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Report F331012-1

Wind Tunnel Tests of Variable !

Geometry Shrouded Propellers

SUMMARY

Wind tunnel tests of variable geometry shrouded propeller models were
conducted for the Hamilton Standard Division of the United Aircraft Corporation
in the 18-ft and 8-ft test sections of the UARL Large Subsonic Wind Tunnel
during the period from May 1 to May 18, 1967. The test model comprised a
shroud propeller assembly Which was attached to a propeller dynamometer
through strain gage balances. The balances provided shroud chord force,
propeller thrust and propeller torque data, Various pressure measurements
were also obtained including shroud inlet pitot-static pressures, shroud
exit total pressures, shroud surface pressure distributions, and velocity-
angularity radial traverse probs data. These data were obtained for three
shroud configurations and two sets of propellers, Shroud variables included
lip contour, length and exit area; propeller variables included blade planform
and blade-shroud tip clearance. Test data for these model configurations
vere obtalned through ranges of blade rotational speed at various blade piltch
angles and at tunnel Masch numbers from 0.02 to 0.60.

A complete transcript of preliminary performency test data and descriptive
information pertinent to the test models, equipment and techniques was forwarded
to Hemilton personnel by June 19, 1967. Post-test efforts were suspended on
June 28, 1967 and resumed on November 1, 1967 at Hamilton'!s request. On
November 19, 1967, the transmittal of all performance and pressure data in
final reduced form was completed. This report presents an explanatory text,
detailed tabulations of the performarice and pressure data, and a complete
graphical presentation of the performance data.

This project was undertaken fcr Hamilton Standard under Purchase Order
WPL IFL BCO-104A dated March 7, 1966 and Purchase Order 46746 dated January 12,
1967.
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INTRODUCTTION

Interest in shrouded propeller svudies has been stimulated by the advantages
of ducted propellers over free-air propellers. The former is capable of producing
the same thrust-to-povwer ratic as a free-air propeller of approximately twice
its diameter (Ref. 1). Past shrouded propeller studies have been directed
toward an optimum shroud configuration for overall performance throughout the
propeller's anticipated operational speed regime. However, configurations des-
igned for high thrust at low subsonic speeds require large bellmouth inlets
as well as high exit-to-propeller area ratios which are undesirable for high
subsonic speed flight because of their inherently high drag. A shroud designed
for good high subsonic speed performance requires a sharp inlet lip and low
exit-to-propeller area ratio which conversely produces poor low subsonic speed
performance. As a consequence, this program was initiated to obtain data for
shroud geometries applicable to both ends of the flight spectrum. These data
supplement Hamilton'!s previous results obtained under Bureau of Naval Weapons,
Contract NOw 64-07T0T-d. The subject data are applicable to a shroud capable
of altering its shape to optimize performance (i.e., variable geometry shroud).

The subject shrouded propeller tests comprise the experimental phase of
a program contracted by Hamilton Standard with the Naval Air Systems Command
to provide systematically varied performance curves which are sufficient to
permit empirical performance estimates for the pertinemt flight conditions
of a variable geometry shrouded propeller. The data obtained are presented
herein in detailled tabular and graphical formats; the test spparatus and
techniques are alro described.

TEST FACILITY, PROPELLER DYNAMOMETER AND TEST MODELS

Wind Tunnel Facility

The UARL Large Subsonic Wind Tunnel, shown in Fig. 1, is a single-return
closed-throat facility with interchangeable 18-ft and 8-ft octagonal test
sections, Maximum tunnel velocity is approximately 200 mph in the 18-ft
section and near sonic Mach numbers can be obtained in the 8-ft section.
Tunnel stegnatlon pressure equals atmospheric pressure, and the stagnation
temperature of the airstream was held constant in the 64 to 98 F range by
means of air exchanger valves, Electric power may be supplied to test models




—

F331012-1

by two motor generator sets each of which develop a maximum of 375 hp at
frequencies of O to 40O cps. Auxiliary vacuum systems and a 400 psig air
supply are also available. A small digital computer and a static data
acquisition system (capable of recording 200 steady pressures or temperatures)
located in the tumnel control room are employed to record and process test
data. A detailed description of the wind tunnel and its auxiliary equipment
is given in Ref. 2.

Propeller Dynamometer and Shroud Balance

The model propellers were driven by the UARL propeller dynamometer,
schematically illustrated in Fig. 2, which consists of two variable-speed
motors, mounted in tandem and housed within a streamlined cast-steel pod
with an integral support strut. The motors are mounted in hydrostatic bearings
to restrain all mction except axial motion along or rotational motion about the
longitudinal axis of the dynamometer. These motions were restrained by load
cells which measure thrust and torque of the model propeller. Each motor is
capable-of delivering 375 hp at 12,000 rpm; together they provide a maximum
torque of 330 lb-ft at any operational speed. Model speed was controlled by
the variable frequency electrical power supplied by two motor-generator sets,
and the model speed was measured with a Berkley EFUT meter and a 60-tooth
gear signal generator. The dynamometer was faired to minimize the axial
static pressure gradient in the plane of the propeller, Ref. 3. Additional
data on airflow distortion and buoyancy effects produced by the dynamometer
vere obtained during the subject test program and are discussed in this report.
The dynamometer 1s also designed so that the model propeller and hub are the
only portion of the metric system exposed vo the alrstream. Pressure instru-
mentation was provided within the dynamometer in order to correct the measured
thrust for any difference in pressure between the fromt face of the hub and an
equal area in the rear feiring. Further details of the propeller dynamometer
are presented in Ref. 3.

