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EVALUATION OF A HEMISPHERICAL HEAD FLOW DIRECTION SENSOR

FOR INLET DUCT MEASUREMENTS

Donald L. Bennett
Flight Research Center

~ INTRODUCTION

The primary function 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 aircraft 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.
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P

Py
P,:Dg:Pg:Pys 0

Apa

Mach number

(pl t Py Pyt p4)/4, kN/m? (1b/ft?)

free stream static pressure, KN/m? (1b/ft?)

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

pressures measured by the hemispherical head flow direction
sensor, kN/m? (1b/ft?) (fig. 2)

Py - py- KN/m® (b/ft") (fig. 2)
free stream dynamic pressure, 0.7M2ps, 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 Pys Py plane),
deg (fig. 2)
Ps = Py
2pg ~ P3Py

calculated angle of attack, 0.5 arc tan deg

adjusted angle of attack, a,cos ., 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 Pl Py plane of the
probe, deg

The cosines of a, B, 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) & 4 a o = s 5 s w0 oo e w0 oo 9 ue 9 220 (-65) to 755 (900)

Frequency responsge; HZ . & & « & o s % v 5 & 7@ & w &« @ s @ 5 « « 010100 -
Flow angularity (e, B),deg . . . . . . + « v v « v v v v 4 v @« o« . . . 130
Machnumber . . . . . . . & « &« &« « « + + v + 4 « « v « v e .. 0.30t0o0.70
Reynolds number,

perm (perft) . . . . . . . . . 3.28X10% (1.0X 10%) to 4.92 X 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 (.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

PN

other four ports, Pys+ Py Py and Py
)

1.91 cm
0.75in.}

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

ical plane and used for angle of attack
measutrements, and Py and p g Were in

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 date 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 Py and p 4 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 1b/ft?), 62 kN/m? (1296 1b/ft?), and 41 kN/m?
(864 Ib/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 irgaf_ied 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)]

(2) Datz ploticd in figure 4(b).
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TABLE 1.—Continued

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

M o, a, P, LTI B, po Pys Pas P
deg degr deg | IN/m® (b/ft*} KN/m? (Qb/E?) KN/m® (Ib/ft?) EN/m?* (Ib/ft?) KN/m? (lb/ft) kN/m* (b/ft?)

