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INTRODUCTION

The primary funection of an airplane inlet is to provide the engine with high
pressure, uniform airflow. The quantity of the airflow must be varied to match the
engine's airflow requirements. High performance, high speed aireraft like the
YF-12 airplane resort to bypass systems to meet the flow variance requirement
(ref. 1). However, there have been problems with these systems. Opening or
closing the bypass doors rapidly has resulted in engine surges or stalls.

For a fuller understanding of the physical phenomena that occur during engine
stalls and surges, dynamic flow angularity measurements are desirable in addition
to pressure distortion and inlet pressure recovery measurements. To make these
measurements in the inlet of the YF-12 aircraft, a fixed hemispherical head flow
direction sensor was designed and built at the NASA Flight Research Center.
Devices of this type have been extensively investigated (refs. 2 to 5). However,
the external configuration of the device designed for the YF-12 airplane was dissim-
ilar to that of most of the sensors investigated because of the close coupling of the
transducer assembly and the probe tip. The close coupling was incorporated to
improve the accuracy of the dynamic measurements.

This paper describes the sensor and presents and discusses calibration data
acquired during wind tunnel tests of the flow direction sensor. The tests were made
in the 6- by 6-Foot Wind Tunnel at the NASA Ames Research Center. The tests were
made at Mach numbers of 0.30, 0.40, 0.50, 0.60, and 0.70 and at Reynolds numbers
of 3.28 X 10° per meter (1.0 X 10° per foot) and 4.92 X 10° per meter (1.5 X 10° per
foot) . Most of the data presented are for Mach numbers of 0.30, 0.50, and 0.70.
Several techniques for determining flow angles are described, and the results of
room temperature laboratory frequency response evaluations are presented.

SYMBOLS

Physical quantities in this report are given in the International System of
Units (SI) and parenthetically in U.S. Customary Units. The measurements were



made in U.S. Customary Units. Factors relating the two systems are presented in

reference 6.

M

p

by
P1>PgP3:P4:Ps

Apa

Mach number

2 2
(PL * Py * Pyt Py)/4, KN/m® (b/ft7)
free stream static pressure, kN/m? (Ib/ft?)

total pressure, kN/m? (Ib/ft?)

pressures measured by the hemispherical head flow direction
sensor, kN/m? (Ib/ft?) (fig. 2)

p3—-p1,kN/m2 (b/ft?) (fig. 2)
free stream dynamic pressure, 0.7M2p8, kN/m? (Ib/ft?)

Reynolds number, per m (per ft)

true angle of attack (angle between the wind tunnel flow direc-
tion and the centerline axis of the probe in the Py Py plane),
deg (fig. 2)
Ps ~ Py

2P5 = P3 = Py

calculated angle of attack, 0.5 arc tan deg

adjusted angle of attack, ., cosa,, deg

angle between wind tunnel flow direction and the centerline
axis of the probe in the Pys Py plane, deg (fig. 2)

angle between wind tunnel vertical and the Pi> Py plane of the
probe, deg

The cosines of a, 3, and ¢ are direction cosines, and each is independently

determined.

DESIGN CRITERIA

The conditions typically encountered in jet engine ducts were used as design
goals for the hemispherical head flow direction sensor. These goals were as

follows:



Temperature, K (°F) . . . . . . . . . . . .. . . .. 220 (-65) to 755 (900)

Frequencyresponse, Hz . . . . . . . . . . v v v v v v v v v v .. 0to1l00
Flow angularity (a, B),deg . . . . . . . . . . . . . . . . . v . . .. *3
Machnumber . . . . . . . . . . . . . . ...+ .+ v ... .. 0.30t00.70
Reynolds number,

perm (perft) . . . . . . . . . 3.28X10° (1.0X 10%) to 4.92X 10% (1.5 X 10%)
Total pressure, kN/m? (Ib/ft®) . . . . . . . . . . . . . 34(720) to 207 (4320)
Static pressure, kN/m? (b/ft?) . . . . . . . . . . . . 34 (720) to 103 (2160)

The required temperature range, which is larger than the temperature range
encountered under operating conditions, was dictated by safety considerations.

The probe was also designed to provide the minimum aerodynamic interference
consistent with the required frequency response. Iberall equations were used as a
guide to predict the changes in frequency response that would accompany changes
in the size of the ports, the length of the tubing from the ports to the pressure trans-
ducers, and the temperature of the system. A combination consistent with the
mechanical design considerations was chosen.

SENSOR DESCRIPTION

The hemispherical head flow direction sensor (fig. 1) consisted of a stainless
steel housing that contained five pressure transducers. Each transducer was

Transducer housing ——\

Transducer tubing

E-24940

Figure 1. Hemispherical head flow direction sensor.



connected to the tip of the probe by tubing approximately 10.2 centimeters (4 inches)
long. Tubing of this length was chosen because it permitted adequate frequency
response with minimal housing interference. The probe was 1.91 centimeters

(0.75 inch) in diameter and contained five ports, each of which was 0.081 centimeter
(0.032 inch) in diameter. The inside diameter of the tubing that connected the probe
tip port to the pressure transducers was also 0.081 centimeter (0.032 inch). One
port, Ps, Was on the centerline axis of the hemispherical probe tip (fig. 2). The
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other four ports, Py Pys Py and Dy

were at an angle of 45° from the cen-
terline axis; Py and pg were in the vert-

ical plane and used for angle of attack

X ©— =
measurements, and Py and p, Were n
the horizontal plane and used for angle
of sideslip measurements. The sensor
housing is a section of the mount that is
intended for use in the engine inlet Figure 2. Location of ports in

during flight tests. probe tip.
WIND TUNNEL AND LABORATORY TESTS

A wind tunnel calibration was performed on the flow direction sensor at various
Mach numbers, angles of attack, angles of sideslip, roll angles, and Reynolds num-
bers. The Reynolds and Mach numbers investigated were typical of operating con-
ditions in the inlet duct of a YF~12 aircraft. Wind tunnel flow angle was varied by
rotating the sensor mechanically with respect to the wind flow. Angle of attack was
varied in increments of approximately 4° from 0° to +#27°. Because the wind tunnel
sting was limited to a 27° sweep, the positive and negative angles of attack necessi-
tated separate wind tunnel sting configurations. To evaluate the effect of angle of
sideslip on the ability of the sensor to measure angle of attack, angle of sideslip was
varied during some angle of attack runs by changing the adapters at the end of the
wind tunnel sting. A roll angle of 21.5° was also introduced to determine the effect
of roll angle on the angle of attack determination.

The data acquired for the computation of angle of sideslip were erroneous.
There was a difference of approximately 2° between the actual position of the sensor
and the angle of sideslip indicated by the sensor data. This difference was appar-
ently due to a mechanical misalinement, because the indicated 0° angle of sideslip
did not coincide with the mechanical setting of 0°. In addition, the pressure line
leading from one sideslip port to the reference side of the pressure transducer was
pinched during the first series of data runs. This caused a sensitivity change
during the calibration of the sensor. Because of these difficulties, no attempt was
made to compute angle of sideslip from the pressures measured by the flow direction
sensor. The determination of angle of sideslip should not be confused with the
changes in angle of sideslip that were introduced mechanically during some angle of
attack runs.

During the tests, Reynolds number, Mach number, angle of attack, angle of
sideslip, roll angle, free stream dynamic pressure, total pressure, static pressure,



and the pressures measured at the five ports on the probe's hemispherical head were
recorded. A tabulation of these data, except for the erroneous P, and Py data, is

given in table 1 for a Reynolds number of 4.92 X 10° per meter (1.5 X 10° per foot).
All the data were acquired at room temperature, and no attempt was made to extrap-
olate the data to higher temperatures.

The data acquired were recorded on paper tape. The raw data were processed
and corrected for wind tunnel irregularities by the data processing facility at the
Ames Research Center. The data were then placed on magnetic tape and taken to the
Flight Research Center, where final computations were made and the data were
plotted.

Frequency response evaluations were performed in the laboratory. Figure 3
represents the typical response of the transducing system at room temperature for
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Figure 3. Frequency response of hemispherical head flow
direction sensor.

static pressures of 90 kN/m? (1870 Ib/ft?), 62 kN/m? (1296 1b/ft?), and 41 kN/m?
(864 1b/ft?). The system includes the transducer mounted in the housing and the
tubing from the sensor to the probe tip. The frequency response of the system was
flat out to 20 hertz. Because of the limitations of the laboratory equipment, the
frequency response tests were also conducted at room temperature only.

The predictions obtained from the Iberall equations varied considerably from
the results obtained in the laboratory. The reason for this is not known, but the
boundary conditions for the equations may have been exceeded.



TABLE 1.—WIND TUNNEL CONDITIONS AND CORRESPONDING SENSOR PRESSURE DATA

[Room temperature; R = 4.92 X 10° per meter (1.5 X 10° per foot)]

(a) Data plotted in figure 4(b).

