0.0338 0.0586 0.0562
28 |1 0.030|0.700 0.3075 0.0742 0.2921 0.1913
29 {0.100]0.700 0.0491 0.0491 0.1440 0.1406
30 10,200 0.700 0.0804 0.0743 0.1157 0.1179
31 | 0.300{0.700 0.0691 0.0531 0.1177 0.1159
32 j0.400 | 0.700 0.0606 0.0479 0.1097 0.1101
33 |10.500(0.700 0.1143 0.0944 0.1525 0.1526
T 34 10.700 | 0.700 0.0693 0.0:97 0.1434 0.1455
’f 35 |0.900]0.700 0.0440 0.0402 0.0736 0.0734
S 36 | 0.075]0.900 0.2102 0.1435 0.1962 0.1851
. 37 10.2001 0.900 0.1433 0.0838 0.1760 0.1615
.j 38 | 0.400 ] 0.900 0.0773 0.0690 0.1377 0.1385
. 39 0.600 | 0.900 0.0936 0.0628 0.1261 0.1167 Calibration
40 | 0.800{ 0.900 0.1481 0.0742 0.1517 0.1101 Error
; Average 0.093 0.065 0.132 0.125 0.050 - 9.070
*Damaged gage.
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TABLE 8 (Continued)

TABLE 8B - PROPELLER 4679

44 Runs 41 Runs
Gage x/c /R Uniform Flow (psi) Inclined Flow (psi)
lst Order 2nd Order lst Order | 2nd Order
1 0.900 0.500 0.0799 0.0799 0.0539 0.0539
2 0.700 0.500 0.0833 0.0793 0.0734 0.0722
3 0.500 0.500 0.0959 0.0840 0.0646 0.0543
4 0.350 0.500 0.1132 0.0942 0.0706 0.0582
5 0.200 0.500 * 0.0918 0.0718
6 0.080 0.500 0.1337 ¢.1107 0.2691 0.2646
7 0.030 0.500 0.1000 0.0938 0.1059 0.1003
8 0.900 0.700 0.2161 0.2160%* *
9 0.700 0.700 0.1012 0.0792 0.0969 0.0928
10 0.500 0.700 * *
11 0.400 0.700 0.1274 0.1088 0.2059 0.2016
12 0.300 6.700 1.1588 1.12124% 0.0760 0.0677
13 0.200 0.700 0.1259 0.1097 0.1022 0.0928
14 0.100 0.700 0.1829 0.1406 0.1450 0.1356
15 0.030 0.700 0.2119 0.1644 0.3094 0.2995%%
16 0.800 0.900 0.1817 0.0971 0.1356 0.0886
17 0.600 0.900 0.1940 0.1122 0.1317 0.0904
18 0.400 | 0.900 * 0.3295 0.3156"
19 0.200 0.900 * *
20 0.075 0.900 0.1712 0.1645 0.1578 0.1579
21 0.030 0.500 0.0852 0.0843 0.1027 0.1026
22 0.080 0.500 0.0984 0.0774 0.1955 0.1874**
23 0.200 0.500 0.1060 0.0785 0.2942 0.2741%*
24 0.350 0.50¢C 0.1623 0.1127 0.7463 0.7326%*
25 0.500 0.500 0.1192 0.0956 0.1253 0.0982
26 0.700 0.500 0.1312 0.0933 0.1857 0.1655%%
27 0.900 0.500 0.0964 0.0946 0.1919 0.1919%%*
28 0.039 0.700 0.1749 0.1391 0.1719 0.1595
29 0.100 0.700 0.1144 0.0990 0.1463 0.1445
30 0.200 0.700 0.0994 0.0985 0.2422 0.2422%%
31 0.300 0.700 0.0936 0.0884 0.0897 0.0825
32 0.500 0.700 0.1052 0.1030+ 0.1185 0.1166
33 0.500 0.700 0.2028 0.1967 *
34 0.700 0,700 0.1247 0.1247 0.1543 0.1536
35 €.900 0.700 0.1281 0.1262 0.0965 0.0962
36 0.075 0.900 0.5993 0.4757 *
37 0.200 0.900 0.1923 0.1812 0.3007 0.2989%*
38 0.400 0.9090 0.2029 0.1723 0.2440 0.2141
39 0.600 0.900 0.2138 0.1919 0.2838 0.2355
40 0.800 0.900 0.2135 0.2115 0.2066 0.1762 Calibration
Error
Average 0.150 0.126 0.135 0.123 0.050 - 0.070
*Damaged gages, excluded from average,
**Numerous bad runs, excluded from average.
+Improper speed correction, excluded from average.
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Suction Side

Pressure Side

x/c Y/c x/c Y/c
0.002441 0.001619 0.004729 -0.003345
G.008682 0.006085 0.013996 ~0.006269
0.015666 0.008774 0.022852 ~0.007764
0.023067 0.010773 0.031272 -0.008811
0.038701 0.012119 0.039836 -~0.009744
0.037993 0.014185 0.048503 -0.010591
0.045679 0.015720 0.056888 -0.011329
0.053197 0.017052 0.065424 -0.012005
0.060936 0.018262 0.073707 -0.012628
0.068723 0.019302 0.082136 -0.013214%
0.076462 0.020322 0.090489 -0.013753
0.084103 0.021503 0.099007 -0.014247
0.091940 0.022630 0,107278 -0.014685
0.099622 0.023549 0.115702 -0.015128
0.107390 0.024659 0.123878 -0,015515
0.115254 0.025484 0.132201 -0.015920
0.123150 0.026133 0.140527 -0.016314
0.130994 0.026861 0.149001 -0.016704
0.138952 0.027657 0.157262 -0.017078
0.146701 0,028458 0.165667 -0.017462
0.154621 0.029240 0.173854 ~-0.017789
0.162535 0.029974 0.182174 -0.018096
0.170434 0.030679 0.190459 -0.018349
0.178321 0.031358 0.198758 -0.018698
0.186228 0.031955 0.206921 -0.018767
0.194101 0.032550 0.215330 -0.019071
0.202108 0.033221 0.223489 -0.019242
0.209995 0.033643 0.231824 -0.019442
0.218019 0.034.65 0.239957 -0.019657
0.226040 0.034041 0.248244 -0.019843
0.234048 0.035100 0.256518 -0.020045
0.242014 0.035588 0.264758 -0.020239
0.250007 0.036019 0.272992 -0,020435
0.257944 0.036461 0.281200 -0.020609
0.265893 0.036819 0.289581 -0.020858
0.274012 0.037335 0.297672 -0.020799
0.281946 0.037720 0.305803 ~0.020480
0.290026 0.038130 0.313990 -0.020762
0.297948 0.038444 0.322423 -0.021268
0.306024 0.038819 0.330678 -0.021367
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TABLE 9 (Continued)