1y

The shroud strain gage balance system, shown in Fig. 3, was used to support
the shroud on the propeller dynamometer and to measure shroud-chord forces,
The balance ground structure was provided by a new fairing of heavy gage rolled
boller plate machined to provide essentially the same shape as the metal fairing
normally used. The shroud was supported on the ground structure by a three-
point linkage schematically illustrated in Fig. 4. Support points P; and Py,
shown in Figs. 3 and 4, were fixed in the y-z plane (Fig. '4) by two "A" frames
which were free to pivot at both ends. Points P, and P, were restrained in
the axial direction by flexured load cells (Cy, C5) which attached to the non-
metric structure and which permitted lateral as well as vertical rotation, thus
only axial chord forces (Ch: CS) were transmitted through these points. Forces

R | o
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M and K, (not required for this test) could have been obtained directly from
load cells which measure a bending woment in the lateral plane between points
Py and P, and the shroud. Support point P3 was fixed in space by a rigid
support arm projecting forward from the fairing of the extension shaft housing.
A flexured load cell (N3) could have been inserted between the side arm and
shroud and used to determine the side force on the latter, but the normal
forces at zero degrees yaw were found to be negligibly small in Ref. 4 and the
side force was therefore not determined during the subject test. The tare

and interference effect of the "A" frames was obtained with the use of a

dummy support system.

Propeller Dynamometer and Shroud Installation

The shroud-dynamoﬁeter was installed in each test section at a yaw angle
of zero degrees and with the thrust axis coincident with the tunnel centerline
elevation. .Figures 5 and 6 illustrate the model installation in both the 8-
and 18-ft sections, respectively. Dynamometer monitoring instrumentaticn con-
sisted of an EPUJ' meter for rotational speed, a vibration meter with provision
for selecting vertical or horizontal motion and a Speed-O-Max display for
numerous thermocouple temperatures. Pressure leads from the dynamometer and
electrical leads from the dynamometer and shroud balance were connected at
the dynamometer strut bulkhead then led across the tunnel balance chambexr
to the appropriate facility in the control room. Pressure tubing leads from
the shroud and exit rakes were led downstream across the shroud balance linkage,
along and down the leading edge of the dynamometer, and into the balance chamber
where they were connected to a patch panel. Pressure tubing leads from the
inlet rakes and spinner (P in Fig. 2) were led upstream through the spinner
and a sting, through the sting support struts, and into the balance chamber
where they were connected to.the patch panel. At the patch panel the leads
were directed to the static data acquisition system and manometer boards in ‘
the tunnel control room. The electrical and pressure leads from the traversing
probe were led into the balance chamber and then directed to the appropriate

facility in the control room.
Tect Models

The test models consisted of two high-speed, 20-in. chord shrouds, one
low-speed, 23-in. chord shroud and two sets of propeller blades. Each shroud
configuration was fabricated from a solid aluminum ring with circumferential
grooves for the implacement of pressure instrumentation. These grooves were
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then filled with plastic filler and blended to match the local contours.
Figure T shows two shroud models and identifies some of the model components,
all of which are specified in detail in Appendi:z I.

The test models included two sets of propeller blades, illustrated in
Fig. 8, comprising wide and narrow tip planform three-way configurations
previously used during Ref. 4 testing. The geometry of each blade is des-
cribed in Appendix T, Figs. I-5 and I-6. The plades were aluminum although
the wide tip set incorporated fiberglass tips which during a previous test
(Ref. k) provided for tip clearance variations between the blade tip and
shroud. The blades installed in the T.5~in. diemeter steel hub provided a
disc diameter of approximately 30 in. Both propellers had an activity factor
of 168 and a design camber of O.4. Changes in blade angle were accomplished
by manually turning worm gears in the hub that mesh with integral gear sectors
on the blade root. )

Provisions for the mounting of inlet pitot-static rakes and an exit total
pressure rake were provided in addition to the static pressure orifices incor-
porated in the model shroud components. The 15-orifice, pitot-static inlet
rake and the 25-orifice total pressure exit rake were nonmetrically supported
from the spinner and dynamometer cowl fairing, respectively. A probe which
traversed the exit of each shroud was mounted from the tunnel floor. A complete
description of this instrumentation 1s provided in Appendix II.

The configuration designation system used herein is a continuation of that
used in Ref. 4 and is based on 16 symbols, each consisting of a letter with
subscripts denoting veriebles. A typlcal sample would be L)CyEqB3PyrTy,
vwhich defines the complete shroud-propeller model with inlet lip four (Lz,),
propeller at 40-percent shroud chord (C;), diffuser exit area ratio of 1.0
(E7), three-way hub (33) , wide-tip planform blade (PWT) and basic blade tip-
shroud clearsnce (T1)° The symbols are concisely defined in Appendix I and
illustrated in Figs. T and 8. Special forms of these symbols vuved in computenr
tabulations are included in parenthesis after the symbol definition in Appendix
I.
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TEST PROCI:DURES
Initial T ting

Initial testing consisted of traversing probe calibration, tunnel blockage
calibration, dynamometer buoyancy investigatioa, hub tare, and "A"-frame tare
and interference runs,. The traversing probe calibration, as described in
Appendix II, defined the parameters required for interpretation of velocity-
angularity data. The blockage calibrations, as described in Appendix III,
provided a technique for setting tunnel speed. The buoyancy investigation,
as described in Appendix IV, defined the local airflow distortion that occurred
at the shroud inlet and exit stations due to the dynamometer presence as well
as the resultant buoyancy drag effects for shroud chcrd force corrections.

The hub tare runs, as described in Appendix V, defined the hub skin friction
effects for thrust measurement corrections.

The tare and interference runs, as described in Appendix VI, defined the
effects of the "A" frame which were to be deleted from the shroud chord force
data. Based on stress data observed during the previcus shrouded propeller test
(Ref. 4), a safe operating range (windmill rpm to 8000 rpm) was established for
the blades used. Propeiller dynamic balance calibrations were interspersed in
the test program and were conducted following assembly and static balancing of
each hub prcpeller configuration. These calibrations consisted of monitoring
horizontal and vertical vibration as sensed by the vibration gages immediately
downstream of the hub as shown in Fig. 2. A safe operating limit of #0.005 in.
has been established for the subject test rig.