W70 =28, 14 B.75 =a37  9.53 ( 199.0} 3A.75 [ 810,61 28,0t { 585.01 37,15 € 7P76.0F 22.22 ¢ 464,01 33.42 ( B9B,0)
Jo -27.16 $.75 9953 ( 19%.0) 38,78 ( 810.0) 28.01 ( 585,00 36,92 ¢ 771.00 22,26 { 465.0) 33,85 [ 707.01
70 =23.85 B.75 .53 4 1%%.0F T8.78 ( BI0.00 28,01 { 585.0) 3I6.1% { v55.00 23,08 1 442,00 3I5.40 [ 733,01
W70 =19,01 8,75 9.58 [ 199,01 38,78 [ 810,00 28,01 { 585,01 ¥5.10 {4 33,0 23,32 [ #87.0 36,15 ( ¥5.0
70 =14,95 8,75 9.53 ( 159,00 38,78 [ 810,00 28,01 { 585.0F 33.85 ( 707.%0 24,23 { SO0B, 01 36,96 ( F72,0}
70 =10.85 8475 9.53 ( 199,00 FA.78 ( B0, 0} 28.01 ( 585,01 32.56 ( 680.0) 25.52 ( 533,07 3I7,5u & 784,0)
«T0 -5.79 8, 75 9.53 (192,0) 38.78 f B10.01 28,01 { 5B5.0) 30.93 ( &46.0) 27.15 { 567,00 38.0G6 ( 795,0)
aTa -3.17 B.75 953 € 19%0) 3I8.78 t 810,0F 28.01 { S85.0F 29,57 { 62ZE.0% 26,01 ¢ S85.9) 38.21 { 798.0)
<70 -1,69 8.75 9,53 { 199,00 38.78 { 810,00 28.01 { 585.0)} 29,49 ( 616.,0) 28.54 ¢ 596.0) 38.26 ( 799.0)
W70 ~o 43 b5 9,53 ( 199,00 30.75 ( 810.0) 28.01 ( 585.0) 29,11 & 638,00 29,02 ( B06.0) 3F5.80 { 802.0)
«70 -2,17 B3 Fehl { 197,2) 38,54 ( 805.00 27,91 [ 583.0) 29,59 [ BEE.0] 28,15 { S88.01 38,11  796.40)
« 70 -1,19 &.31 Juds ( 197.2) 38,54 ( 80F.00 27.91 € 583.07 29.21 ( 610.9Y 28,58 ( 597.0) 3&.1€ [ 797.01
W70 - 1h 8, 3t 9e4h [ 197.2) 38.54 [ BE5.00 27.91 { £83.00 28,82 { 60Z.%0 28,87 [ 603.0) 38.2€ ( 799,11
<7D 1.50 8.34 Jubh { 197.2) 3I.E4 { 805.0r 27.91 € S83.07 28.25  590.00 29,45 { E1S.0F 38.21  7496.0)
.70 1,96 R, 51 Jeth { 197.20 3I8.54 ( BOG.0) 27.91 { 583,00 27.44 { 573.0) 30.26 ( £32.0) 38.86 U 795,Q)
.70 9,09 B. 31 .44 { 197,21 35,54 [ BOS.0)  27.91 ( 583,01 25,95 ( 542400 31,98 { EES.0) 3I7.53 t 786401
70 13.06 8.31 Q4 [ 197,71 38,54 1 BES.0) 27.91 ( 583.01 P5.23 ( 527.00 3T,6u7 U E9E,0) 37,20 { TT7.O0
70 17.09 8,31 Fath [ 197.2) 38.54 { B0S.0F 27.91 ( SE3.0) 24,80 ( 518,00 34.62 ( 723.0) 36.63 [ 765,03
«70 25,23 3,31 9at4 { 197.2) 3B.54 { B0S.0) 27,91 ¢ S8F.00 22,89 { 478,0) 3€.87 [ 770.00 34.38 ( 718.0)
70 -1.21 8,31 Dadh € 197,20 FBLGH C BOS.0F  27.91 [ 583400 29.21 € 510.0) 28.54 [ 506.0F 383,06 (1 795.0)
50 -28,34 28.76 TaZl 4 150460 49,12 (102€,00 SH1.46 4 BEELO)  47.74 ( 997.00 36,48 [ 762,01 44 85 [ 937.06)
50 ~27.32 B+ 76 7o21 € 150.E) 49,17 (102€.0) 4d.46 [ BEELD) W7.66 ( 995.00 36,58 € FE4,0) 45,15 { 943, M)