M o, B, P L4, Pys Py Py Py P

deg deg deg | RN/mT(o/0) | o/m? bty | RN/m? ab/fey | RN/m? ap/tey | kN/m? ab/f) | kN/m? (bt
«T0 =27.47 o bl -.97 9.59 ( 200.3) 38.83 ( 811,01 28,01 { 585.0) 37.59 ( 785,00 22.46 ( 4€9,0) 34,23 ( 715.0)
70 =26.48 b2 =97 9.59 ( 200.3) 38,83 ( 811,00 28.01 ( 585,8) 37,39 ( 781,00 22.89 ( 478.0) 34,52 € 721.1)
«70 ~22.50 «36 -.97 9.59 ( 200.3) 38.83 ( 811.0) 28,01 ( 5B€.0) 36,39 ( 760,00 24,04 ( 502.00 3.8 ( 743.0)
«70 -18.46 «30 -.97 3.59 ( 200.3) 38483 ( A11.01 28.01 ( 585.0) 35.29 { 737.0M) 24.90 ( 520,0) 1€492 (771, M
o700 =14440 24 =97 9459 ( 200.3) 38.83 ( B11,0) 28,01 ( 585.0) 34,04 ( 711,00 25418 ( 526400 37,68 ( 787,0)
«70 ~-10.38 «17 -+97 9459 ( 200.3) 38483 ( 811,0) 28,01 ( 585,00 32,70 ( €83.0) 25,90 ( S1.0) 38,21 ( 798,0)
70 =534 «09 .97 9,59 ( 200,3) 38,83 ( 811,00 28,01 ( 55,00 30.93 ( 646.0) 27,29 ( 570,0) 3R.69 ( 80&,0)
« 70 ~2.80 « 05 =¢97 9459 { 200.3) 38433 ( 811,0) 28,01 ( 585400 30,07 ( 628,0) 28,11 ( 587.0) 38.7%9 ( 510,0)
W70 ~1.35 02 =97 9,59 ( 200.3) 38,83 ( 811.0) 28.01 ( 585.0) 29.54 ( €47.M 28,49 ( 595,0) 38,78 ( 810.0)
70 = 34 «01 ~37 9459 ( 200.3) 38,83 ( B811,0) 28,01 ( 585.0) 29.06 ( 607.0) 28.82 ( 602,00 38.73 ( 809, 0)
« 70 =151 .03 =-. 97 9.81 ( 200.,8) 39.02 ( A1%5.0) 28.20 ( 589,00 28,89 ( 620.0) 28,54 ( 596.0) 38.33 ( 813,0)
<70 =54 «03 =97 9.61 ( 200.8) 29,02  815,0) 28,20 ( 589.0) 29.43 { A16.0) 29.11 ( £08.0) 39.07 ( 816.0)
70 ) 03 -.97 .61 ( 200.8) 39.02 ( 815,0) 28.20 ( 589,0) 29.06 { 507,00 29,11 ( 608.0) 39.07 ( 816.0)
70 1.96 «03 -«97 9.61 ( 200.8) 39,02 ( 915,00 28.20 ( 589,0) 28.58 ( 597,00 29.83 ( €23.0) 38,93 ( 813,0)
«70 3.50 .03 =97 3.61 ( 200.8) 39.02 ( B15,0) 26,20 { 586,00 28.06 ( S8E.0) 30,26 ( 632,0) 39,07 { B16.0)
.70 4.55 .03 ~97 9.61 ( 200.8) 39.02 ( 81E5.0) 28,20 ( 589.0) 27,72 ( 579,00 30460 ( 639.0) 36,88 ( 812,0)
«70 9.51 =16 =97 9,61 ( 200.8) 39,02 { B15.,0) 28,20 { 589.0) 26438 ( 551,00 32,41 ( 677,00 38,45 ( 803.0)
o70 13.60 ~e22 =97 9,61 ( 20048) 39,02 ( 815,00 28,20 ( 589.0) 25,62 ( 535.%) 33,85 ( 707,0) 37.92 { 792,0)
o 70 17.60 =.29 -a97 9.61 ( 200.8) 39,02 ( 815.0) 28.20 ( 589.0) 25,47 ( 532.0) 35,14 ( 734,0% 37,25 ( 778.0)
»70 21,790 =+ 35 =97 9.61 ( 200.8) 39,02 ( 815,00 28.20 ( 589,00 24,99 ( 522,01 36.48 ( 762.0)0 3.4k ( 761,0)
.70 25.70 = b1 -.97 9.61  200,8) 39,02 ( 815.0) 28.20 ( 589,00 23,13 ( 482,0) 37.39 ( 781.0) 34,90 ( 729.m
<70 ~.57 =a b1 ~e37 9.61 ( 200.8) 39.02 ( 815,0) 28,20 ( 58¢,0) 2%.16 ( EDCS.0) 37.39 ( 721.0) 34.90 ¢ 729.0)
«50 -27.68 bl =.97 7.26 ( 151.€) 49,17 (1027.0) 41.46 ( BEE.0) 48,22 (1007.,0) 37,01 ( 773,0) 45,53 ( 951,0)
.50 -26.69 43 =97 7428 ( 151.€) 49,17 (1027.0) 41,46 ( BE6.0) 48402 (1003,0) 37.20 ( 777.0) 45.73 ( 955,00
«50 ~-22.64 «37 ~.97 7426 ( 1514€) 49,17 (1027400 41,46 ( BEE.O) 47,40 ( 990.,0) 37.87 ( 7S1.0) 4E,78 ( 977,0)
+50 -~18.60 «31 =97 7426 ( 151.6) 49,17 (1027,01 u4l.46 { BEE.0) 4E 43 ( 971,00 38,02 ( 794,00 47.59 ( 994,0)
+50  =14,53 24 ~e937 7426 ( 1514€) 49417 (1027,0) 1,46 ( 8EE.N) 45,58 ( 952.0) 38440 ( 802,01 48,22 (1007.0)
50 ~10.58 18 -e97 7426 ( 151461 49.17 (1027.0) 41 46 ( BEG.0) 44,53 ( 930,00 36,21 ( B19,1) 4H.69 (1017.0)
«50 =555 «09 .97 7026 ( 151.6) 49,17 (1027.0) 61.46 ( B866.0) 43,19 ( 902,0) 40.22 ( B4C,0) 45,08 (1025,0)
«50 ~-3. 0% «05 .97 7.26 ( 181,6) 49,17 (1027,0) 41,46 ( BEE.N)  42.47 ( 8B7.0) 40.75 ( 851.0) 43.12 (102€.0)
<50 =1.51 .03 -+ 97 7026 C 151.6) 49.47 (1027.0) 41.46 ( BEELD) 42.09 (¢ 879.1) 41.18 ( 860,00 49,12 (1026,3)
«50 =89 01 -.37 7426 0 151.6) 49417 (1027.0) 41,46 ( 866.0) 41,80 ( 873.0) 41,66 ( 8E6.00 49,17 (1027.0)
«50 -1.72 03 .97 7.5 € 155461 43,32 (1030,0) 41,37 ( 8€4.0) 41,80 ( 873.0) 4D.9% ( A55,0) 4B.98 (1023,0)
+50 =75 «01 -.97 7445 ( 165.6) 49,32 (1030400 41,37 { BE4.0) 41,56 ( 8€AL0) 41,27 ( 862,01 48,98 (1073,0)
«50 «26 o0t ~.97 7o45 € 15S,€) 649,32 (1030,0) 41,37 ( 864,0) 41,32 ( 863.0) 41456 ( 868400 48433 (1022, 0
50 1.80 -.03 ~.97 7445 ( 155.6) 49432 (1030, 00 41437 ( 8E4.0) 40,84 ( 853,00 41.9 ( 875,00 48,89 (1021.0)
«50 be2b ~ 07 ~e97 o3 € 155460 49432 (1030.0) 41437 ( 866.,0) 40,27 { B41.0) 42.6%1 { 890,00 8,79 (1019,0)
« 50 .38 -e16 ~e97 Tok5 [ 15546) 49,32 (1030,0) 41,37 ( 8B4.0) 39,21 ( 819,00 44,05 ( 920.0} 48.5C (1013,10)
50 17449 ~:29 =97 To45 ( 15546) 49,32 (1030400 41.37 ( 864,0) 38,16 ( 797.0) 46.16 ( 964,00 47,50 ( 992,0)
050 21.43 =35 =97 7.45 ( 155.6) 49,32 (1030.0) 41,37 ( 864,00 38,02 ( 794.0) 4E.87 ( 979,00 4E.73 { €76.0)
«50 25,53 “olil =.97 7445 € 1S55,€) 49,32 (1030.0) 41,37 { 864.0) 37,59 { 785.0) 47.64 ( 995,00 45.73 ( 955,0)
<50 13.39 - 22 -.97 To45 ( 155.6) 43,32 (1030.0) 41,37 ( 8EL,0) 38,45 ( 803.0) 45,15 ( 943.0) 48,07 (1004.0)
«50 -.83 .01 -.97 7445 (158,60 49,32 (1030.0) 41.37 ( 864.0) 41.66 ( A70,0) 41.37 { 864,00 48,84 (1020,0)
W30 -27.74 45 ~497 4e57 ( 95.4) 76,56 (1599.0) 71.92 (1502.0) 75.89 (1585,0) 69,04 (1442,0) 74.2€ (1551.0)
+30 -26.76 s 43 ~«97 4057 € 95,4) 76.56 (1599,0) 71,92 (1502.0) 75,79 (1583.0) 63,09 (1643.0) Th,bl (1554,0)
«30 -22.75 .37 -e97 4e57 € SE44) 76456 (159S.0) 71,92 (1502.0) 75.41 (1575,0) 69.23 (144€.0) 75,08 (1568.0)
«30 -18,71 31 =97 4e57 ( 95.64) 76456 (1599.0) 71492 (1502,0) 74,88 (LE€4.0) 69,43 (1450.0) 75,51 (1577,0)
«30 -10.69 W18 =97 beS57 ( €5.4) 76,56 (1599.00 71.82 (1502.0) 73.7¢ (1540.0) 70,29 (14E€.,0) 7€.27 (1593,0)
30 =564 + 09 =.97 4457 € 95.4) 76,56 (1590,0) 71,92 (1502.0) 72,92 (1523.0) 70,96 (1482.0) 76,51 (1598&,0)
«30 ~3. 10 +05 -.97 4,57 ( 95.4) 76,56 (15399.0) 71,92 (1502.0) 72,49 {1514.0) 71.34 (1690,0) 76.56 (1599,0)
«30 =1.59 .03 -.97 4e57  CE,4) 76456 (16S9.0) 71.92 (1502.0) 72.25 (150S.0) 71.63 (14CE,0) 7ELS€ (1599,0)
+ 30 =ebt 01 -«37 4o57 & 95.4)  76.56 (1599,0) 71.92 (1502.0) 72.06 (1505.0) 71.77 (1499.0) 7€,51 (1598,0)
»30 -1.84 .03 ~e97 4.50 € 93,9) 76,56 (1595.0) 71,96 (1503.0) 71,92 (1502.0) 71,44 (1492.0) 76,18 (1591.0)
«30 -.81 01 -.97 4050 ¢ 93.9) 76456 (1699.0) 71.96 (1503400 71.77 (1499,0) 71458 (1496,0) 7€,18 (1591,0)
« 30 « 19 0.00 .97 e50 { 92,91 76.56 (1592.0) 71.96 (1503,0) 71,63 (169601 71,82 (1500.00 7€.18 (1591,0)
«30 1.75 =.03 -.97 4050 { 93,9) 76456 (159%,00 71,96 (1503,0) 71.34 (1490,9) 72,06 (1505, 0) 7€.22 (1592.0)
«30 4e20 - 07 =97 4430 93,9) 76455 (159900 71,96 (1503,0) 70.95 (1487.M) 72.49 (1514.0) 76.18 (1591,0)
«30 9. 2% =15 =97 “4e50 € 93.9) 76456 (1599.0) 71.96 (1503.0) 70.29 (14ER,N0) 73.30 (1531.0) 75,99 (1587 ,()
«30 13.28 =-e22 =97 4,50 € 93,9} 76.56 (1599.0) 71,96 (1503.0) 69.76 (1457,0) 73,97 (1545,0) 75.6E (1580.00
«30 17.33 =29 “.97 4.50 ( 92.,9) 76.56 (159¢.0) 71.96 (1503.0) 69.43 (1450.0) 74.50 (155€.0) ?E,27 (1572.C)
«30 21.33 ~. 35 -. 37 450 ( 93,9} 76.55 (1593,0) 71.96 (1503.0) 53,23 (1u44€,0) 75.03 (1567.0) 74.79 (1562,0)
«30 25.37 =41 =97 4.50 ( 93,9) 76.56 (1599.0) 71.96 (1503.0) £9,19 (L4b45.1) 75.4€ (1576, 0) T4.2€ (1551.0)
«30 -.83 .01 -.97 4,50 ( 93.,9) 76.56 (15¢¢,0) 71.96 (1503.0) 71,72 {1498,0) 71.63 (149€.0) 7&.18 (1591,0)