Performance Testing

The performance test program consisted of recording and processing prop-
eller thrust and torque, shroud chord force and shroud inlet and exit pressures
for various model blade angles through a range of rotational speed at constant
Mach number, shroud configuration and zero yaw angle. Each rotatioral speed
setting constituted & test point and each range of rotational speed defined a
‘data run,

The performance data instrumentation consisted of one EPUT meter for
propeller rotuational speed and seven strain gage unit potentiometers for
torque, thrust, delta thrust, chord force (two load cells), and local Mach
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number at the hub (two transducers). This instrumentation incorporated a
locking circuit which provided a simultaneous visual sample of each signal

which was manually recorded and at the same time punched into a digital

computer in the tunnel control room for processing. The almost simultaneous
reduction of the basic data permitted a manual on-line graphic presentation

of the data in coefficient form. The inlet and exit pressure data were dis-
played on manometer boards in the control room and recorded both photographically
and on paper tape with the static data acquisition system. The latter data were
reduced upon completion of the test program at the UARL Computation Laboratory.

Performance data in the Mach number ranges from G.02 to 0.20 and 0.2 to
0.6 were obtained in the 18-t and 8-ft test sections, respectively. A func-
tional sequence of shroud configurations with attendant run numbers and figure
numbers is presented in Table I, and a detailed listing of each run obtained
during the entire program is given in Table II.

’

Pressure Testing

The pressure program consisted of recording and processing pressures sensed
by & probe traversed radially across the shroud exit area for various model blade
angles, rotational speeds, Mach numbers, and shroud configurations. Each radisl
station setting constituted a test point and each complete traverse across the
shroud exit area at constant (design) rotational speed, plus that data generated
at a specified rotational speed above and below the design rpm for one radial
position of the traversing probe, defined a pressure run. In addition to the
traverse probe data, pressures sensed with the inlet pitot-static rake, the
exit total pressure rake end the static orifices on the shroud were recorded
on paper tape and processed at the Computation Laboratory.

DATA REDUCTION AND STATEMENT OF ACCURACY

The reduction of the performance and pressure data which were obtained
during the runs listed in Table I is discussed herein, Additional calibration
and tare data are described in Appendices II through VI. The data reduction
equations for the performance data are presented in Appendlx VII in the initial
five sections. The first section (Eqs. 1 to 4) is preliminery in nature and
includes standard calculations for determining tunnel air density and velocity
based on the uominal test section Mach number and an equation for solid and
wake blockage corrections tc tunnel velocity. The symbols used in these
equations and all subsequently discussed equations are defined in the List of

]
o
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Symbols. The second group of equations (Eqs. 5 to T) converts the force and
moment gage readings to thrust, torque and chord force. The third and fourth
groups of equations (Eqs. 8 to 12) indicate expressions for tare and interference
corrections and balance interactions to the basic force and moment equations.

The fifth group of equations (Eqs. 13 to 22) converts thrust, torque and chord
force to aerodynamic coefficient form and also includes standard calculations
for advance ratio, efficiency, shaft horsepower and propeller tip speed. These
equations also indicate the "A"-frame tare and interference correction on chord
force. The parameters defined by Egs. 13 to 22 represent the required per-
formance data in their final algebraic form.

The data reduction equations for the pressure data are presented in the
remeining three sections. Section VI {Egs. 23 to 29) presents the equations
used to determine the actuel free~-stream values of dynamic pressure, Mach
number, static pressure and velocity, and application of these to the pressure
coefficient calculation., The propeller thrust effect correction used in per-
formance parameter data reduction Eq. 4 was not applied to dynamic pressure
(Eq. 25) nor the other flow parameters used in pressure coefficient data
reduction for convenience and consistency with Ref. 4. Section VII (Egs. 30
and 31) presents the equations used in calculating the inlet velocities. The
final group of equations (Eqs, 32 to 37) includes expressions for converting
traversing probe pressures to the inclined velocity and to & projected velocity
component parallel to the thrust axis.

At the conclusion of the test program a statistical aralysis based on
methods outlined in Ref, 5 was made of approximately T5 static zero shifts
noted for each of the three halance components. Estimates of static data
accuracy (two standard deviations) bssed on these results are tabulated below.

System Measured Force Coefficient
Component Capacity or Moment QQOOO RPM?

L}

Current Test Ref., U Current Test Ref, 4

Thrust, 1b 700 0.3k +0.93 +0,0006 0,002
Torque, £t-1b 500 0.25 0,54 10,0011 0,002
Chord Force, 1b 000 . #0.92 $1.26 +0,0016 +0.,00k

The above coefficients are based onair density equals 0.0022 slugs/cu ft and
propeller diameter equals 2.495 ft.

Accuracy in setting propeller rotational speed and propeller blade angle is
estimated as *1 rpm and 0.1 deg, respectively. Accuracy in setting tunnel Mach
number is estimated as 0,005 in the'lS-ft tunnel and *0.021 in the 8-ft section.
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Overall data repeatability as influenced by all of these parameters and also by
model configuration duplication is illustrated in Figs. 9 to 14 of the Data
Repeatability tab section. Figures 9 and 10 present data repeatability in the
speed regime of the 18-ft tumnel; Figs. 11 to 14 present data repeatability in
the 8-ft test section. The plots presented are of the repeat runs conducted
intermittently throughout the test program and are felt to be representative

of the overall data repeatability.