A
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Suction Side

Pressure Side

x/c Y/c x/c Y/c
0.649698 0.037834 0.672495 -0.017771
0.658089 0.037400 0.680434 -0.017506
0.666321 0.036969 0.688418 -0.,016866
0.674726 0.036540 0.696313 -0.016419
0.683018 0.036033 0.704710 -0.016761
0.691496 0.035556 0.712669 -0.,01640C
0.699829 0.035032 0.720838 -0.016120
0.708175 0.034513 0.728863 -0.015810
0.716541 0.033957 0.736892 -0.015498
0.724938 0.033403 0.744926 -0.015150
0.733379 0.032788 0.752995 -0.014844
0.741829 0.032166 0.761069 ~0.014525
0.750315 0.031536 0.769005 -0.014217
0.758654 0.030869 0.777111 -0.013852
0.767187 0.030224 0.785064 -0.013537
0.775591 0.029506 0.793225 ~0.013194
0.784014 0.028784 0.8GL158 -0.012687
0.792481 0.027990 0.809263 -0.012523
0.800985 0.027189 0.817295 -0.012176
0.809544 0.026321 0.825367 -0.011835
0.818147 0.025403 0.833294 -0.011509
0.826607 0.024473 0.841424 -0.011179
0.835296 0.023479 0.849404 -0.0108653
0.843817 0.022495 0.857397 -0.010522
0.852372 0.021492 0.865431 -0.010186
0.860978 0.020475 0.873478 ~0.009844
0.869601 0.019465 0.881537 ~-0.009464
0.878032 0.018557 0.839652 -0.009106
0.886663 0.017673 0.897600 -0.008738
0.895137 0.016804 0.905554 -0.008344
0.903708 0.015€96 0.913547 -0.007958
0.912310 0.014677 0.921586 -0.007530
0.921063 0.013408 0.929611 ~-0.007064
0.929643 0.012103 0.937677 -0.006603
0.938394 0.010944 0,945583 ~0.006118
0.947017 0.009778 0.953553 -0.005662
0.955655 0.008596 0.961526 -0.005161
0.964360 0.007430 0.969535 -0.004667
0.972886 0.006259 0.977543 -0.004107
0.981605 0.005132 0.985444 -0.003568
0.990190 0.003995 0.993153 -0.003128
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TABLE 9 (Continued)

s pes Sl R i VL LR Sl A2,

e ca PRRINAS S S

Suction Side

Pressure Side

x/c Y/e x/c Y/c
0.314098 0.039139 0.338745 -0.021452
0.322169 0.039434 0.346958 -0.021512
0.330240 0.039330 0.355077 -0.021364
0.338306 0.039978 0.363365 ~0.021639
0.346375 0.040251 0.371563 -0.021716
0.354453 0.040448 0.379739 -0,021791
0.362498 0.040678 0.388070 -0,021826
0.370534 0.040904 0.396252 -0,021931
0.378565 0.041127 0.404389 -0.021977
0.386791 0.041318 0.412509 -0,021940
0.394712 0.041776 0.420815 -0.022019
0.402975 0.041814 0.428925 -0.022020
0.411078 0.041822 0.437198 -0.022022
0.419120 0.041938 0.445284 -0.021988
0.427362 0.042046 0.453358 -0.021959
0.435407 0.042108 0.461592 -0.021899
0.443657 0.042152 0.469677 ~0,021887
0.451711 0.042207 0.477899 -0.021810
0.459951 0.042236 0.485963 -0.021785
0.468030 0.042245 0.494131 -0.021551
0.476285 0.042235 0.502447 ~0.021714
0.484550 0.042196 0.510449 ~0.021569
0.492661 0.042129 0.518616 -0.021335
0.500936 0.042072 0.526660 -0.021207
0.509076 0.041938 0.534850 -0.021075
0.517382 0.041815 0.542885 -0.020939
0.525539 0.041674 0.551085 ~0.020792
0.533862 0.041505 0.559139 -0.020660
0.542033 0.041329 0.567333 ~0.020504
0.550197 0.041126 0.575367 -0.020357
G.558550 0.040967 0.583412 -0.020195
0.566726 0.040792 0.591611 -0.020037
0.574924 0.040581 0.599681 -0.019876
0.583322 0.,040361 0.607742 -0,019674
0.591548 0,040117 0.615973 -0.,019481
0.599803 0.039851 0.624022 -0,019262
0.608074 0.039570 0.632074 -0.019029
0.616360 0.039272 0.640141 -0.018780
0.624658 0.C38945 0.648223 -0.018569
0.632978 0.038594 0.656305 -0.018303
0.641319 0.038218 0.664401 ~0.018042
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