TABLE 1.—Continued

(b) Data plotted in figure 5(a).

" a, 8, @, K P, Py Py Py P

deg deg deg | kN/m® (Ib/ft*) KN/m? (Ib/ft?) KN/m? (Ib/ft?) kN/m? (b/ft?) KN/m? (Ib/ft?) KN/m? (1b/ft?)
70 =1.59 1,77 -.97 9,51 ( 198.7) 38,45 ( 803.0) 27.67 ( 578,00 29.16 ( 609.0) 28,30 ( 591,01 36,3 ¢ 80L. 07
70 =062 1.77 =097 9,51 ( 198.7) 38.45 ( 803.0) 27.67 ( 578.0) 28492 ( £04.0) 28.54 ( 596,00 38,40 ( 80201
.70 42 1,77 =097 9,51 1 198.7) 38,45 ( 803,00 27.67 ( 578,00 28.54 { 596.0) 28,87 ( 603.0) 38.40 { 802.0)
270 196 1477 =097 9,51 ( 1S€,7) 38,45 ( 803,00 27.67 ( 578,00 28.01 ( 585.0) 29.49 { E1€.0) 38.3¢ ( ADL. 01
70 kebl 1477 =097 9,51 ( 198.7) .45 ( BUI.0) 27.67 ( 578,00 27.24 ( 5ES.0) 30,36 ( €35.00 38.30 ( 800.01
<70 950 177 =097 9,51 ( 198.7) 38445 ( 803,00 27.67 ( S7B.0) 26,00 ( S43.00  32.18 ( €72.1) 37.97 ( 793.0)
270 13,67 1,77 =.97  9.51 ( 196.7) 38445 ( A0I,0) 27,67 ( 578.0) 25.38 ( 530,00 33.52 ( 700.0) 37,44 ( 782,01
70 17,52 1,77 -.97 .51 ( 198.7) 38445 ( B03.0) 27.67 ( 578,00 25.06 ( $23.00 34,71 ( 725.00 3€.72 { 767.01
e70 21,61 1,77 -,97 9,51 ( 198.7) 38,45 ( BOZ.0)  27.67 ( 578.0) 24,56 513,00 35,91 ( 750.0) 35.81  jus.0)
70 25.58 1,77 =.97 9,51 ( 198.7) 38445 ( 803.0) 27.67 578,00 22.89 ( 478.0) 36.92 ( 771.0) 34.57 725,01
e70 =057 177 =097 9,51 ( 198,7) 38445 ( BO3.0) 27,67 ( S78.0) 28.87 ( 603,00 28.63 ( 5SE.0) 38.35 ¢ 50%.0)
270 -27.6k 1,29 -,97 9,51 ( 198.7) 38,45 ( B0Z.0) 27.72 ( 575,00 .11 ( 775.0) 0,00 (  0.0) 23.90 ( 708.0)
$70 -26,66 1429 -,97 9,51 ( 198.7) 38.65 ( 803,00 27.72 ( 579.0) 36,87 ( 770.0) 22.74 ( 475.01 e.2h 716,01
270 -22060 1,29 ~.97 9,51 ( 198.7) 38.45 ( BO3.0) 27472 ( 579.0) 35,96 ( 751,00 24,13 ( 504.0) 35.563 ( 7az.0)
o70 -18.61 1429 =.97  9.51 € 19€.7) 38,45 ( FO3.0) 27,72 ( 579,00 34.86 ( 728.0) 24.80 ( 518,00 36.48 ( 762.0)
70 -14,56 1,29 -.97 9,51 ( 198.7) 38445 ( BOI.0)  27.72 ( 579.0) 33.63 ( 702.0) 25.14 ( 525.00 37.25 ( 776.0)
70 -10.59 1,29 -.97 9,51 ( 198,7) 3B.45 ( 803.0) 27.72 ( 579.0) 32,32 { €75.M 25.76 ( 518,00 37.83 ( 790.0
70 =5.59 1,20 -,97 9,51 ( 198.7) 38,45 ( A0, 0) 27,72 ( 579.0) 30,50 ( 639.0) 27.70 ( 568.0) 38.2¢  79¢. 01
P70 -2,95 1028 -.97 951 ( 198,7) 38.45 ( 803,00 27.72  579.00 29.64 { €19.0) 28.06 ( 586000 38.35 ( 301.01
270 -1.56 1,29 -.97 9,51 ( 198.7) 38,45 ( 803,00 27.72 ( 579.0) 29.21 ( 610.0) 28.49 { 595.0) 38,40 ( 802.01
70 =053 1,29 -,97 9,51 ( 198471 38445 ( 803,00 27,72 { 579.0) 28.87 ( 603.00 26.92 ( 604.0) 38035 ( 8010
S0 1,77 .77 =497 7,20 ( 150,5) 48.69 (1017.0) 41.03 ( B57.0) 41.56 ( BEE.0) 40,84 ( 853.0) 48.65 (1015.0)
50 =u7h .77 =097 7021 ( 150.5) 48,69 (1017.00 41.03 ( B57.00 G1.62 { BE5.0) 41,13 ( 859.0) 4a.es (101603
.50 21 1077 -097 7,21 ( 150.5) 48469 (1017,0) 61.03 857,00 41.08 ( 858.0) 1,32 ( 863,00 48.65 (1016, 0)
50 1,82 4,77 .97 7.21 ( 150,5) 48,69 (1017.0)0 41.03 ( 857,00 40,70 ( 850.0) 41.A0 ( A73.0) 48.65 (1015.0
50 4e21 1,77 -.97 7,21 ( 150.5) 48,69 (1017.00 41.03 ( BE7.0) 40.65 ( B4G.0) 42,52 ( 883,01 48.€0 (10io.0)
.50 925 1,77 -.97 7,20 ( 150.5) 48469 (1017.0) 41.03 ( 857,00 33,12 ( B17.00 43.85 ( 916,00 48,31 (1009, 0
B0 13,39 1,77 .97 7.21 ( 150,5) 48469 (1017.00 41,03 ( 857,00 38.35  801.9) 44,96 ( 939.0) 47.83 ( 999.0)
50 17438 1,77 -.97 7,21 ( 150.E) 48,69 (1017.0) 61.03 ( 857.0) 38.11 ( 79€.01 45.92 { 955.m) 47.31 ( <88. 01
50 21036 1,77 .97 7.21 ( 150.5) 48,69 (1017.0) 41.03 € 857,00 37.87 ( 791.0) 46.73 ( 975.00 45.59 ¢ 973.03
50 25,48 1,77 -.97  7.21 ( 150.5) 48,69 (1017.0) 41.03 ( BE7.00 37,30 ( 77S.00 47.45 ( 991.0) 4s.6€ ( 956.0)
50 -u73 1,77 5,97 7,21 ( 150.5) 48.63 (1017,0) 41,03 ( BE7.00 41.37 ( B6e.0)  41.22 ( BE1.0)  4B.€5 (1016.0)
+50 -27.79 1,29 -,97 7,20 ( 150.6) 48,63 (1017.00 41.03 ( AS7.0)  47.59 { 994.n)  36.87 ( 7EQ.0) GE.1% ( 943.0)
50 -2€.80 1,29 -.97 7,20 { 150.4) 48,69 (1017.0) 41.03 ( A57.00 47.45 ( 981.00 37.14 ( 775.0) 45.3¢ ( <us. 03
50 -22.76 1,29 -,97 7,20 ( 150.4) 48.69 (1017.0) 41,03 ( BE7.0) GE.78 ( 977.0) 37.73 ( 788.0) Ge.44  973.01
50 -18,79 1,29 -.97  7.20 ( 150.4) 4B.69 (1017.0)0 41,03 ( 857.0) 45.96 ( 960.0) 37,92 ( 792,01 47.1€ ( €85 .1
¢80 16,73 1,29 -.97 7,20 ( 150.4) 48,69 (1017.1) 41.03  857.0) 45,01 ( 940.0) 38.30 ( 800,00 o7.78 ( <9A. 01
30 -10.75  4.29  -,97 7,20 ( 150.4) 68469 (1017.0) 41,03 ( AE7.00 44,05 ( 920.00 39.02 ( B1E.00 4826 (1008, 00
50 -5.75 1,29 -,97 7,20 ( 150,4) 48469 (1017.0)0 41,03 { 857,00 42.71 ( 832.0) 40.08 ( B37.0) 4B, €0 (1015.0)
W50 -3.15 1029 =.97 7,20 ( 150440 48,69 (1017.0) 41,03 ( 857.0) 61.99 ( 877.0) 40.70 ¢ RS0.0) 4B.€S (1016, 0)
50 =172 1,29 -.97  7.20 ( 150.4) 48469 (1017.0) 41,03 ( BE7.0) 41,56 { €68.00 41,03 ( 857.0) &8.6% (L01f. Q)
50 =469 1,29 -.97 7,20 ( 150.4) 48,69 (1017.0) 41,03 ( 857,00 41.32 ( 8€3.01 41,72 { 862.0) 4B, €9 (L017.0)
30 =1.93 1,78 =37 Lek8 ( 93.6) 75,84 (1584.0) 71.25 (148,00 71,48 (1493.0) 70.95 (1482.0) 75,73 (158701
30 -uB8 1,78 -.97 W48 [ 93.E) 75.84 (1584.0) 71,25 (148E.0)  71.34 (1490.11 71.15 (1486.0) 75.79 (1983 .09
.30 15 1,78 -.97  4u4B ( 93,A) 75,84 (1584.0) T71.25 (1488,0) 71.10 (14B5.0) 71.29 (1489.0) 75.75 (1582, 0)
30 1,61 1478 =197 448 ( 93,60 75,34 (1584.0) 71,25 (L6EB.0) 70,91 (14B1.1) 71.53 (1434.00 75.75 (12820
30 619 1,78 -.97 4.8 ( 93.5) 75,84 (1584.0)0 71.25 (1488.0) 70.53 (1473.0) 72,00 (150401 79.75 (1c85.0)
30 9,19 1478 -.97 4,48 ( 93.6) 75,84 (1584.0) 71.25 (148B.0) 53.85 (1459.0) 72.87 (1522.00 76,03 (1689, 0)
30 13,26 1,78 =097 4.48 ( 93.6)  75.84 (1TR4,0) 71,25 (16RB.0) 59,33 (164B.0) 73.50 (1535.0) 75,27 (157201
+30 17,27 1078 =097 4,48 (93,60 75,84 (1584.0) 71.25 (1488.0) 59,04 (1442.0) 74,07 (1547.0) 74.88 (1564.0)
30 21,27 1,78 -,97  4.68 ( 93.6) 75,86 (1586.0) 71.25 (1488.0) 58.85 (1438.0)0 7455 (1557.0) 74,61 (1556, 9)
30 25,26 1,78 =97 4.4 ( 93.6) 75,84 (1584.0) 71,25 (16RB.0) 68.75 (1435.0) 76.98 (1566.0) 73.83 (1cur.0)
30 -.83 4478 .97 L.4B ( 93.6) 75,84 (1584.00 71.25 (1488.0) 71.34 (140,00 71015 (1486.0) 75.75 (1cas.0)
30 =27,95 1,28 -,97 4,48 ( 93,5) 75,84 (1£84.0) 71.25 (1488,0) 75.08 (1568.0) 6B.66 (143,00 73.64 (153801
30 -26.93 1,28 .97 4u68 (93,51 75,84 (1584.0) 71.25 (1488.0) 74,98 (15E6.0) 666 (1634001 73,74 (1240, 0)
+30 -22,88 1,28 .97  Lu4B  S3,5) 75,84 (1584.0) 71.25 (1u88.0) T4.E0 (LESE.0)  E8.R5 (1436.0) 74,36 (1953.0)
30 -18.87 1,28 -.97  4.6R ( 93.E) 75,84 (1584.0) 71.25 (L4BA.D) 74,07 (L547.00 €9.04 (1642.0) 74 84 (1063,
30 -14.83 1,28 -.97 4,48 ( 93.5) 75.84 (1564,0) 71.25 (14B8.0) T3.54 (153€.0) £9.28 (1447.0) 75.22 (1671, M
30 ~10.85 1,28 -,97 .48 ( 93,50 75,84 (1584, 0) 71,25 (1488.0) 72,92 (1527.0) 69.A1 (1458.0) 7561 (1877.1
+30 -5.81 1,28 -.97  4.48 ( S3.5) 75,84 (1S84.0) 71.25 (14BE.0)  72.1F (1507.0) 70453 (1473.0) 75.75 (1582, 1)
30 3,28 1,28 -.97  4.48 ( 93.6) 75,84 (158400 71.25 (14€8.0) 71.72 (1438.0) 70.91 (1481.00 75.79 (1283, 0)
30 -1.81 1,28 -.97  LukB  93.5) 75,84 (158U.0) 71.25 (1488.0) 71.4B (1433.0) 7115 (14RE.0) 75.79 (1A%, 0)
+30 077 1028 =097 6ik8 ( 93.E) 75,84 (1586.0) 71.25 (148B.0) KXS¥* (4489.00 71,34 (1090.00 76.7¢ (1283, 0)