oS50 =23.2% Be76 7ol ( 150461 49,12 (102E,0) 41,46  B8EE.0) 46,01 { 961,00 3€.44  7E1.01 46,211 [ 963,0)
50 =19.19 8,76 Te?l 150461 49,12 (102E.00 41,46 § BEB.0)  46.16 ( 964,01 37.01 ( 773,01 4E.87 1 S79,0)
51 15,13 8.76 Te2l € 150461 49.12 (102E.%1 41.46 { 866,00 45,23 ( 945,80 37.87 { 791,00 G47.59 € 994,0)
.50 -1i,02 8. 76 Ta21 € 15046} 43,12 (102€.0) 41.46 ( BEE.D)  GR.2O { 925,00 3IB.TI ¢ BO9.0) 48.1Z (1005.01)
50 ~5,94 8. 76 Ta2Zl § 15046) 49,12 {102€.0) - &41.46 { BEE.0) 62,95 { 897,00 40,03 ( 836.0) 48.65 11016.0)
50 -3.35 8,76 7.21 { 150.8) 49,12 {102E.0) 41,46 ¢ BBG.0) 42.23 882,01 40,70 { 85000 48,E5 {101€.00
+50  =1.83 8. 76 =297 7,21 1 150460 49412 {1026,0) 41,46 [ BEE.0) 41,85 ¢ 874,08} 41.13 ( 859.0} 48,65 (1016.0)
+50 =59 8,76 e97 7420 ( 150.5) 49,12 (1026,0) 41.46 ( 866.0F %1,51 ( 8€7.0) u41.37 ¢ 864,00 4B.69 ¢1017,01)
250 =2e3ls 8.33 =97 7422 (150.7) 48,69 (1017.9) 41.83 ( 857,03 41,66  B70.0F 40.5% ¢ 846,00 &3.95 [ 918,0)
+50  ~1,27 6. %3 =~a97 7422 1 150,70 L8.69 {1047 017 41.03 ( BET.0) 41,27 [ BG2.01 4D.75 ( 851i.0F 48.31 (1009.0)
«50 ~33 5.33 =+97  T.22 ( 158,71 48,69 [1017.01 41.03 € 857.0) &1.18 { 660,01} 41,08 ( 858,01 48,26 (1008.4}
.50 1.26 8.33 =97 7422 0 150473 LBL63 (1017.0F 41.03 { 857.0)} 40,75 851,00 41,51 1 B6E7.01 48.2€ (1006.0)
«50 3. 74 B33 =297 F.22 ( 150,71 48,59 [1017.01 41.03 ¢ ASF.0)  40.03 ¢ BIE.O) 42,38 [ BAL,0) 4B.26 (1008.01
«50 8,85 8,33 =37 7,22 [ 150.71 48,69 [1017.0) 41,03 ( B57.0) 38.78 [ B10.01 43,43 § 907,01 47,88 {1000.0)
W50 12.88 8.33 ~297 7,22 [ 150.7) 4#.69 (1017.01 41.03 4 857.03 38,21 [ 798.0) 44,48 { 929,01 47,45 [ 991,00
+50 1697 8,32 =+97 7422 [ 150,77 GLBLBY [1017.0) 48403 ( BE7.0F 37.73 [ 782.0) 4S54k [ 949,00 u6.87 { 97%.0)
£50  2t.02 8.33 “e97  T.22 ( 150.7) LB.BT (1M17.01 41403  B57.0) 3I7.30  779.01 46,30 § 967.00 46.1E [ 96s.01
50 25,12 8.33 =+97 722 f 150.7) 4B.69 (1017,01 44,03 { BET.0F 36,82 { F6E9.0) &7.02 ¢ 982,00 45,25 { 945,01
B0 1,30 . 33 =237 7.22 { 15071 48469 (1017.0) 61.93 { 857.00 41.37 ¢ BE64.0} 4N, 84 { 853,00 48,36 (1010.M)
129 =2B.42 8.79 =97 4.2% ( B9,5F 75,99 [1587.0) 71.58 (L495.0)0 75,12 [1569.01 €E8.18 {1424.0) 73,35 {1£37.0)
29 ~27.39 879 =497 La29 ( B9.5)  75.99 (1587.0)  71.58 11495,0) ¥5.22 (15T1,01 68,09 (1422,00 73.69 (1539.0}