An aritimetic mean estimate of the pressure data repeatability based on a
small number of samples indicated values of#0.06 in surface pressure coefficient,
$1,0 fps in inlet velocity, #0.01 psi in exit total pressure, 0.5 deg in
traverse probe yaw angle (ZETA), 1.0 deg in traverse probe pitch angle (THETA),
and *5 fps in traverse probe velocity (V!). The accuracy in setting the
traversing probe radial position was estimated as 0.012 in.

PRESENTATION OF DATA

The presentation of the performance deta is in the form of aerodynamic
coefficient plots and tabulations. The plots are divided into three tab-
sectioned groups descriptively annotated as: Data Repeatabillity, Low Speed
Shroud Effects and High Speed Shroud Effects. The first tab section preseunts
a comparison of the data repeatability as discussed in the preceding section
of this report (Data Reduction and Statement of Accuracy). All performance
data are presented so that the effects of a specific change in model geometry
is 1llustreted. Within each tab-sectioned group the salient aerodynamic
parameters for low (M = 0.02 to 0.10) and high (M = 0.20 to 0.60) speed per-
formance are presented in sets of two and three figuree, The low-speed
performaence plots present power coefficient, thrust coefficlent, net thrust
coefficient and chord force versus advance ratio. The high-speed performance,
glots present efficiency, net efficiency and power coefficient with cross
plots of constant efficiencies overlayed versus advance ratio. In addition
to the graphic presentation of the perfcrmance data, a complete tabulation
of these data is presented in Table III.

The efficiencies presented in the high-speed performance data are noted
to be in excess of 100 percent and the efficiencies in the low-speed perfor-
mance data are noted to be irregularly low, ranging from 10 to 50 percent.
It is felt that this is an effect of the definition of efficlency as presented
in Appendix VII and used in the data reduction. As presented herein, efficiency
is based on free-stream velocity as an approximation of the velocity field
felt by the shroud and propeller.  This was done to be consistent with the
previous results presented in Ref. 4 to aid in overall comparisons and because
of the difficulty in defining the correct propeller velocity.

E
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Concurrent with the acquisition of performance data and in addition to the
pressure data obtained during the pressure data phase of the test program, the
shroud inlet velocity and shroud exit total pressure data were obtained. Com-
Plete tabulations of these data have been transmitted to HS personnel and only
selections (at a propeller speed of 6000 rpm) of these results are presented in
Table IV in the form of data tabulations. The shroud inlet velocity data

generated during the "A"-frame tare and interference phase of testing are
presented in Table V.

The presentation of the remainder of pressure data obtained during the
pressure data phase of the test program is also in the form of data tabulations.
Table VI is a complete tabulation of the traversing probe data acquired and
Table VII is a representative tabuiation of shroud surface pressure coefficients 5
inlet velocities and exit total pressures simultaneously acquired with the
traversing probe data at a single probe radial position for each propeller
rotational speed. The identification system for identifying the tabulated
pressure coefficients presented in Table VII is presented in Appendix I.

10
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LIST OF SYMBOLS

A Ordinate intercept of hub skin friction tare equation, 1b,
Ref. Appendix V

m>

Area of the shroud exit, station 100% chord, sq ft
Disc area of 2.494 £t diameter propeller (Ty), sq ft

Cross-sectional area of test section; 49 sq ft for 8-ft test section,
268 sq ft for 18-ft test section

S S G

Shroud total included frontal area, (R + tmax)a; 5.768 cu ft for

8-ft test section, 7.426 cu ft for 18-ft test section

B Slope of hub skin friction tare versus local Mach number, lb/M,. B
Ref. Appendix V

b Blade local chord, ft

C Shroud chord force, 1b

Cc Shroud chord force coefficient, positive upstream (CC)

Ce, "A"-freme chord force tare coefficient, Ref. Appendices VI, VII

CL Integrated design 1ift coefficient

CLD Blade design 1ift coefficient

Cp Power or pressure coefficient, (CP) ‘

Cp Thrust coefficient, (CT)

Crypp  Net thrust coeffic ient, (CT NET)

Cl; Shroud chord force measured at point P, (Fig. 4)
Cs Shroud chord force measured at point P,, (Fig. 4)
c Shroud chord length, in.

12
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LIST OF SYMBOLS
(Contdo)
D Traversing probe orifice distance from propeller axis, in.

'&o

[=7)

[sTN ]

=

Buoyancy drag due to pressure gradient along tunnel axis, 1b,
Ref. Appendices IV, VII

Traversing probe orifice height off tunnel flcor during calibration
Actual model propellér diemeter, ft, Ref. Appendix I

Shroud internal diameter at propeller plane, 30.0 in.

Average diameter to shroud camber line -

"A"-freme drag parameter, Ref. Appendices IV, VII, positive downstream

Correction term in "A"-frame tare equation, Ref. Appendices VI,
ViI, 2.Tle

Hub skin friction tare on thrust, 1b, Ref. Appendix V, positive
downstream

Acceleration due to gravity, 32.16 f£t/sec/sec

Barometric preséure, psf, (H)

Horsepower, (HP)

Blade local thickness, ft .
Advance ratic

Slope of ATy, sgu/psf ‘

Constant for determining static pressure at traversing probe;
obtained from probe calibration data, Ref, Appendix II

Slope of torque strain gage unit (sgu) readout instrument,
0.049843 ft-1b/sgu

13
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Y

V- ol AR o s

LIST OF SYMBOLS
(Comtd.) .
Slope of thrust (sgu) readout instrument, 0.073047 1b/sgu
Slope of AT (sgu) readout inctrument, 0.008812 1b/sgu

Slope of chord force, C, (upper "A"-frame load cell), readout
instrument, 0.043222 1b/sgu

Slope of chord force, C- (lower "A"-frame load cell), readout
instrument, 0.04U4113 1b/sgu

Slope of local (hub), total pressure readout instrument,
0.035457 psf/sgu

Slope of local (hub), static pressure readout instrument,

" 0.0712L4T psf/sgu

Leading edge radius, % chord

Nominal Mach number, uncorrected for blockage (performance data),

(M)