TABLE 1.—Continued

(c) Data plotted in figure 5() .

- a, 8, 9, T Py Py Py Py, Pse

deg deg deg kN/m* (b/ft*) kKN/m? (Ib/ft?) kN/m? (b/ft?) kN/m? (Ib/ft?) kN/m? (Ib/1t?) kN/m? (Ib/ft?)
o 70 -27.62 S.07 =97 .63 ( 201.2) 38 .88 ¢ 812.0) 28+.01 ( 585.01) 37,39 ( 781.M) 22436 ( 467,00 33.95 ¢ 708. M)
W70 =26,50 5,07 .97 9,63 ( 201.2) 38,88 ( B812.,0) 28,01 { 585,01 37.11 ( 775.0) 22,70 { 476440} 34,33 ( 717.0)
W70 -18,42 5.07 =497 9,63 ( 201.2) 38,88 ( 812,00 28.01 { 585.0) 35,19 ( 735.0)  0.00 ( 0,00 36.E3 { 765.0)
W70 -14.28 5,07 =497 9,63 ( 201.2) 38.88 ( 812,0) 28,01 ( 585,00 33,85 { 707,00 26,28 ( 507.0) 37,39 ( 781.0)
W70 -10.32 5,07 ~.97  9.63 ( 201.2) 38,88 ( 812,00 28.01 ( 585,0) 32,51 ( €79.8) 24,99 ( 522.M) 37,97 ( 793.0)
W70 =5.20 5,07 -.97  9.63 ( 201.2) 38,88 ( 812.0) 28,01 ( 585.0) 30.79 ( €43.0) 27.15 ( S5€7,00 38,45 ( 803.0)
70 -2.71 5.07 -e97 9,63 ( 201.2) 38.88 ( ”12.0) 28,01 ( 585.,0) ?9.97 ( E2€.0) ?27.96 ( 584,0) 38,54 ( 805.0)
70 ~-1.26 5.07 -.97 9,63 ( 281.2) 38.88 ( 81z.0) ?8.01 ( 585,00 29.49 ( 61E.0) 28.54 ( S59€. 0} 38.59 ( 806.0)
«70 «01 5.07 -.97 9,63 ( 201.2) 38.88 ( 812.0) 28.01 ( 585,0) 29.02 ( E0ELD) 28492 ( 604.D) 38,64 ( 807,0)
o 70 -1.49 LeEY ~+97 9,59 ( 200.2) 38 .63 ( 808.0) 2787 ( 582.0) 29440 ( €14.0) 28,493 ( 585,0) 38.59 ( 80640}
o70 ~e 54 4o Bl -.97 9459 ( 200.2) 38.69 ( 808,0) ?27.87 ( 582,0) 29.11 ( €0e,01 28,82 ( €02,0) 38.54 ( €05, 00
o 70 2. 06 4o €l -+97 9.59 ( 200.2) 38.69 ( 808.0) 2787  582.0) 28425 ( 590.08) 29.69 ( 620.0) 38.59 ( 80€,0)
.70 4,51 4y 64 =497 9459 ( 20042) 38.69 ( B0B.0) 27,87 ( S82.0) 27,48 ¢ 574,0) 30,40 ( €35.0) 38.50 ( B0440)
.70 9.58 4,64 =497 9459 ( 20042) 38.69 ( 80B.0) 27,87 ( 582.0) 26,05 ( Shh,0) 32,22 ( €73,0) 38,16 ( 797.0)
W70 13,60 G4y 6l =497 9,59 ( 200.2) 38.69 ( B08.,0) 27.87 ( 562,00 25,33 ( 52S,0) 33.56 ( 701.0) 37.63 ( 786,0)
270 17,60 b bl =497 9.59 ( 200.2) 38.69 ( 808.0) 27.87 ( 582.,0) 25.09 ( 524.0) 34,81 ( 727.0) 3€.92 ( 771.0)
W70 21,68 o6k =497 9.59 ( 200.2) 38.69 ( 808,0) 27,87 ( 582,0) 24,61 ( 514.0) 35.96 ( 751.0) 36.01 ( 752.0)
W70 25,78 4y 64 =e97 9,59 ( 200.2) 38,69 ( 808.0) 27.87 ( 582,00 73,32 ( 487.0) 36,92 ( 771.0) 34,76 ( 726.0)
.70 -.50 464 -.97 9459 ( 200.2) 38.69 ( B808,0) 27.87 ( 582.0) 29.11 ( 608.0) 28,68 ( 59S.0) 38.59 ( 806.0)
W50 -27.67 5.09 <497 7.31 ( 152.6) 48.98 (1022,0) 41.18 ( 8E0.0) 47,74 ( 997,0) 36.48 ( 762,00 45.10 ( 942, 0)
«50 -2E€.67 5.09 -.97 7«31 ( 152.6) 48 .98 (1023.0) 41.18 ( 860.0) 47.59 ( Q94,0) 36.68 ( 7664081 45,39 ( 948,0)
«50 =22.64 5.09 ~+97 7.31 ( 152,6) 48.98 (1023.0) 41.13 ( 360,1) 46.83 ( 978,10) 6.4 ( 761, 0) GEL 20 ( 965.0)
.50 -18,63 5,09 =497 7431 ( 152.6) 48.98 (1023,0) 41,18 ( 8€0,0) 45,96 ( 960.0) 36.96 ( 772,00 47.02 ( 982,0)
W50 =14.47 5,09 =e97  7.31 ( 152,6) 48.98 (1023.0) 41,18 ( B€G.0) 45,06 ( 941.,3) 37.78 ( 789,00 4&7.69 ( 996.0)
W50 -10,43 5.09 =497 7.31 ( 152,6) 48,98 (£023,0) 41.18 { 860,00 44,10 ( 921.0) 38,73 ( 809.0) 48,22 (1007.0)
«50  =5,50 5.09 =¢37  7.31 ( 152.6) 48.98 (1022,0) 41,18 ( BED,0) 42,76 ( B93,0) 39.88 ( 433,00 4B.55 (1014.0)
W50 =2.88 5,09 =e97 7.3t { 152.6) 48.3% (1023.0) 41,18 ( BE0.0) 41,99 { R77.0) 40.55 ( A47.0) 4B.65 (1016, 0)
«50 -1,36 5.09 -97 7.31 { 152,%) 48.98 (1N27,0) 4l.18 ( B60.0) 41.61 ( 8€9.0) 40.84 ( B8S3,.,0) 48.€% (1D1€.0)
«50 ~e28 5.09 -¢97 731 ( 152.6) 48.98 (1022.0) 41.18 ( 8E0.0) 41.37 ( 864,90) 41.22 ( 861.0) 48,69 (1017.,0)
«50 -1.71 4,66 -+97 7.23 ( 151.1) 48,93 (10272.0) 41e22 ( 8€1,0) 41.90 ( 87%.m) 40.,9¢ ( 85€,0) 48,85 (1021.0})
