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WIND-TUNNEL CALIBRATION AND REQUIREMENTS FOR IN-FLIGHT
USE OF FIXED HEMISPHERICAL HEAD ANGLE-OF-ATTACK
AND ANGLE-OF-SIDESLIP SENSORS

Earl J. Montoya
Flight Rescarch Center

INTRODUCTION

The precise measurement of angle of attack and angle of sideslip is critical for
aircraft that cruisce at speeds in excess of Mach 3. These parameters are used not
only in pilot displays and for obtaining flight-test data but also as inputs for such auto-
matic systems as inlct control, autopilot, and stability augmentation. Vane-type
angle-of-attack and angle-of-sideslip sensors were used successfully up to Mach 3 on
both the X-15 (refs. 1 and 2) and the XB-70 (ref. 3) aircraft. However, at higher
Mach numbers the temperatures to which the electrical sensing elements of the vane
are subjected become high enough to affect the reliability of the elements. To over-
come this problem, a scrvo-driven ball nose with pneumatic sensors was used on the
X-15 aircraft (refs. 4 and 5). This system kept the pitot port oriented into the relative
wind at Mach numbers up to 6.7. The angle of attack and angle of sideslip were
measured by sensing the position of the bail. This complex system was necessary
because of the large angle-of-attack range through which the airplane flew (refs. 4 and
5). For smaller angle-oi-attack ranges, less complex fixed probes of similar design
which have the necessary accuracy, response, and linear characteristics throughout
the speed and angle-of-attack range are feasible.

Fixed, isolated, hemispherical head sensing probes with static ports 40° to 45°
to cach side of the axis of symmetry have been tested in wind tunnels. They were
found to have linear calibrations of +12° in the Mach number range from 0.3 to 2.6
(refs. 6 to 8). For practical application on vircraft, it is desirable to mount such
flow-direction sensors on the nose boom where the flow is relatively undisturbed.

During the development of the YF-12 hemispherical head angle-of-attack—angle~
of-sideslip sensor, three sensor configurati sns mounted off the nose boom were testod
in wind tunnels to obtain a calibration to be used in flight. ‘The tests were conducted
over a Mach number range of 0.2 to 3.6, This report presents the results of these
tests and discusses the cffects of configuration changes on the calibrations. Mechani-
zation of the information from the sensors for use in aircraft systems, pilot displays,
and test data recording systems is also discussed.

SYMBOLS

Physical quantitics in this report arc given in the International System of Units (S1)




and parenthetically in U.S. Customary Units. The measurements were made in
Customary Units. Factors relating the two systems are given in reference 9.

E() error of the parameter in parentheses
M Mach number
surface static pressure on the pitot probe, 1\‘/m2 (psia)
Pg
P nose boom pitot pressure, N/m2 (psia)
pTO free-stream total pressure, N/m2 (psia) 1
Py»P2: P3Py hemispherical head pressures (page 4), I\‘/m2 (psia)
a9 free-stream dynamic pressure, N/m2 (Ib/ft2)
NRe Reynolds number, per m (per ft)
@ nose beom angle of a'‘ack, deo
@, calculated angle of attack, deg
8 nosc boom angle of sideslip, deg 4
B calculated angle of sideslip, deg

c . )
Ap = Ap,, or Apﬁ, or both, N/m2 (psi)
Ap sensor differential pressure coecfficient

9

Apa/: Py = Pp» N/m?2 (psi)

== - 9 2 3
ApB Py = Py N/m% (psi)
Py
Aa nose boom angle of attack for zero T deg
0
Ap
A3 nosc hoom angle of sideslip for zero Fﬁ, deg T
0
1
2




CONFIGURATIONS TESTR

Three-view drawings of the fixed hemispherical angle-of-attack— angle~-of-sideslip
sensors tested are shown in figures 1(a) to 1(c). The sensors were strut-mounted on a
nose boom with a pitot hcad. Pertinent configuration characteristics are given in
table 1. The configurations differed primarily in alinement relative to the airspeed
boom and in standoff distance. Ail three configurations were tested in wind tunnels.
Photographs of configuration C, which was flown on the YF-12 aircraft, are shown in
figures 2 and 3.