Mach number at 20-deg azimuth approximately 1.5 in. above hub
surfuce, Ref, Appendix V

Mech number pressure ratio at traversing probe, Ref. Appendix II
Mech number at upstream speed orifice

Mach number at traversing probe, Ref. Appendix VII

Clear test section Mach number

Mach number at propeller plane corrected for shroud total
blockage only, (MINF)

Rotational speed, rpm, (N)

Shroud normal forces measured at point Py, (Fig. 4)

14
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LIST OF SYMBOLS
(Contd.)
Shroud normal forces measured at point P,, (Fig. 4)
Shroud normal forces measured at point Pj, (Fig. 4)
Rotational speed, rps
Pressure, psf or power, ft-lb/sec
Pressure at upstream speed ofifice, pst

Propeller test rig

Dynamometer pressures, Ref. Fig. 2, psf or load points, Ref. Fig. 4

Hub pressure differential tare (buoyancy) on thrust, 1b
Torque, ft-1b |

Torque uncorrected for thrust interaction on torque, ft-1lb
Dynamic pressure corrected for shroud total and propeller wake
blockege (performance data); or, corrected for shroud blockage
only (pressure data), psf, (Q)

Interaction slope of torque on thrust, O 1b T/ft-1b Qp

Dynamic pressure uncorrected for blockage, psf

Gas constant, 1722 f‘t;a/sec2 °R; nominal blade radius, 15 in.
Local propeliex- radius, in.

Shroud cross-sectional area for sectcer 1

Thrust, lb

Trailing edge radius, % chord

Net thrust (T+C), 1b

15
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LIST OF SYMBOLS
‘(Contd.)
!BP Thrust uncorrected for hub pressure differential tare, hub skin
friction tare and balance interacticns, 1lb
s Test section
Tq Settling chamber temperature, °K,(TSC)
TEEP Temperature at traversing probe .
AT ‘ Increment of thrust due to axial pressure differential across hub, 1b
.t Shroud or blade thickness, in,
tg Interaction slope of thrust on torque, O ft-lb Q/1b T
v Velocity
Vo Velocity of alrstream corrected for shroud solid and wake blockage
and propeller wake blockage, fps, (VO)
Vip Propeller tip speed, fps, (VT)
Vp Velocity measured at traversing probe, fps, (VIP)
Vu Velocity of airstresm uncorrected for blockage, fps
v? Velocity component parallel to thrust axis at traversing
probe, fps, (VER) .
Vo Velocity corrected for shroud blockage, (VINF)
B Blade twist, deg, Ref, Appendix I
v Ratio of specific heat of air, 1.4
ﬁ})l Axial pressure gradient in shroud sector i
‘Snroud solid and wake blockage correction, 0,0294 for the 8-ft test
€s section; 0.00693 for the 18-ft test section, Ref. Appendix VII
16 :
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LIST OF SYMBOLS
(Contd.)

Z Angle of yaw at traversing probe, deg, (ZETA)
Ui Propeller efficiency, (ETA)

ygp Net propeller efficiency, (ETA NET)

0 Blade angle at 3/4 blade radius, (THETA 3/4); or pitch angle
at traversing probe, (THETA), deg, Ref. Appendix II
¢ Ratio of pressure differential across axial static orifices to
traverse orifices on traversing probe, Ref. Appendix II
T Constant, 3.1416
p Mass density of free airstream, slugs/cu f£t. (RHO)
17 Angle of yaw, deg, (PSI)

Subsc rigt s

AVE Average value across shroud inlet station, (AVE)

i Conditions &t inlet static orifices 1, 3, 4, 6, 7, 9, 10, 12, 13,
15, (Fig. II-2) or axial division of shroud stations for evaluation
of buoyancy drag

J Inlet total orifices 2, 5, 8, 11, 14 used with static 1 = J%l
(Fig. 1I-2)
L Local condition, 1.5 in. above hub surface
m Model surface
o Initial or zero gage reading or ambient condition
P Parameters uncorrected for interactions, buoyancy and tares
R Strain gage reading, sgu
17
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LIST OF SYMBOLS

(Contd.)
Subscripts (Contd.)
s Static pressure
t Total pressure
u Uncorrected for blockage
® Free-stream conditions, corrected for solid blockage, (INF)
1-5 Orifices on traversing probe, (see Fig. II-k)

18
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APPENDIX I

HS VG SHROUDED PROPELLER TEST
Model Component Identification and Dimensional Data

This appendix presents a listing of the model component symbols, surface

pressure orifice identification and associated dimensional data. i
Fig.
~
| I - Model Component Designation Symbols
Ap  Chord force "A"-frame dummy, (AD) VI-1
By Propeller hub configuration . ' T

where subseript X = 3, 3-way hub, (B3)
X =k, 4oway hub, (B4)

C;  Propeller plane located at 40% shroud chord, (C1) I-1 - I-3
Diffuser section 7, I-1 - I-3

where subscript X = 6, shroud exit srea divided by
shroud internal area at propeller
equal 0.9, (E6)

X = T, shroud exit area divided by .
shroud internal siea at propeller

equal 1.0, (ET)

X = 3, shroud exit area divided by
shroud internal area at propeller
equal 1.k, (EB)

Inlet 1lip 7, I-1 - I-3
where subscript 4, high speed lip, (L4)
E2)

X =
X = 5, low speed lip, (L5)