«50 -.69 4.66 ~.97 7.23 ¢ 151.1) 48.93 (102z,0) 41.22 ( BE1.0) 4l.61 ( BEC.N) 41.22 ( 8E1,0) 48,93 (1022,0)
«50 ¢33 4e66 -.97 7.23 ( 151.1) 48 .33 (1022.0) 41422 ( BEL.O0) 41,37 ( 86L.0) 41.51 ( 867,0) 48.93 (1022.0)
«50 1.87 4.66 ~e97 7.23 ( 151. 1) 48.93 (1022,0) 41,22 ( BEL.N) 41.03 ( £57.m 41,90 ( 875,0}) 48,89 (1021.0)
.50 4431 4,66 =e97 7423 ( 151.1) 48,93 (1022,0) 41,22 ( BE1,0) 4D.61 ( Eu&,N) 42.61 ( 890,0) G8.84 (1020.0)
.50 9.38 4,66 -¢97 7423 ( 151.1) 68,93 (102Z.0) 41,22 ( 8€1.0) 39,26 ( 82C.0) 42,91 ( 917.0) 4B.5C (1013, M
W50 13,46 4.66 =497 7423 ( 151.1) 48,93 (1022.0) 41.22 ( B61.,0) 3IB.54 ( 80E.0) 45,01 ( 940,00 48,07 (1004, 0)
W50 17,40 4,66 =497 7,23 ( 151.1) 48,93 (1022.0) 41,22 ( AE1.0) 38,06 ( 795,00 45,92 ( 959,00 &7.54 { 993.M)
.50 21.56 4,66 -.97 7,23 ( 151.1) 48,93 (1022.0) 41.22 ( 8€1.0) 37.92 ( 792.0) &4€.78 ( 977,00 4E.78 ( 977.0)
«50 25463 4466 -.97 7.23 ( 151.1) 48,93 (102z. 1 41.22 ( 8E1.0) 3764 ( 782.0) 47,50 ( 992.0) 45,87 ( 958.0)
«50 - 67 4s 66 -.97 7.23 ( 151.1) 48 .93 (102z.10) %1.22 ( 8€1.,0) 41.66 ( 870.0) 41.22 ( AB1.0) 4B.93 (1022.0)
«30 -27.75 S5e11 -+97 4.52 ( 94,3 76,22 (1592.0) 71.58 (1495,0) 75432 (1573.0) 68.09 (1422,0) 73.74 (154040
30 ~26.78 5¢11 ~e97 4452 ( 94, 3) 76.22 (1592.0) 71.58 (14¢5,0) 75412 (1569 .0) 6804 (1421,0) 73.78 (1541, 0)
«30 -22.72 Sel1l -.97 4.52 94, 3) 76 .22 (1592.0) 71.58 (1495.0) T4a74 (15€1.0) 68,23 (1425,0) T4t (1554.0)
W30 -18.70 5e11 =497 4452 9443} 76422 (1592.0) 71,58 (1495,0) 74,31 (1552.0) 68.52 (1431,0) 74,88 (1564.0)
230 14,67 5.11 =e97 4452 ( 9443) 76422 (1592.0) 71,58 (1495,0) 73.74 (1560.0) 69.09 (1443400 75,36 (1E74.0)
.30 -10.59 5,11 =97  4.52 { 94.3) 76,22 (1592.0) 71,58 (1495.0) 73,11 (1527.0) 69.67 (1455,0) 75,65 (1580, M)
.30 =5,56 5.11 097 4452 ( 9443) 76422 (1592,0) 71,58 (1495,0) 72.30 (1510,0) 70.38 (1670.0) 75,89 (1585.0)
.30 -2.98 Se1t =497 4,52 ( 94.3) 76422 (1592.0) 71,58 (1495.0) 71.82 (1500,0) 70,81 (1479.0) 75,394 (1586,0)
«30 =1.50 Sel1 - 97 4452 ( 9443 76.22 (1592.0) 71.58 (1495,0) 71.58 (149¢5,0) 71.05 (1484.0) 75.94 (1586.0)
«30 -e29 5.11 ~«97 4e52 S4,3) 76,22 (1592,0) 71.58 (1495.0) 714364 (1490,0) 71.25 (1488.0) 75.94 (1586.0)
«30 -1.78 4,69 -.37 4.50 ( 93.9 76.18 (1591,0}) 71.58 (1495.0) 71.87 (1501.0) 71.20 (1487.0) 7€.18 (1591,0)
«30 - 77 4e 69 «“.97 4.50 ( 93,9) 76,18 (1591.0) 71.58 (1495,0}) 7172 (1498, 0) 71.34 (1490.,0) 76.13 (1590,0)
«30 21 4e69 4.50 ( 2,9 76.18 (1591,0) 71.58 (14€S5.01) 71453 (1494,0) 71.53 (1494,0}) 7€.18 (1591,0)
«30 1.71 4e69 ~.937 4.50 ( 93.9) 76418 (1591.,0) 71.58 (1495,0) 71.29 (1489.0) 71.77 (1499,0) 7€.18 (1591,0)
.30 4e2u 4.69 =497 4,50 ( 93.9) 76.18 (1591.0) 71,58 (1495,0) 70.86 (14B80,0) 72,20 (1508.0) 7€.08 (1589.0)
.30 9.27 4,69 .97 4450 ( 92.9) 76.1% (1591.0) 71,58 (1495.0) 70.19 (14E6.0) 73,02 (1525.0) 72.2€ (1509.0)
.30 13.30 4,69 =97  4.50 € 93.9) 76.13 (1591.0) 71.58 (1495.0) 59.71 (145€.0) 73.69 (1539.0) 75,65 (1580, 0)
W30 17,38 4,69 =497 4,50  93,9) 76418 (1591.0) 71,58 (1495.0) 59,38 (1449.0) 74.2€ (1551.0) 71.82 (1500.0)
W30 21461 4,69 =.97  4.50 ( 22.9) 76.18 {1591,0) 71.58 {(1495.0) 69,14 (1444 .0) 74,76 (151,00 74,75 (15€24C)
«30 25.48 Le€9 -.97 4.50 ( 92.9) 76.18 (1591,0) 71.98 (1495,0) 6€.00 (Le4t,.0) 75.17 (1570.0) T4.2€ (1551,0)
«30 -.80 469 -+97 4.50 ( 92,9) 76.18 (1551.0) 71.58 (14S5.0) 71.68 (1437,M) 71.23 (148¢.0) 7TEL12 (1590,0)




TABLE 1.~Continued

(d) Data plotted in figure 5(c).

M a, B, P, T Py Pg: Py Py Py
deg deg deg kN/m? (Ib/ft*) KN/m? (Ib/ft?) kN/m? (Ib/ft?) kN/m? (Ib/ft?) kN/m? (Ib/ft?) kN/m? (Ib/ft?)