29 -23,34 8,79 =97 4422 ( B9.5) T5.99 (1587.0F 71,58 (1495.0% 74,74 (1561.00 ER8.23 [1425,00 74.21 {1550.0%
.29 -19.26 4,79 =297 4.29 0 89,5} 75.99 (1587.01 T1.58 {1455.80 74426 {1551.0) 6A.56 {1437,01 74,69 [1560.0)
29 -15,18 8.79 297 La29 1 B89.5) 75.%9 [4567.0) T1.58 {1495,0) 68,90 ¢1439.0% 73.83 {1542.0F 75.12 {1568.0)
29 -=11.13 8.79 =97 4,29 ( BE,51 75.99 [1587.41 T1.58 (1495.01 73,11 (1527.0) 69,62 (1454,00 75,51 [1575,0)
29 =6.05 8.79 =97 6.29 ( BHS,.5) 75,99 [1587.0) 71,56 (1498.8) 72,35 €1511,.00 70,33 {1470.0) 75.70 [15&1.0)
W29 =347 8,79 =97 429 { B9.5) 75.99 (1587.0) 71,58 [1495.0) ¥1.92 (1:502,.0F 70,81 {1479.00 75.7E [15482.0}
29 -1,95 8,79 ~+97 4,29 ( 89,50 75,99 (1587.0) 71.58 (1495,01 71472 (1498.00 71.05 ¢14R4,01 75,75 {1F32.0)
.29 -T2 8,79 =97  4.29 [ B89,5) 75,99 (1587.0) 71.54 (1495.00 71.3% €L490.0) 71,25 {1488,0) T75,7E (1€32,.0)
230 =2.41 8.3€ «»87  GauB U 93.8) 7575 (1582.00 71415 (14BE.0) 71.39 ¢1451.00 70.62 (1L475.0) TEL4E (1576.0)
30 =145 8,36 =437  GaBA {1 93,81 75.75 (1582.0) 74,15 (L4BE.0) 71,29 (1489.0) 70.86 (1480,0F 75,51 (1577.0)
230 ~abity 8, 38 =97 4,48 [ 93,8) T5,75 (1882.0) 71.15 (14BE,D) 71,15 (148E.0) FL.02 (1483,0) 75,55 {1578.¢)
+30 1. 12 2,36 =+87  4okB [ 93,6) 75.75 (1582.0) 71,15 (1486.0) 70.91 (1481.0) 7L.29 (1485, 0) 76,08 [(1589.0)
.30 3.85 8.38 -.97  b.b8 [ 932,6) T75.75 {158Z.00  F1.15 41486.0) T0.62 (1475.0F 71.64 (1497.03 7S5.4€ [15T6E.0}
+30 T4 4,36 297 4.L8 [ 93,6)  T5.75 [15B2.00 T1.15 C(14BE.00 69,86 (145%,0) 72,30 (1510,07 7O0.4B (1472.0)
.30 B.TY 8.36 =297 Lu4B8 1 93.F) 75,75 {1582.0% 71,15 (1486.00 69.7% (145F.00 72.5%9 {1514.91 75,22 (1571.01)
L300 12.82 8.36 =.97 4,48 € 93,61 75,75 C(15BE.01 71.15 (1486400 59,23 {144E.01 73,11 {1527.00 7L.93 (1565.0%
30 18487 8.36 =297 Guu8 t 93.50 75.75 (15B2.0F T1.15 (148€.0) 73.97 [(1545.00 73.16 {1525.0) 74.50 [(1558.0)
.30 20,95 5,36 =+97 k3 1 93.8) 75,75 (1682.0) 71.15 (1486400 68,66 {L434.00 74.12 (1648, 00 76,17 (1548.0)
30 25,23 8,36 =297 4aGB € 93,60 75,75 (1582.0) 71.15 {(1486.0) 63,47 {1430.9) 74,60 {1558,0) 73.50 (41535.0)
30 =2s 5l 8,36 -.97 a8 1 93.B6) T5.75 (1582,0) 71415 (14BE.0) 71453 {1494.9) 70467 (1476.0F 75,51 (1677.0)
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TABLE 1,—Concluded