WIND TUNNELS

Wind-tunnel tests were made in the Lockheed Aircraft Corperation (LAC) 8- by
12-foot low speed wind tunnel and the 1- by 4-foot supersonic tunnel and in the Ames
Research Center (ARC) 8- by 7-foot supersonic tunnel. Table 2 lists the pertinent
characteristics of these wind tunnels. Additional detail on the LAC 4- hy 4-foot and
ARC 8- by 7-foot supersonic tunnels are presented in references 10 and 11.

TEST CONDITIONS

Conditions 10r the wind-tunnel tests were as follows:

Tunnel - N, o,
Configuration b e e+ e e e Re
LAC per m (por fty
= by 12-foot
tow speed 302 (1.5) 1
A l__‘ e oo = by {-foct supersonie o0 __._._1 fo
° o E® o ] ° © of mimed
~= by 12-foot . G
low speed 1.92 (1.5) < 10
B r<l'~~-——-—'————* 4= by 4-foot supersonic ':*"*_‘—F—I to
o @ -3 (- © o 26.2 (‘R.O)KIOG
4= by 4-foot supersonic
000006 09 ° o0 328 1.0y <10°
. . e i 1o '
C ARC 5
e o 65.6 (20)~ 10°
&= by 7-foot supersenic
o o 0o
(14 .4 oK 1.2 1.6 2.0 2.4 S 3.2 3.6




The configuration C tests conducted by Lockheed were monitored by NASA.
DATA REDUCTION

Mach number, M, free-strcam dynamic
pressure, qO, free-stream total pressure,

Vertical

pTO, and the hemispherical head pressures,

pl, Py Py and Py together with angle of

attack and angle of sideslip, were obtained
from the wind-tunnel tests. The four hemis-
pherical head pressures obtained are shown
in the adjacent sketch. Differential sensor

. Ap,, Apg

pressure coefficients, T or a.’ or py and py in angle-of-uttack planc
0 0

both, were calculated by using the foilowing

expressions:

Py and Py in angle-of-sideslip plane *

Ap, _P3 -1

dg 9o
and

ApB B P2 - Py
9o LN

The data for configurations A and B, which werc tested by Lockheed, were provided

in terms of Ap versus angle for hoth angle of attack and angle of sideslip. ‘The ratio
PTg Ap
a was determined by using reference 12 for cach Mach number tested. Then :

0 9o
was obtained by using the expression

0

Ap Prg _Ap
pT0 99 9

Configuration C data were provided in the required parameters.

The plots of %—P versus angle show that ihe results tend to be linear. The slopes
0 .

/ i \ s



of the lincar results were measured over an increment range through the origin of

Ap
approximately 10°, which yiclded a calibration sensitivity factor of A:gl The
Ap
sensitivity was determined for each Mach number and configuration. Plots of E?EQ]E

versus Mach number werce made from these results.
ACCURACY

The accuracy of a flow direction sensor is a function of both the wind-tunnel calibra-
tion error and the error associated with the instrurnentation used to measure flow
direction. The most important information to be obtained from a wind-tunnel calibra-

tion is the change in the differential sensor pressure coefficient, %E, per degree of

angular change as a function of Mach number. A calibration of this type was developed
' Ap
q
which used measured slopes equal to Xﬁg—,(’)fé-’ in which angle is an increment where the

faired data line was linear. The slope calibration minimized the effects of zero shift
and bias errors due either to misalinement of the probe or to deflections of the sting
due to air loads during the calibrations. Nonetheless, the probe was alined as care-
fully as possibie in the tunnel, using a transit and an inclinometer. The estimated
average errors ia tunnel positioning and Reynolds number, absolute pressure, and sen-
sor pressures were as follows:

Parameter Estimated average error
a +0.18°
B +0.11°
N 0.7 X 106 per m
Re (0.2 % 106 per ft)
pT0 +0.25 percent of reading
Py Pys +344.7 N/m?
(0. 05 psi)
Pqs Py

The error in Mach number became larger with increasing Mach number, as shown in
the following tabulation:

,'_’ TN __,;..y—‘—
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0. 001
£.003
+, 004
4,004
+, 004
+,004
+. (04
+, 007
+,010
+, 020
4,060
+, 080
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To apply the calibration, ;?P— was determined at a par ~ilar Mach number from
0
the pressures measured by a properly alined probe and divided by the calibration factor
as follows:

(50 e
q
- 0 M eUT
Angle Ap

g

\Angie/capipration

The portion of the angular error attributed to the calibration factor was caused by the
tunnel positioning and pressure errors mentioned previously. The effects of these
position and pressure errors on the slope calibration and the resultant angular error
were calculated using the techniques of reference 13, (The error in the measured

%P- is a function of the installation and thereforce is not included.)
\]

q
The errors resulting from the effect of Mach number errors on 4 and p—O—
T
0
were used to obtain the overall error shown in figures 4(a) and 4(b). Since the values

Ap Ap

of and can vary over a wide range (angles of attack from

o measured Pt measured
-1° to 16° and angles of sideslip from -5° to 5°) in the subsonic to supersonic Mach
number range, the calibration errors are presented as a percentage of the angle-of-
attack and angle-of-sideslip readings. These crrors were 3 percent or less at the
high supersonic Mach numbers. In this airspeed range, angle of attack and angle of
sideslip were normally less than 8°, which resulted in calibration angular measure~
ments that were accurate witkin 0. 25° (approximately 8° x 0. 03).
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RESULTS AND DISCUSSION

Configuration C was chosen for use on the NASA YF-12 aivplane for several reasons.
An accurate airspeed and angle-of-attack angle~of-sideslip indication system was
desired to provide critical airspeed and flight informaticen to both the pilot and the air-
craft systems over the operating range. Emphasis was placed on operation at high
supersonic Mach numbers. The alinement of the hemispherical head to the flow at
flight angles of attack geverned the design of configurations B and C. As is shown, all
three configurations would have been adequate for obtaining the angle of attack and
angle of sideslip,. However, interactions between the strut-mounted fixed hemispheri-
2l head sensor and the airspeed pitot head also had to be considered. These inter-
actions were minimized in configuration C.

Wind-tun::el results for all the configurations tested are presented in figures 5 to 13.
Samples of the basie data in terms of the sensor pressure cocefficient versus angle of
attack and sideslip arve plotted in figures 5, %, and 11 for the dMach numbers tested.

The calibration for angle-of attack and angle-of-sideslip curves is gencrally linear
from -6° to 8’ about the zero pressure coefficient.  Minor nonlinearities occur outside
this rangec.

Ap
q
A summary of the sensitivity, or _:\D_L%E’ of the hasic calibration curve. in fig-
ures 5, &, and 11 is shown as a function of Mach number in figures 6, 9, and 12. A
Ap
.90 . . . .
sharp drop in 4= occurs in the transonic region (figs. 6 and 9) followed by a gradual

Angle
Ap
9o
rise as Mach number increases. It should be noted that as Xn_p._l—c decreases, the
sensitivity of the angle calculated (or the resolution of the angle) for the pressure co-

efficient measured increases. ‘Therefore, in the transonic region and up to Maca 1.8

. Ap . s
crrors in (—(;L or Mach number can result in a significant angular error,
} .
measured

The calibrations tend to become constant again above Mach 2. 6,

No significant Reynolds number effects were apparent in the Reynolds number range
from 3.28 to 65.6 %X 100 per meter (1.0 to 20. 0% 108 per foot) (figs. 1) and 11(d)).

Because of the inclination of the angle-of-attack probes and ports to the nose boom
centerline, the coefficient of differential sensor pressure should be zero at angles of
attack of 0°, 4°, and 3.4° for the A, B, and C coafigurations, respectivelv. The co-
cfficient of diffcrential sensor pressure should be zero at a sideslip angle of 0° for all
the configurations tested. Deviations from the theoretical zero pressure coefficient
crossings shown in figures 5, 8, and 11 are attributed to a combination of ilow conditions

arvound the probe, tunnel flow anpgularities, and tunnel measurement tolerances.

c © - oA e o =
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Figures 7, 10, and 13 show the angles (A and Qj3)  that correspond to zero pressure
cocfficients for configurations A, B, and C, respectively.