70 ~-28, 14 8.75 “e97 9,53 (199,00 38,78 ( 810.0) 28401 [ 585.0) 37.15 ( 776.0) 22.22 ( 464.0) 33.42 { 698, 0)
70 -27.16 8,75 “e97  9.53 (199.0) 38,78 ( 810,01 28.01 ( 585,0) 36,92 ( 771.0) 22,26 ( 465,00 33.85 { 707.0)
o 70 =23,05 8475 ~e97 3453 ( 1¢<.0) 38,78 ( 810. M 28,01 ( 585,00 36.15 ( 755,0) 23.08 t 482,00 35,10 € 733.0)
«70 -19,01 8. 75 - 97 9.53 ( 199,0) 38,78 ( 810.0) 28.01 ( 585,0) 35.10 t 733.0) 23,32 ( 487.0) 36.15 ( 755,0)
«70 =~14,95 8.75 =.97 9.53 ( 199.0) 38,78 ( 810.0) 28.01 { 585.0) 33.85 ( 707.0) 24.23 ( 506,0) 36.96 ( 772.0)
«70 =10.85 8.75 ~+97 9,53 ( 199.0) 38.78 ( 810, 0y 28.01 ( 585,0) 32.56 ( 68D.0) 25.52 ( 533.0) 37.54 € 784,0)
»70 -5.79 8,75 -497 9.53 ( 199,M 38 .78 { 810, 0) 28.01 ¢ 585.,0) 30.93 ( €46,0) 27+15 ( 567.0) 38.06 ( 795,0)
+70 -3,17 8,75 =97 9.53 ( 199, 0) 38,78 t 810, D) 28.01 ( 585,0) 29.97 ( 62¢€.0) 28.01 ( 585, 0) 38.21 € 798,0)
«70 -1.69 8.75 =97 9.53 ( 199.0) 38.78 { 810, 0) 28,01 ( S85,0) 29,49 ( 616,0) 28454 ( 596.0) 38,26 ( 799.0
«70 “. 43 8,75 -+97 Q.53 ( 199. 1) 38 .78 ( 810.0) 28.01 ( 585,.,0) 29411 ( €08,0) 29,02 ( 606.0) 38.40 ( 302,0)
70 =-2.17 8.31 ~e37 el € 197,2) 38454 ( BO5,0) 27,91 ( 583.0) ?9.49 ( 61€,0) 28.15 ( 588,00 38.11 { 796,0)
70 -1,19 8,31 me97  9eb4 ( 197,2) 38.54 ( 805.0) 27.91 ( S83.0) 29,21 ( 610.0) 28.58 { 597,00 38.1€ ( 797.0)
.70 -alb 8431 =+37 9,066 (197.2) 38,54 { 805.0) 27.91 ( S83.0) 28.82 ( 602.0) 28.87 ( 603.00 38.2¢ ( 799.0)
.70 1,50 8,31 =+97  9.44 (197.2) 38.54 ( 805,0) 27.91 ( 583.,0) 28.25 ( 590.0) 23,45 ( €15,8) 38.21 ( 798.0)
« 70 3,96 R, 31 -.97 .48 ( 197.2) 38 .54 { 805.0) 27.91 ( £83,0) 27.44 ( 573.0) 30,26 ( 632,0) 8,06 ¢ 795,0)
.70 9,09 8. 31 -.97 S.44 ( 187,2) 33.54 ¢ 805, 0) 27.91 ( S83.0) 25,95 ( 542.0) 31,98 ( €68,0) 37,63 ( 786,0)
70 13,06 8.31 -«97 .46 ( 197.,2) 38.54 ( 805.0) 27,91 ( 583.0) 25423 ( 527.0) 33,42 ( E9ELD) 37,20 € 777.0)
+70 17.09 8,31 -.97 Feb44 t 197,2) 38,54 ( 80S.0) 27.91 ( =83,0) 24480 ( 518.0) 34,62 ( 723,00 36463 ( 765.0)
.70 2¢.23 8,31 ~.37 .44 ( 197,2) 38.54 ( 805,0) 27.31 ( 583.0) 22489 ( 478,0) 3E.87 ( 770. D) 34,38 ( 718,0)
.70 -1.21 8.31 -e97 9,44 ( 197.2) 38,54 ( 805,0) 27,91 ( 58340) 29,21 ( 610.0) 28.54 { 596.0) 38.06 ( 795.0)
.50 -28.34 8.76 =97 7,21 ( 150.6) 49412 (102€,0) 41,46 ( BEE.O) 47,74 ( 997,00 3€E,48 ( 762.0) 44.86 { 937.0)
W50 -27,32 8,76 “e97 7,21 ( 150460 49412 (102€.0) 41.46 ( BEE.0) 47,64 ( 995,00 36.58 ( 7€4.0) 45.1% ¢ 943.0)
50 -23.25 8.76 —e97 7421 L 150,6) 49,12 (102€,0) 41,46 ( BEE.D) LE.01 ( F61.0) 36.46 ( 761.00 46.11 ( 963.0)
«50 -19,19 8.76 -.97 7.21 ( 150,86 69,12 {(102¢€,0) slolb ( B8€BLO) 46.1€ ( 9€4,0) 37.01 ( 773.,0) L€.87 € €79.0)
50 15.13 8.76 -.97 7.210 U 150.6) 49,12 (102¢.0) 41.46 ( B66.0) 45,28 ( 94%.8) 37.87 ( 791.0) 47,59 ( 994, 0)
«50 =11,02 8.76 -.97 7.21 ( 1E0.8) 49,12 (102€.0) 41.46 ( 8EEL0) 44,29 ( 925,.0) 38.73 ( 809.0) 48 .12 (1005,0)
«50 ~5.94 8.76 -,97 7,21 ( 150.6) 49,12 (102€.0) 41,46 ( 8E6.0) 42,95 ( 897.0) 40,03 ( 83€.,0) 48465 (10816.0)
+50 -3,35 8.76 -.97 7.21 { 15C.€) 49,12 (102€.,0) 41,46 ( 866.0) 42,23 ( 882.0) 40.70 ( 8%50.0) 48.€E5 (1016, 0)
50 -1.83 8,76 -. 97 7.21 { 150.6) 49 .12 (102€,0) 41e46 ( BREELD) 41,85 ( 8&874,0) 41.13 ( 859.0) 48,65 (1016.0}
«50 ~«59 8.76 ~.97 7.21 ( 150.86) 49.12 (1026.0) 41446 ( 8665400 41.51 ( BEZ.0) 41.37 ( 8e4,0) 48,69 (1817.0)
-1 ~2.34 8,33 ~437 Te22 ( 150.7) 48,69 (1017.0) 41.03 ( 857.0) 41.66 ( 870.0) 40.51 t 846.0) 43.95 ( 918. D)
+ 50 -1, 27 8433 -e 97 7e22 ( 150.7) 48 .63 (1017.0) 41.03 ( 857.0) 41.27 ( 862.0) 40.75 ( 851,0) 48,31 (1009.0)
«50 ~a33 8.33 -«97 7422 € 150,7) 4B8.59 (1017.0) 41.03 € 857.,0) 41.18 ( 860.0) 41.08 ¢ 858,00 48.2€ (1008,0)
«50 1.26 8,33 ~.97 7.22 ( 15047} 48,69 (1017.0) 41.03 ( 857,0) 40.75 ( 851,0) 41.51 ( 867.0) 48.2€ (1008,.0)
+50 3. 74 8,33 -.97 7.22 { 150.7) 48.69 (1017.0) 41.03 ( 857.0) 40403 ( 83€.0) 42,18 ( 881,0) 48,26 (1008,0)
«50 8.85 8,33 -.37 7.22 L 150.7) 48.69 (1017.0) 41,03 ( 857.0) 38.78 ( 810.0) 43,43 ( 907.0) 47.88 (1000.0)
50 12,88 8,33 -.37 7422 { 15047} 48,69 (1017.0) 41.03 ¢ 857.0) 38,21 ( 798.M) 44 .48 ( 929.0) 4745 ( 991.,0)
«50 16497 8.33 -.97 7.22 { 150.7) 48 .69 (1017.0) 41.03 ( 857.0) 37.73 ( 788,00 45,44 € 949,0) 46,87 ( 979.10)
«50 21.02 8,33 -.97 7¢22 ( 150.7) 48469 (1017.0) 41,03 ( 857.0) 37.30 ¢ 779.0) 46.30 ( 967.0) 46416 { 964.0)
.50 25,12 8.33 =97 7,22 [ 150,7) 48469 (1017.0) 41.03 ( 857.0) 36.82 ( 769,00 47,02 ( 982.0) 45,25 { 945.0)
«50 -1.30 8.33 ~+97 7.22 ( 150.7) 48469 (1017.0) 41.03 { 857.0) 41,37 ( B64.0) 40,84 ¢ 853.0) 48,36 (1010.7)
v29 28,42 8479 =097 4,29 ( 89,5) 75,99 (1587.0) 71,58 (1495.0) 75,12 (1569.0) €8.18 (1424,0} 73,35 (1£32.0)
29 -27.39 8479 “e97 4,29 ( B89.5) 75.99 (1587.0) 71,58 (1495.0) 75,22 (1574.0) 68.09 (1422.0) 73.69 (1539.0)
29 -23.34 8.79 =+97 4,29 ( 89,5) 75.99 (1587.0) 71.58 (1495,0) 74.74 (1561.0) €8.23 (1425.0) 74.21 (1550.0)
«29 ~-19.26 8,79 -.97 4.29 ( 89.5) 75.99 (1587.0) 71.58 (14€5,0) Tha26 (1551.0) 68.56 (1432,0) TLe€9 (1560,01}
+29 =-15,18 8,79 -.37 4.29 ( 89.5) 7599 (1587.0) 71,58 (1495.0) 68.90 (143<S,0) 73.83 (1542.0) 75¢12 (1569.0)
«29 -11,13 8,79 -.97 4.29 (¢ 8¢<,5) 75,99 (1587.0) 71.58 (149E.0) 73,11 (1527.0) 69.62 (1454,0) TS.41 (1575.0)
«29 ~6.05 8.79 ~.97 4.29 t 8¢.5) 75.99 (1587,0) 71.56 (1495,0) 72435 (1511.0) 70.38 (1470.0) 75.70 (1581.0)
«29 3. 47 8.79 -.97 4.29 ( 89,5) 7599 (1587.0) 71458 (1495,0) 71.92 (1502,0) 70,81 (147¢,0) 75.7% (1582.0)
29 -1.95 8.79 =97 4,29 € 89,5) 75499 (1587.0) 71,58 (1495.0) 71.72 (1698,0) 71,05 (1484.0) 75.75 (1€82,0)
29 =272 Be79 =97 4429 { 89.5) 75499 (1587.0) 71.58 (1495,0) 71,34 (£490.7) 74 .25 (1488,0) 76475 (1582.0)
30 2. 41 8. 3E -e97 4e48 ( 93,6) 75 .75 {1582.0) 71.15 (148€.0) 71,39 (1491,0) 70.62 (1475.M 7TE.LE (1576.0)
+30 1445 8. 36 .97 hoel8 ( 93.8) 75475 (1582, 0) 71,15 (148€,0) 71.29 (1489.0) 70.86 (1480.0) 75.51 (1577.0)
+30 s bly 8.36 ~.97 4,48 ( 93.6) 75.75 (1582.0) 71.15 (148€,.0) 71.15 (148€.0) 71.01 (1483.0) 75 .55 (1578,()
30 1, 12 8.36 -.97 4.48 ( 93,6) 75.75 (1582.0) 71.15 (1486.0) 70.31 (1481,0) 71.29 (148S. ) 7€.08 (1589,0)
+30 3.65 8.36 ~-.97 a8 { 92,6) 7575 (158Z2.0) 71.15 (1486.0) 70.62 {(1475,0) 71.68 {(1437,0) 75.4€ (1576, 0)
+30 Ta7l 8. 36 -.97 4.8 ( 93,6) 75 475 (1582. 0 71.15 {(148€,0) 59,86 (145¢,17) 72430 (151040) 70,48 (1472.0)
+30 8.77 8.36 -.97 4a48  93,F) 75.75 (1582.0) 71,15 (1486,0) 69,71 {14G€,.,0) 72449 (15144 0) 75.22 (1571.0)
«30 12.82 8.36 -.97 betB £ 93,5) 75475 (1582.0) 7115 (14£6.0) 59,23 {144E,0) 73.11 (1527.0) 74,93 (1565.0)
« 30 16.87 83.36 -.97 Ge48 (1 93,6 75475 (1582.0) 71.15 (148E.0) 73.97 (1545,0) T3.16 (1528,.0) 74,60 (1558,0}
«30 20,95 8436 =437 o8 { 93.8) 75475 (1582.0) 71,15 (1486.0) 68,66 (1434,0) Thal2 (15428,0) 712 (1548,0)
« 30 25,23 8.36 -e97 het8 ( 93,F) 75.75 (1582.0) 71,15 (1486.0) 68,47 {1430.0) 74,60 (1558,0) 73.50 (1535.0)
«30 ~2¢54 8436 -.937 4.48 ( 93.6) 75.75 (1682.0) 71.15 (148€.0) 71.53 (1494,.0) 70.67 (14764.0) 75.51 (1577.0)




TABLE 1.—Concluded

(e) Data plotted in figure 6.