(e) Data plotted in figure 6.

M a, B, P :q. ) Py Bgr Py Pgs Py

deg deg deg | N/m' (Ib/ft'y KN/m® b/t ) kN/m® (Ib/ith) KN/m? b/t kN/m® (Ib/Ht?) kN/m? (lb/ft?)
.70 . 22 12 21.50 9.65 { 201.5» 59,02 { BL5.D) 2R.11 (¢ SB7.0Y 2B.97 ( E05.DY 29.30 [ &12.0) 328,69 { 808,01
70 1427 49 21.50 9.6% ¢ 204:5) 39,02 | 815,0) 28,11 ( SB87.0) 28.58  597.0) 29.45 1 B1E. M 18.6% ( B0 8.0}
+70 2.69 1.04 Z1.50 9,66 ( 201.5) 33.02 [ B815.00 28.11 ( 587.0) 28,25 [ 590,8) 30,07 { 628.0} 38.73 ( 809.8)
«70 4e 99 1,92 21.510 G565 [ 208.5) 39,02 | B15,9F 28.11 { 567.00 27.53 ([ S7€.0y 30,68 ¢ 645.0) 3m.69 ( 230B.00
o 70 3.70 3,73 71,50 9.65 [ 2N1.5F 33,02 ( 815,00 28,11 ¢ 587.00 26,26 { S48.0) 32,56 ( 660:0) 38.2¢ ( 79%0)
L7000 13448 S.16 21.50 9,65 { 201,5) I¥,.02 ¢ 81%5.00 28.11 {1 587.8) 25,33 ( 529,00 33,66 ( 70300 37.68 { 787.0)
70 17.28 B 57 21.50 G.65 ( 201,5¢ 39,02 ( 815,00 28.11 { S587.0} 24.71 { 51e.M Jhe81 L 727,00 36.92 4 FT1.D
70 21. 15 7,98 21.50 2,65 [ 2B1.5) 39.07 ( 81t.0) 28,1t { 587.00) 24.23 ( S06.D) 35.9€ [ 751.,0) 3€.0FE { 753.01
« 70 2490 5. 30 21.50 e85 [ 201,50 39.02 [ B1E. O} 28,11 [ SB7.0) 23.13 ( w83, 0 36.72 ¢ 767.0) I4,.01 ¢ 727.0)
« 7O 25.84 9.b62 21.510 9,65 ( 201.5% 39.02 [ B815.0) 28411 ( B87.M 22,93 1 4T9,0) 36.7Z2 0 FE7. ) Ihah7 ( 720.00
+50 .18 .07 21.50 Ta22 1 150.8) 49,36 (1031.0) 1,70 ( B¥1,031 &1.90 | B75.0F &1.70 € B71.00 49,12 (102&,4)
«50 1.40 + 556 21.50D 722 4 150,87 49.36 (1031.,0) 41.70 € 871.01 41.51 { BET7.0F 41.99 & B77.00 49.17 {(1827.%0)
»50 2.87 1,11 21,50 7422 ¢ 150,83 49.36 (1031,0F &41.70 4 B7L.0F H1.03 { 257,00} 42,42 C 886.0F 49.17 {(1027.0)
1 S+18 Z2.01 21.50 7.22 [ 150,B8) 43.36 (1031.00 41,70 § 371401 4&0.65 { BLY.0) 43.09 § 9D00.0) 49.08 {1025.0)
-1 9. &8 3. 81 21.5%0 7.72 [ L50.8} 49436 11031.0) 41.70 ¢ 871.0} 39.55 { €Z€.0}) G434 [ 92E.0) 43,75 [1019.0Q)
50 13.64 G204 21450 7.22 { 150.8) 49,36 (1031, 0» 41.70 [ &871,0) J3.50 1 89u.0F 45.34 { 947,0) 48 ,3E (1010, 01
- 50 17,49 6,67 21.50 Fe22 4 15087 49,36 11031,0) ui,70 ( A7L.0% 30.0€ [ 795.0) 46.16 { 96L.O) 47.70 € 997.0}
«50 21. 27 8,45 Z1.58 7.22 ( 150,81 49.35 (1031.0) 41.70 ¢ A71.0% 37,78 ( T&%,0) 4LE.92 { 930,00 42,90 ( A96.0)
« 50 25.08 5,40 21.59 722 [ 15G.,8) 49,36 [1031.0F 41,70 t 871,03 37,20 € 777,00 47,50 4 39Z,5) 45,96 { 960.0)
« 50 24 04 9. 72 21.50 7.22 1 150.8) 49.36 {1034.0) 41,70 { B71,0% JELBT [ 770.0F 46754 ( 993,01 A45.73 { 955 ,.0)
« 30 + 28 11 21.50 4,53 { 94,6} 76,90 {1606,0) 72.25 (1509.0F 72,20 (1508.8) 72,11 t41508.0) TE.6E [1€01,.0D%
» 30 1a47 «58 21.50 .53 ( 94.6) 76490 {160E, O} 7T2.256 {1509.00 72.06 (1505401 72.35 (151t1.0) TEL7D (t602.0)
« 30 2491 1,14 21.50 4,53 [ 9uL,E} T6.90 (160£.,01 72.25 t1509,0) 71.77 {149%,0F 72,54 (1615.0F 76.70 {1602.0)
«30 523 2.04 21450 4,53 [ 94.8) 76.90 [1650B.0F 72,25 {1509,0) ¥1.46 {1492.0) 72.97 (1524, 01 7E.61 (1&00,0)
+ 30 9. 96 3.67 21.50 4.53 { 90.6) T6490 (160E0) 72,25 {150%9.0% 7T0.72 [1477.0) 7374 11540,0) THE.4E {1597.3)
+30 1575 G. 31 21.50 4,53 ¢ 9u.6F 76.90 {(1A06,0} 72,25 (1509.01 70,19 (14E€.0) T4.26 (1551.0) 76.13 [(1590.,0)
» 30 17453 Be T2 21.50 4.53 { 94.8) 76.90 (1606.0) 72.25 (1509,03% 69.81 (1458.0) Th.34 1563, 0) 75.7¢ (1583.01
30 21,43 8.1b 21,510 4453 [ 94,.EB) 76.90 ¢160E.D) 72425 (1509,01 69.43 {1450,0) 75.27 [1572.0) 75,27 (172,00
30 285. 20 9,67 21.50 4.53 [ 94.56) 76,90 {160E6.0) 72.25 (1509.0} EQ.28 (1L&7.0) 75.55 [1578.,0) 74,59 {1560.0}
+ 30 2Ba 14 9,80 214510 4. 53 | 94.B) 76£.90 {1606.0) 72.25 (1509.0% 69.23 {1G4e.0) 75.65 C1SED. ) TL.50 11556,8)