19
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APPENDIX T
(Contd.)
Fig.
I - Model Component Designation Symbols - (Contd.)
Pyy FPlanform of propeller bledes I-5 - I-6
| where subscript XX = WI, wide tip planform, (PWT)
XX = NT, narrow tip planform, (PNT) .
PIR Propeller dynamometer, (PTR) 2,3
By Inlet pitot.static velocity rake at 20-deg azimuth, (Rl) 7, II-1 - II-2
R,  Exit total pressure rake at T5-deg azimuth, (RE) 7, II-1 - II-3
RES Exit pitot-static velocity rake at 130-deg azimuth, II-1 - II-2
(RES)
ng Buoyancy (pressure gradient) rake IV-1 - IV-2
where subseript X = 1, 20-deg azimuth, (RGL)
X = 5, 130-deg azimuth, (RGS)
T,  Traversing probe at 166.5 deg azimuth and at trailing 7, II-1 - ’

edge of shroud diffuser (tunnel station, TL.T5 in. for II-4
the 18-ft section; £9.96 in. for the 8-ft section), (TP)

Tpy Traversing probe protruding from tunnel floor at tunnel
station -32 in., (TPh4)

'l‘x Blade tip-shroud clearance

vwhere subscript X = 1, 29.925 in. diameter

propeller, (T1) :
X =2, 29,850 in. diameter L

: propeller, (T2)

NOTE: Minimwn internal shroud diameter = 30.0 in. for ¥
all shrouds, , »
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Inside Surface

Orifice Legend

APPENDIX 1

(Contd.)

II - Surface Pressure Orifice Identification System for Table VII

1

Leading Edge

45 deg azimuth

2 135 deg azimuth

X
L—% Chord
Surface
Azimuth

2l

Comp0nent—-——1

(Example)

[ .

L A, v S—— o ————
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APPENDIX I
(Contd.)
’ IIT - Model Dimensional Data
Title and Description Fig.
Shroud I)C,Eg Ordinates I-1
Shroud I’hclE'T Ordinates I.2
Shroud LgCyEg Ordinates I-3
Spinner Ordinates I-4
3-Way Wide Tip Blade Geometry I-5
3-Way Narrow Tip Blade Geometry I-6




FIG. =1

F331012-1 _ :
HS VG SHROUD_“ED_" PROPELLER TEST
_ MODEL DINENSIONAL DATA. .
SHRQUDL4C1E‘ ORDINATES
AREA RATIO =09
RY DIFFUSER ___
L C1Es
l
Y - PERCENT
. r CHORD
pc—
1 £ ORDINATE
20 - IN CHORD REFERENCE LINE
6 5 10 1675 2530 4 0o 6 T 80 % 100

PERCENT OF CHORD

[ staion ORDINATE ¥

PERCERT [ uprer LOVER
0.00 3.440 3.440
0.50 3.910 2.990
1.25 1,200 2.750
2,50 4,460 2.560
3.75 (0 2.415
5,00 %.900 2.275
7.50 5.225 2.035
10,00 5.500 1.860
15.00 5.900 1.480
20,00 6,160 1.185
25.00 6.300 0.760
30.00 6.290 0.395
35,00 6.175 0,100
40,00 6.000 0,000
45.00 5.730 -0,100
50,00 5.370 -0.250
60.00 4,310 -0, 740
70.00 2,760 -1.305
80.00 0.890 -1.925
90.00 ~1.090 2,565
200.00 | =3.3T5 -3.375
TLER. =024% ve=6%

+ L.E.R. = LEADING EDGE RADIUS

23




F331012-1 FIG. 1-2

HS VG SHROUDED PROPELLER TEST
MODEL DIMENSIONAL DATA
SHROUD L,C,E, ORDINATES
AREA RATIO=1.0

LIP DIFFUSER
— L, - C1E7
Y - PERCENT
CHORD
1 .

20 - IN CHORD 'CORDINATE

REFERENCE LINE

0 5 101675 25 30 40 5 60 70 80 9 100
PERCENT OF CHORD

STATION ORDINATE Y
PERCENT

CHORD UPPER LOWER
0.00 2.325 2,325
0.50 2.710 1.860
1.25 2.890 1.640
2.50 3.290 1.460
5,00 3.750 1.315
7.50 4,085 1.190
10.00 k.3715 0.990
15.00 L.875 0.840
20.00 5,265 0.600
25.00 5,565 0.400 ‘
30.00 5,780 0.225
35.00 5.910 0.115
40.00 6.00 0.000
45,00 6.00 0.000
50,00 5.860 0.000
60.00 5.275 0.000
70.00 Lk, 790 0.002
80.00 3.030 0.050
90.00 1.660 0.065
100.00 0.100 0.100
*LER, =0.24% t/c=6%

* L.E.R. = LEADING EDGE RADIUS

2k
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HS VG SHROUDED PROPELLER TEST
MODEL DIMENSIONAL DATA
SHROUD L;C;Eg ORDINATES
AREA RATIO = 1.4
P DIFFUSER
Ls CiE,
N [ I
\ L — | Y - PERCENT
S e CHORD
T e
- / ORDINATE
23 - IN CHoRp " | REFERENCE LINE

0 5 10 1675 25 30 40 5 60 70 80 9 100
PERCENT OF CHORD

STATION " ORDINATE Y STATION ORDINATE Y

PERCENT PERCENT

CHORD UPPER LOWER CHORD UPPER LOWER
0.00 10.868 10.868
0.22 12,172 9.303 30.k40 5.151 0.052
0.44 12,606 8.56h 34,80 5.216 0,000
0.65 12.95k 8.020 .30 5.216 0.000
0.87 13,215 7.607 40.30 5.303 0.078
1.30 13.650 6.868 41.%0 5,43k 0.183
1,74 13.976 6.260 h2.60 5.651 0.313
2,17 14,215 5.738 43,60 5.825 0.469
2,61 14,476 5,216 47.80 6.521 1.269 .
3,48 14.867 h.347 52,10 7.216 2.108 : I
.36 14,997 3.630 56.50 7.912 2.965
5,21 14,932 3,021 60.80 8.520 3.825
6.08 1k, 45k 2,521 65.20 9.129 4,677
6.95 12.95k4 2.087 69.50 9.694 5.521
8.70 9.998 1.413 73.90 10.172 6.381
11.30 T.173 0.782 78.20 10.433 7.229
13.90 5,564 0.543 82.60 10.781 8.085
15.65 4.990 0.435 87.00 11.085 8.933
17.%0 4.716 0.356 91.30 11.346 9.781
21.70 L.869 0.226 95.60 11..520 10.641
26.10 5.043 0.122 100,00 11.520 11,520