M a, B, P, IR Py Py Py Py, Py

deg deg deg kN/m* (b/ft!) KN/m? (b/ft?) KN/m? (Ib/ft?) KN/m? (Ib/ft?) kN/m? (Ib/ft?) KN/m? (b/ft?)
.70 .22 W12 21.50 9,65 ( 201.5) 39,02 ( 815,00 28441 ( 587.0) 28.97 ( €05.0) 29,30 ( 612.00 38469 ( 808.0)
.70 1,27 W49 21.50 9,65 ( 201.5) 39,02 ( 815.0) 28.11 { 587.0) 28.58 ( 537.0) 29.45 ( 615,00 38,69 ( 808.0)
.70 2.69 1,06 21,50 9,65 ( 201.5) 39,02 ( 815,00 28411 ( 587,00 28,25 ( 590.0) 30.07 { 626.0) 38,73 ¢ 809.0)
.70 4,99 1,92 21450 9,65 ( 201.5) 39,02 ( 815,0) 28411 ( 587.0) 27.58 ( E57€.0) 30.88 ( 645,00 38,69 { 808.0)
.70 9.70 3.73  21.50  9.85 ( 201.5) 39.02 ( 815,0) 28.11 ( 587.0) 26.24 ( 548,00 32,56 ( 680,0) 38.2€ ( 79S.0)
W70 13,48 5,16 21,50 9,65 ( 201,5) 39.02 ( 815,00 28.11 ( 587,00 25,33 ( 529.0) 33.66 ( 703.0) 37.68 ( 787,0)
W70 17,28 657  21.50 9,65 ( 201.5) 39.02 ( A15,00 2B8.41 ( 587,00 24,71 ( 51€.0) 34,81 ( 727,00 36.92 ( 771.0)
70 21415 7.98 21,50 9465 ( 201.5) 39,02 ( B15,0) 28,11 ( 587.0) 26.23 ( 506.0) 35.9€ ( 751.0) 36.06 ( 753.0)
W70 24490 9,30 21,50 9465 ( 201.5) 39402 ( 816,00 28411 ( 587.0) 23,13 ( 483.0) 36.72 ( 767.0) 34.81 ( 727.0)
W70 25.84 9.62 21,50 9,65 ( 201.5) 39,02 ( 815,00 28411 ( 587.0) 22,93 ( 479.0) 36,72 ( 767,00 34.4? ( 720,0)
.50 .18 (07 21,50 7,22 ( 150.8) 49,36 (1031.00 61,70 ( 871,00 41,90 ( 875,00 41.70 ( 871,00 49,12 (102€.0)
50 1440 W55 21.50  7.22 ( 150.8) 49,36 (1031.0) 41,70 ( B71.0) 41,51 ( 867.0) 41499 ( 877.0) 49,47 (1027.0)
.50 2.87 1e11 21450 7,22 ( 15048) 49.36 (1031,0) 41,70 ( 871,00 41,03 ( 857,0) 42.42 ( 886.0) 43,17 (1027.0)
.50 5.18 2,00 21450 7,22 ( 150.8) 43436 (1031,0) &1.70 ( 871.0) 40.65 ( 849.0) 43,09 ( 900.0) 49,08 (1025.0)
.50 9,88 3,81 21450  7.22 ( 150,8) 49,36 (1031,0) 61.70 { 871.0) 39,55 ( 82€.0) 4h4a36 ( 926.0) 4B.7S (1019.0)
50 13464 5,24 21,50 7,22 € 150.8) 49.36 (1031.0) 61,70 ( 871.0) 38,50  80440) 45,34 { 947.0) 48,3€ (1010, 0)
W50 17.49 8467 21,56 7,22 ( 150.8) 3,36 (1031.00 41,70 ( 871.0) 38.0€ ( 795.0) 46.16 ( 964.0) 47.74 ( 997.0)
.50 21427 8405 21450 7.22 ( 15048) 49,36 (1031,0) 41,70 ( 871,00 37,78 ( 785,00 46,92 ( 980.0) 42.90 ( 89640
.50 25.08 9,40 21,50 7,22 ( 150.8) 49,36 (1031.0) 41,70 ( 871,00 37.20 ( 777,00 47.50 ( 992.0) 45,96 ( 968.0)
W50 24,04 9,72 21.50  7.22 ( 150.8) 49,36 (1031,0) 41,70 { 871,00 36.87 ( 770.0) 47,54 ( 933,0) 45.73 ( 955,0)
.30 .28 W11 21,50 4453 ( 94.6) 76,90 (1606400 72.25 (1509.00 72,20 (1508.0) 72,11 (1506400 7E.6€ (L€0140)
«30 147 58 21.50 4453 ( 94,6} 76490 (160€,0) 72.25 {(1509.,0) 72.06 (1505.0) 72.35 (1511.0) 7€.70 (1602, 0)
«30 2491 1.164 21.50 4.53 ( Q4,€) 76,90 (160€,0) 72.25 (1509,0) 71.77 (1492,0) 72.54 (1515,0) 76.70 (1602,0)
.30 5,23 2,04 21,50 4,53 ( 94.€) 76490 (1606400 72,25 (1509.0) 71,44 (1492.0) 72,97 (15244 0) 76,61 (1600,0)
.30 9.96 3,87 21,50 4,53 ( 94s6) 76,90 (160€,0) 72,25 (1509.0) 70472 (1477400 73.74 (1540.0) 76.4€ (1537, 0)
W30 13,75 5031 21,50 4453 ( 94.6) 76,30 (16506,0) 72.25 (1509.0) 70.19 (14€E.0) 74,26 (1551.0) 76.13 (1590,0)
W30 17.53 6472 21,50 453 ( G4.6} 76.90 (1606.0) 72.25 (1509,0) 69,81 (1458.0) 74,84 (1563,0) 75,75 (1583.0)
W30 21443 Bulé 21450 4453 ( 94.6) 76,30 (160€,0) 72,25 (1509.0) 69.63 (16450,0) 75.27 (1572.0) 75,27 (1£72.0)
.30 25.20 9,47 21450 4453 ( 94e6) 76,90 (160E.0) 72.25 (1509.0) €9.28 (L447.0) 75,55 (1578,00 74.69 (1560.0)
.30 26414 9.80 21,50 4453 ( 94e6) 76490 (1606400 72,25 (1509.0) 69,23 (L44€.0) 75,65 (1580.0) 74.50 (1556400

estimated as follows:
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INSTRUMENTATION UNCERTAINTIES

The uncertainties of the instrumentation and wind tunnel measurements were

Measurement

Estimated
uncertainty

Mach number

Reynolds number, per meter (per foot)
Total pressure, N/m? (Ib/ft?)
Static pressure, N/m? (Ib/ft?)
2 2
Pi» Pg» Pgs Py» Py N/m* (Ib/ft*) . .

Wind tunnel flow angularity (a, B, ), deg . . . .

Alinement of the sensor centerline axis with the
wind tunnel centerline axis (), deg

0.1

0.3
*+0.005

*15 (#0.31)
*15 (#0.31)
240 (15)

+0.033 X 10% (+0.01 X 10%)

METHODS FOR DETERMINING ANGLE OF ATTACK

Three methods for determining angle of attack from the flow direction sensor
data were investigated.




Method 1

In the first method, angle of attack was calculated by using the following equa-
tion, which is derived in the appendix.

Pg " Py
a, = 0.5 arc tan 5 - -
Ps = P3 ™ Py

The calculated angle of attack was then subtracted from the known angle of attack
and plotted as a function of known angle of attack to obtain a correction curve
(figs. 4to 6).

o 0.30
o 0.50
¢ 0.70

L
8 12 16 20 2 28

a, deg

(a) R = 3.28 X 10° per meter (1.0 X 10° per foot).

2 = ]

1 3 8

) & 9 0P 0 o o

- “ %oo
uac,deg Ogoo g o

-1 o <
=]

_2._
o

3 o

§

P T T T S O A B
-28 -24 -20 -16 -12 -8 4 0 4 8 12 16 20 24 28

(b) R = 4.92 X 10° per meter (1.5 X 10% per foot).