estimated as follows:

INSTRUMENTATION UNCERTAINTIES

The uncertainties of the instrumentation and wind tunnel measurements were

Reynolds number, per meter {(per foot)

Total pressure, N/m? (Ib/ft?)

Static pressure, N/m? (b/ft¥®)y . . . .
2 z

Pl. Pz, pss 941 p5| N/m (lb/ft ) P

Measurement ESt]mat?d
unecertainty
Wind tunnel flow angularity («, B, ¢), deg . . . . . 0.1
Alinement of the sensor centerline axis with the
wind tunnel centerline axis (), deg . . . . . . . 0.3
Mach number e e e e e e e e +0.045

+0.032 X 10% (+0.01 X 10%)
+15 (+0.31)
+15 (+0.31)

+240 (£5)

METHODS FOR DETERMINING ANGLE OF ATTACK

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




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
2P5 ~ Pg ~ Py

ac = 0.3 are tan

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. 4 t0 6).

o
1— o ©
"Mach g
a-a, deg 2}~ number 4
3 o 0.30
0 0.5 °
ne o 0.7 o

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

a]
2
b 8
0 o ¢ % S8Be® o o o
a-a, deg OOFS S
1 s O ©
o o
-2 b °
-3 Le]

P N Y N T S Y
-8 -4 -20 -16 -12 -B -4 0 4 8 12 16 20 24 28

a, deg

(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°; @ =~ (°.
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Mach

3¢, nu mber
2 —g o 0.30
o 0.50
11— @& < 0.70
0 8- . <
8 § eo258% § o
a-a,d o, © 5 o©
s U5G -1 — o <
o
-2 o}
<
2l D
o
_4 -
5 I I I B B oL 1 1. .1

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

’4
B
b0
T 8
1 & o
L] g’@ﬁé%ﬁ & g o
a-a., deg - 8
C = g
-9 - g
_3._
_4__
I Y Y I S
-28 24 -20 -l6 -12 -& A4 D 4 g8 12 16 20 24 M
a, deg
(b) B = 5°,

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
3 %n number
& o 0.3
2} o (.50
& o 0.70
1+ *®
® 3
0 9 €83 o
‘ ® g 2
a1k 8
&
-2 = a
_3 -
&
- —
5 [N I S I N N I IO SR N O S
32 28 24 - -16 -12 -8 -4 0 4 B 12 16 0 24 78
o, deg
(c) B =~ 8.5°.

Figure 5, Concluded.