25
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HS VG SHROUDED PROPELLER TEST
MODEL DIMENS_IONAL DATA
SPINNER ORDINATES
- T | 375N,
( - 7/ & ORDINATE
( ) ¥ T— REFERENCE LINE
I Y-PERCENT OF LENGTH
\
INSTRUMENTATION STING et 14.480 IN.
2.5~ iN. DIA |
010 20 30 50 70 80 100
PERCENT OF LENGTH
STATION SPINNER
PERCENT ORDINATE, Y
‘OF LENGTH UPPER AND LOWER
0 0.0 i
1 2.69
2 3.81
3 bo7h
L 5.56
5 6.31
10 9.36
15 11.73 i
20 13.65
25 15.32
30 16.81
35 18.15
ko 19.36
45 20,45
50 21.k2
60 23.08
70 24,33
80 25.21
90 25.Th
100 25,90

26
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HS VG SHROUDED PROPELLER TEST

MODEL DIMENSIONAL DATA
3~ WAY WIDE TIF BLADE GEOMETRY
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BLADE TWIST , 8 - DEG
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10
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WIDTH RATIO , b/ds AND THICKNESS RATIO, t/b
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0.24

0.12

0.04
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-0‘08

HS VG SHROUDED PROPELLER TEST
MODEL DIMENSIONAL DATA.
3~ WAY NARROW TIP BLADE GEOMETRY
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APPENDIX II
HS VG SHROUDED PROPELLER TEST

Pressure Sensing Instrumentation and
Traversing Probe Calibration

’

This appendix describes the pressure sensing instrumentation used during
the subject test., As shown in Fig. II-l, the instrumentation consisted of a
pitot-static rake located at the shroud inlet station, an exit total pressure
rake, shroud surface static pressure orifices at two azimuth angles, and a
traversing probe. Pressures sensed by these devices were converted to elec-
trical signals with transducers and recorded on paper tape with the static
data acquisition system located in the tunnel control room. In addition to
the paper tape record, a photographic record of the pressures as displayed
or manometer boards was obtained. Sketches of the inlet pitot-static rake,
the exit total pressure and pitot-static rakes and the traversing probe sre
presented in Figs. II-2, II-3, and II-4. Figures II-5 and II-6 present the
results of the traversing probe calibration conducted immediately after the
8-ft section test and used in the final reduction of traversing probe data
obtained in the 8- and 13-ft test sectionms.

The traversing probe calibration was performed to extend the scope of the
existing calibration into the region of more negative pitch angles. The cali-
bration data generally conformed with the anticipated results based upon the
previous UARL calibration as reported in Ref, 4, The repeatatiilty of over-
lapping calibration points between the two UARL calibrations reaffirmed the
mutual UARL-HS decision to employ the UARL generated calibration data, and
renewed confidence in the probe's reliability. The calibration data were ’
used in conjunction with Egs. 30 through 37 of Appendix VII to define the
velocity and angularity of the airflow at the probe station.

The test technique employz=d with the traversing probe consisted of
recording pressures Pi through P- at discrete radial stations at the shroud
exit plane and a shroud azimuth of 166.5 deg. Radial positioning of the probe
was remotely controlled at & console in the tunnel control room which also
provided for rotatving the probe to balance the pressures Fy and P, shown in
Fig. II-4, MNulling of these pressures provided a yaw angle (ZETA) in numerical
display through an electro-mechanical system integral in the control console,
With a discrete radisl position and yaw angle the parameters M, and 0, were
determined by Eqs. 32 and 33 of Appendix VII, respectively. With values M.
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APPENDIX II
(Contd.)

and @ »? ritch angle (THETA) and subsequerntly parameter K were determined
from the calibration data presented in Figs. II-5 and II-6, respectively.
Linear interpolation was used to determine pitch angle and K for values of
M. and 0, paraveter intermediate to the presented curves. The parameter
K was used to determine a corrected static pressure (Eq. 34) which in turn
leads to the determination of Mach number, velocity and the axial component
of velocity by Egs. 35 through 37, respectively.
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FIG. I1-1

HS VG SHROUDED PROPELLER TEST

PRESSURE SENSING INSTRUMENTATION ARRANGEMENT

VIEW LOOKING DOWNSTREAM
°°
INNER SURFACE STATIC INLET PITOT-STATIC RAKE
PRESSURE ORIFICES LOCATED 4.280 IN. UPSTREAM
45 AZIMUTH OF PROPELLER PLANE

EXIT TOTAL PRESSURE
RAKE LOCATED AT SHROUD
DIFFUSER TRAILING EDGE

75° AZIMUTH, (Rg)

90°

EXIT PITOT-STATIC RAKE
LOCATED 12,436 IN.
DOWNSTREAM OF
PROPELLER PLANE

130°AZIMUTH, (Rg,)

OUTER SURFACE STATIC
PRESSURE ORIFICES

135° AZIMUTH

20° AZIMUTH, (R,)

270°

TRAVERSING PROBE LOCATED

AT SHROUD DIFFUSER
\:fu.mc EDGE
166.5° AZIMUTH (Tp )