Figure 4. Angle of attack correction curves for Reynolds numbers
of 3.28 X 10° per meter (1.0 X 10° per foot) and 4.92 X 10° per
meter (1.5 X 10° per foot). B =~ 0°; @ = 0°.
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Mach
386_’ number

o 0.50
I- & ¢ 0.70

@
@
o7y
o

8 & 663

OD <?
oo g

a-a,deg 5L

coo

5 I S S SR S L+ i1 |
-8 -4 -2 -16 -12 -8 -4 0 4 8 12 16 20 24 28

a, deg

(a) B~ 1.5,

20

a- ac, deg

(b) B~ 50,

Figure 5. Angle of attack correction curves for angles of sideslip
of approximately 1.5°, 5°, and 8.5°. @ =~ 0% R = 4.92 X 10° per
meter (1.5 X 10° per foot).



a-a, deg

4 —
@ Mach
31 fa) number
& o 0.30
2 t— o 0.50
& o 0.70
1= @ ©
: g’ﬁﬁ%%
o,
®
2k 8 g
¢
-2 - 0
_3 .
8
_4 pr
5 | | | | | l | | | I | | | J
-32 -28 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28
a, deg
(c) B = 8.5°.
Figure 5. Concluded.
1
oo
88§ o —
®
.1,._ @
Mach
a-a. deg 2 - number go
o
3 o 0.30
0 0.50
N o 0.70

Figure 6. Angle of attack correction curve
for a roll angle of 21.5°. B = 0%
R = 4.92 X 10° per meter (1.5 X 10° per

foot) .
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Method 2
In the second method, the wind tunnel data were used to obtain a calibration
curve. First, Apa was calculated for the entire range of angle of attack by using

the following equation:
APy =Pz =Py

The result was divided by free stream dynamic pressure, q. The resulting values
of Apa/q were plotted as a function of the known angle of attack (fig. 7). After this

curve is determined under given environmental conditions, angle of attack can be
determined for any value of Apa/ q for equivalent conditions.

number
Lo o 0.30 g ?
A= a 0.50
S 0.70 %
8
5
B
4%
0
Apulq @?
&
-5 o
8
w8
8
g
—1.5?
ool 1 v v b

2.0
-28 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28

Figure 7. Reference curve derived from method 2. B ~ 0°;
@ ~ 0% R = 4.92 X 10° per meter (1.5 X 10° per foot).
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Method 3

Method 3 is a calibration method similar to method 2. It has the useful property
of making accurate determinations of Mach number as well as of angle of attack.

A set of curves of p5/p versus Mach number is obtained from the wind tunnel
data for different angles of attack (fig. 8). Next, a set of curves of Apa/p5 versus

angle of attack is obtained for different Mach numbers (fig. 9). Linear fairings
passing through the origin can be made for each Mach number. The value of
(Apa/ps) /a (the slope) of each of these lines can be plotted versus Mach number

(fig. 10).

1.35 = Angle of

attack, ©
deg

+0.5
+10.6 &
+14.7
+18.6
+22.7 O
£26.7 -

1.30 —

g 4b & oo

1.25 —

1.20
Ps/P

1.10

|00 | | | |
3 .4 .5 .6 q

Mach number

Figure 8. Variation of p5/p with Mach number and angle of attack.
B~ 0°% @ = 0°% R = 4.92 X 10% per meter (1.5 X 10° per foot).
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S Mach
number

0.30
0.40

a, deg

Figure 9. Variation of Apm/p5 with angle of attack and Mach

number. P ~ (0% @ =~ 0% R = 4.92 X 10° per meter
(1.5 X 10° per foot).

.016 —
014 —
012 —
010 —

A DG/DBD/G,

per deg 008 -—

.006 —

002 —

Mach number
Figure 10. Variation of (A pa/p5)/a with Mach number.

B~ 0° @ = 0°% R = 4.92 X 10° per meter
(1.5 X 10° per foot) .



The flow diagram in figure 11 indicates how angle of attack and Mach number
can be obtained from these curves. First, an initial angle of attack is assumed and

Calculate p5/p from sensor data

Calculate Apulp5 from sensor data

Assume an initial angle of attack

Find Mach number from the pSIp versus Mach number

curve at various flow angles (fig. 8)

Use Mach number to get (Apulps)la from a curve
of (Apulps)lu versus Mach number (fig. 10)

Divide Apalp5 by (Apa/ps)la to get angle of attack

Use angle of attack as the initial angie
and repeat process
until desired accuracy is obtained

Figure 11. Procedure for calculating angle of
attack and Mach number by using method 3.

an approximate Mach number is found from figure 8. This Mach number is used to
find (Apa/ p5)/a from figure 10, which is a plot of the slopes obtained from figure 9.
The value of Apa/p 5 obtained from the sensor data is divided by (Apa/ p 5)/a. The

result is an approximate angle of attack, which is used to obtain a new Mach number
from figure 8. The process is repeated until the difference between two consecutive
answers is negligible.

RESULTS AND DISCUSSION
Effects of Flow Angularity and Reynolds Number

The effect of roll angle on the determination of angle of attack can be evaluated
by comparing figures 4(b) and 6, which show the angle of attack correction (when

17



using method 1) for roll angles of 0° and 21.5°, respectively. It can be concluded
from this comparison that the effect of roll angles up to 21.5° is negligible.

The effect of angle of sideslip on the determination of angle of attack can be
assessed by comparing figures 5(a), 5(b), and 5(c), which show the angle of attack
correction (using method 1) for nominal angles of sideslip of 1.5°, 5°, and 8.5°,
respectively. This comparison shows that the correction increases slightly with
increasing angle of sideslip.

The effect of Reynolds number on the determination of angle of attack is shown
by a comparison of figures 4(a) and 4(b), which present the angle of attack correc-
tion for Reynolds numbers of 3.28 X 10° per meter (1.0 X 10° per foot) and
4.92 X 10° per meter (1.5 X 10° per foot), respectively. The comparison shows that
the effect of Reynolds number on the determination of angle of attack is insignificant
over the range tested.

The results of these comparisons simplify the determination of angle of attack
from the flow direction sensor measurements regardless of the method used.

Assessment of Methods

The data presented in figures 4 to 6 indicate that the angle of attack calculated
by method 1 is within 1° of the known angle of attack up to o =~ *10°. Beyond that
value, the error increases rapidly to between 3° and 5° at known angles of attack of
+25°,

After studying the data it appeared to be possible to improve the accuracy of the
angle of attack measurements by applying a cosine factor to the data. New angles of
attack were calculated by using the equation aé =0, cosa,. Figure 12 is a plot of

the data in figure 4(b) with the cosine factor applied. The accuracy of the angle of

Mach
number

o 0.30
o 0.50
< 0.70

1 3
i gg%ooo g ° 2 ¢
0 —®

0-q7, deg 8 % P8 3 o ° o o

g
! o o o ©

S I N T I T Y Sy " I Y
28 -4 20 -16 <12 8 -4 0 4 8 12 16 20 24 28

a, deg

Figure 12. Angle of attack correction curve when cosine factor
is applied to data from figure 4(b). B = 0°; ¢ = 0°;
R = 4.92 X 10° per meter (1.5 X 10° per foot).
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attack determination at the higher angles of attack has been improved significantly;
the agreement between the calculated and known angles of attack is within 1°
throughout the angle of attack range.

In method 2, angle of attack is determined from a reference curve like that in
figure 7. The slope (Apa/q)/a tended to be linear for each Mach number over an

angle of attack range of approximately *8°, but it became increasingly nonlinear as
the absolute value of angle of attack increased above 8°. If a best straight line fit
to the data is used, the error in angle of attack is less than 1° up to a = +20°. At
absolute values greater than 20°, the error increases rapidly.

Since method 3 is a technique of successive approximation, the number of refer-
ence curves as well as the number of points in each curve determines the accuracy
of the resulting data. Method 3 gives better results at the higher angles of attack
because of the relative insensitivity of p5/p at absolute values of angle of attack up

to 10°. This insensitivity is apparent in figure 8.

The results obtained by all three data reduction methods are good, so the choice
of method can be based on the type of instrumentation used to support the experiment.
All the data required by methods 1 and 3 can be obtained from the flow direction
sensor itself. An additional advantage of method 3 is that it has as a byproduct a
reasonably accurate determination of local Mach number. However, method 3 also
has the disadvantage of requiring many reference curves for the accurate determina-
tion of angle of attack.

CONCLUDING REMARKS

A hemispherical head flow direction sensor was tested at room temperature in a
wind tunnel at Reynolds numbers of 3.28 X 10° per meter (1.0 X 10° per foot) and
4.92 X 10° per meter (1.5 X 10° per foot) and at Mach numbers from 0.30 to 0.70.
Accurate angle of attack measurements were obtained with the sensor.

If the effects of higher temperature on such things as the probe material, pres-
sure transducer sensitivity, and frequency response are taken into account, it
should be possible to make adequate high temperature flow direction measurements
with the probe.

Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., January 21, 1975
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APPENDIX — DERIVATION OF FLOW ANGLE EQUATION

USED IN METHOD 1

The derivation of the flow angle equation used in method 1 begins with the
following relationship, which is derived from modified Newtonian flow theory:

Pg = q(A - B sin? 0) + P (1
where
o angular displacement from stagnation point
q dynamic pressure, 0.7M? P
A,B functions of Mach number
Pg pressure on a point on a hemispherical body at an angle 6 from the
stagnation point
Py free stream static pressure

From equation (1), p., p,, and p, (see sketch) can be expressed as:
5" 3 1

>P1 p5 = Q(A - B Sinz a) + pS 2
45°
Ps y— pg = qlA - B sin® (45 - a)] + p, @
» /"3 p; = qlA - Bsin® (@ + 45)] +p_ (4
. . . . 2 _ 1 - cos 26 .
By applying the identity sin” 6 = — to equations (2), (3), and (4),
the following equations can be derived:
p. = q[A - B - cos 2(1)] +p )
5 2 s
_ B
Py = q{A - —2—[1 - cos (90 - Za)]} + Py (6)
_ B
p; = q{A -5 [1 - cos (2a + 90)]} + Py &)

Since

cos (C tD) =cosCcosD ¥ sinCsinD
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the angles inside the brackets in equations (6) and (7) can be written

cos (90 - 20) = sin 2a , (8
cos (2a + 90) = -sin 2a €))
By making these substitutions,
p, = q[A - B - sn12a)] +p (10)
3 2 s
p, = q[A - B+ sin Zail +p 1)
1 2 s

Then the following transformation can be made:

Pg ~ by =X (12)
Pg = P1 =Y a3
From equations (5), (10), and (11),
x = gB sin 2a (14)
y = —qili(cos 20 + sin 2a) (15)
and
Yy _ cos Za- + sin 2a _ 1 + cot 2a (16)
x 2 sin 2a 2
from which the following equation is obtained:
cot2a = 2 - 1 an
x
Then, from equation (17),
= X
tan 2o = 5y % (18)
Therefore
_ -1 X
o = 0.5 tan (m) (19)

By substituting from equations (12) and (13), the final flow angle equation is derived:

_ Py - P
« = 0.5 tan 1<2 3 1 ) (20)
P5 =~ P3 = Py

21
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