Mach

a-ag. d& -2 numher go
o
-3 o 0.30
a 0.50
a o 0.70
5 I S SO VU S
0 4 8 12 16 20 24 28
a, deg

Figure 6. Angle of attack correction curve
for a roll angle of 21.5°. B &~ 09

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 2 calibration

curve. First, Apa was calculated for the entire range of angle of attack by using

the following equation:

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,

14

1.5 —

Mach §

number %
Lo o 0.30 g
M a 0.50

& 0.7 %
. g
S

&
9\%
0
Ap iq <§]
x #
__5— 9
<&

g

-1.0— o g
B
®

-1.5%)
pob L V1 b
-28 -24 -20 -16 -12 -8 -4 0 4 g 12 16 20 24

a, deg

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



Method 3

Methoed 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 p 5/p versus Mach number is obtained from the wind tunnel
data for different angles of attack (fig. 8). Next, a set of curves of ﬁ.pm/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)/u (the slope) of each of these lines can be plotted versus Mach number

(fig. 10).

1.35— Angle of

attack - : : O
deg v

0.5 _ .

+10.6 W
+14.7 ) ‘ )
+18.6
122.7 )

+26.7 o

1.30 —

1.25 |-

9400

1.20 '
P5/i3
1.15
1.i0
1.05
3 4 .5 b g
Mach number

Figure 8. Variation of ps/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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16

2 Mach

1 | number
' 0.30
A 0.40

0.50
0.60
0.70

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).

06 —
014 -
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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 psfp from sensor data

Calculate Apud‘p5 from sensor data

Assume an initial angle of attack

|
Find Mach number from the psfp versus Mach number

curve af various flow angles (fig. 8

]
Use Mach number to get (Apufpsifu from a curve
of (Apufpsifa versus Mach number (fig. 10)

1
Divide ApﬂJ’p5 by {Apﬂ!psﬂu to get angle of attack

Use angle of attack as the initiaf angle
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/ ps) /a from figure 10, which is a plot of the slopes obtained from figure 9.
The value of Apa/ P obtained from the sensor data is divided by (Apu/p 5)/(:. 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(¢), 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 = e, cosq,. 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

a-al, deg

P I T T T T A
-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/ g)/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 @ = +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 ‘ o
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 = (A - Bsin® 8) + p_ (1)
where
0 angular displacement from stagnation point
q ' dynamic pressure, 0.7M"p_
A,B functions of Mach number
Py pressure on a point on a hemispherical body at an angle © from the
stagnation point
P free stream static pressure

From equation (1), Pgs Py and Py (see sketch) can be expreSsed as:

>K'——_‘—_ Pg = q(A - Bsin? a) + p (2)
459 . s
Ps 3 - Dq = qlA - Bsin®? (45 - a)] + P (€:))
v /Ps py = qlA - Bsin® (@ + 45)] + p, (4
By applying the identity sin? 8 = —1————9-22%—2—9- to equations (2), (3), and (4),
the following equations can be derived:
Py = q[A - 2. - cos 2a)] +p, (5)
= _ B - '
Py = q{A 5 [1 - cos (90 2a)]} +pg (6)
P, = q{A - 201 - cos (a + 90)]} +p, D

Since

cos (C +D) =cosCeosD ¥ 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 {9
By making these substitutions,
p, = q[A - E(l - sin 2a)] +p (10)
3 2 8
P, = q[A - §~(1 + sin Za)] +p (11)
1 2 s '

Then the following transformation can be made:

p5 - p]. =Yy (13)
From equations (5), (10), and (11),
x = gB sin 20 (14)
v = 42 (cos 2a + sin 20) (15)
and
Yy _ cos 20 + sin 2a _ 1 + cot 2 ‘ (16)
x 2 sin 2¢ 2
from which the following equation is obtained:
cot 2a = %2 -1 an
Then, from equation (17),
_ X
tan 20 = - x (18)
Therefore
_ -1 X
¢ = 0.5 tan (W) ‘ a9

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

_ Pa ~ P
a = 0.5 tan 1( 3 1 ) 20)
Py ,

2Py ~ Pg -
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