3l




F331012-1

HS VG SHROUDED PROPELLER TEST
PITOT-STATIC RAKE ORIFICE LOCATIONS AND DESIGNATIONS

NOTE : DIMENSIONS SHOWN IN INCHES

Ry
'ORIFICE
DESIG(P)!IATIO

03+

o6*
o7

09

to*

12

3"

15*

1
11.938 _QIZS%_

a3 -

10.967

10.593

- ¥
9812 E

FIG. I1-2

RAKE LOCATIONS

DISTANCE| R, REs (APP. 1V)
X 428 -12.43
Y 3.039: 4.512

o v

AXIAL CENTERLINE ﬁs

NOTE : RES ORFICES
INDICATED BY ASTERISK

-

32

PROPELLER

PLANE

BASE OF R; RAKE
SECURED WITHIN SPINNER
Rg, LOCATED UPON 0.5 INCH

UNSHEILDED BLOCK AT
SHROUD EXIT STATION




ER012-1 o 'FIG. 1.3
‘ HS VG SHROUDED: PROPELLER TEST -

* EXIT RAKE OR!FICE LOCATIONS AND DESIGNATIONS
NOTE DIMENS!ONS SHOWN IN INCHES

' }'-—O.IZS ORIFICE .75
N DESIGNATION _ \
25 |§:’ \ ’
24 = —
23 [ )
22 ==f———0x=x
P N o ~ : z| =
1.160 u
20
10.642 Il ‘
. 2 <) 19
10.118 f
) 18 e=f=—x
9.594 ]
- D) 17 o
9.070 ]
) 6 e
8.546 ]
) 1) =t
8.023 1]
&) 4 ==$==
7.499 I
(& 13 o
€.975 ]
1350 () 12 —t
(¢ 0.020) 6.451 I
) i %=
i I SHROUD  PROP  DISTANCE,,
0) D
s40s ] CHORD LOCATION TO PROP,'°
()-LENGTH % CHORD PLANE, X ;o
4.879 I 20 QL 12.0
) ' oa
4.3%6 ! 23 40 13.8
o) H o7 \
3.832 A PROPELLER
€ ’ PLA|NE “ -
3.308 ] —nd
- ) "N-oxs = ‘
2.704 ! I 1=
- (% 04 =#
2.260 i s
-2 03 -=L=
1.736 I
——'—. 0 m
1.213 i
po o
] 0.489 }
3.778 "l:‘ /—— AXIAL CENTERLINE
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FIG. 114
HS VG SHROUDED PROPELLER TEST
TRAVERSING PROBE |NSTALLAT|0N
- NOTE : DIMENSIONS SHOWN IN-INCHES
POSITIVE ANGLES SHOWN
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APPENDIX III
HS VG SHROUDED PROPELLER TEST
Tunnel Blockage Corrections

In the 18-ft test section the average static pressure in the propeller
plane at the two vertical walls of the test section was compared with an
average of four static pressures on the U5-deg sides of the octagonal test
section (speed ring) located 167.56 in. upstream of the propeller plane.

This comparison was made with the dynamometer installed in the test section
with and without the shroud present. As implied by Fig. III-1, the static
pressure at the tunnel walls in the propeller plane does not differ sig-
nificantly from the upstream value due to the addition of the dynamometer
vwith or without the shroud. Therefore, the desired tunnel speed in the 18-ft
test section was set according to the calibration curve, Fig. III-1, using

the speed ring as reference and then the desired tunnelr speed was analytically
corrected for shroud solid and wake blockage and propeller thrust effect.

The shroud solid and wake blockage correction was calculated (Appendix VII)

to be approximately equal to 0.7 percent (equivalent to the Ref. 4 effect)

and it is applied to the data in Fig. III-1 for comparison. This differed
from the procedure followed by Ref. 4 where shroud blockage was considered
negligible in the 18-t test section and tunnel speed was set at the propeller
plane.

In the 8-ft test section the propeller is farther upstream in the throat
of the test section and thus it was not possible to establish an upstream
pressure reference which was equal to the test section static pressure without
being influenced by the model. The average of three pressures from the speed
bump located in the test section bellmouth 81.% in. upstream of the propeller
was selected as the reference pressure. The speed bump dsta are plotted in
Fig, III-Z2 against data from speed plate orifices in the propeller plane at
the upper east inclined wall of the test section for the clear test section
and for the dynamometer with and without the shroud, As indicated in Fig.
III-2, an increase in speed of approximately three percent is caused by the
presence of the dynamometer-shroud combination. Since the dynamometer itself
does not significantly increase the propeller plane wall pressure, it appears
that its blockage effects are negligible, As it is difficult to accurately
determine the tunnelcenterline correction from the measured wall data for a
realistic model, a shroud blockage correction based on model geometry was
employed. The model geometry term, which approximates the sum of the shroud
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APPENDIX III
(Contd.)

solid and wake blockage, is defined as one quarter of the ratio of the total
included model frontal area to the test section cross-sectional area (Ref. 6,
€g = Ayx/4Aqp). This term was selected to be approximately equal in magnitude
to the Ref. 4 term. Therefore, the desired tunnel speed in the 8-ft test
section was set according to the calibration curve presented in Fig. III-2
using the speed bump as reference and then the desired speed was analytically
corrected for shroud solid and wake blockage and propeller thrust effects.
The shroud blockage correction was calculated as defined in Appendix VII to
be equal to 2.9% percent and it is applied to the data in Fig. III-2 for
comparison.
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APPENDIX IV

HS VG SHROUDED PROPELLER TEST
Propeller Dynamometer Buoyancy Investigations

Tunnel calibrations were performed with the dynamometer installed without
the shroud or blades in both test sections in order to determine whether an
axial pressure gradient existed at the shroud location due to the dynamometer
presence. The existence of such a gradient would require that the measured
shroud chord force be corrected for a resultant buoyancy drag. It is stated
in Ref. T that this gradient is very small throughout the test Mach number
range and 