Configuration A
The wind-tunnel results for configuration A a~e presented in figures 5, 6, and 7.
Individual fairings of the angle-of-attack and aagle-of-sidesltip data were made; however,
Ap
q,
Angle
the « and 8 wariations (fig. 6) mav be appropriate, depending on the scecuracy requir-
ed. For usc on an airceraft, the errov caused by using a single curve rather than individ-
ual angle-of-attack and angle-of-sideslip curves was cevatuated by determining the differ-
ence between the angles in the individual calibration curves and those in the faired curve.
The foHewing table shows typical biased errors which result from using a single curve:

scatter in the supersonic slope data, , indicates that a single faicing to represent

l Mach Typical Error in
number angle of fllta('k, angle of attack,

U deyp deg
0.4 7 0.1
1.0 2 .05
1.1 G 18
2.0 G 15
2.6 6 13
3.0 4 L OR
3.6 4 .08

Normally the angle of sideslip is within #1°, so the biascd error in the angle of sidestip
would be about ~-0.037.  The difference between the faired curve and the angle- of -sideslip
curve is about 3 percent over the Mach range. Because these errors are biasced, they
can he corrected for; however, the use of the individual calibration curves is move
accurate. When a single calibration curve is used, results from figure 4 and the biased
errors would be used to determine the total calibration error in angle of attack and

angle of sideslip.

The angles at which the interseciion point for angle of attack (Ap, = 0) and angle of
sideslip (Apﬂ = ) occurred are shown in figure 7. As shown, the interscction points

are not at 0°, The following angular corrections (Aw and Aj3) should be applied to
obtain an accurate angle determination:

(Ap
qQ
< ~dd
=Aa+ /measured
Ap
R
Anglefuatibration
8
o . - - r Te o L - Fac.L . L oA -t
P S - . . © ! @ R Tl Ry 4 . L -
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and

Ap
q
. measured
/[ Ap
q
\ :‘\A;;?r(‘

i = A3+
calibration

Coafiguration B

Figures 8, 4, and 10 present the wind-tunnel results for configuration 12, The
fairings of the sensitivity factor versus Mach number data at the lower Mach numbers
Ap
. _ . . . R0
(UE. 9 arce based on the fairings in figure 5. The values of Anple at Mach 2.0 and
above are fower than those of configuration A and are the result of alining the hemi-
gpherical heao sensor 17 downwanrd frem the horizontal.

The use of a single calibration curve, deter.ained by fajring through the data of
figure 9, to determine angles of attach and sideslip was evaluated.  The following
table shows the resultant error in angle of attack:

Mach Typical Error in
number angle of attack, angle of attack,

deg degs
0.4 7 0.13
1.0 2 .05
1.4 6 .17
2.0 14
2.6 6 .14
3.2 4 .09
3.2 4 .09

The biased error in angle of sideslip is about -0.03° fer nominal angles of sideslip of
+1°,

The corrections for the intersection points for configuration B, which make it
posutible to obtain accurate angle measurements, are shown in figure 10.

Configuration C

Figures 11, 12, and 12 present the wind-tunnel results obtained with configuration C.



The values of differential sensor pressure cocfficient tor both angle of attach wnd angle
of sideslip from the two different tunpsis agreed at Mach 2.6 (oL TLIy) amd Mach 3.2
(fig. 11(d)).

The results from cach wind tunne! were plotted separately in terms of the sensitivity
Ap

factor, versus Mach number (fig. 12). A pronounced difference of approxi

0
Angle’
mately 0.0060 in the sensitivity parameter appeared between the angle-of attack and
angle-of-sideslip data for configuration C, presumably because the wngle-of attack ports
were shifted asymmetrically downward on the probe face ond because it was in a dif-

Ap
q

0

ferent flow ficld. This difference in el which appears to be nearly constant over
¢ ¥

20

4
the Much number range tested, is confirmed by the LAC and ARC vesults. The —'\:i;:)l_(_-

of the angle-of- sideslip slope is less than that of the angle-of- attack slope at any given
Mach number.

Use of the single calibration curve shown in figare 12 to determine both angle of
altack and angle of sideslip would result in the hiased errors shown in the table below,
Reynolds number differences did not seein to affeet the results (figs, 11(M) and 11(d).

*&Mnch Typical Lpeey in
numbcr angle of attack, angle of artsel,

deyr deg
L 6 0.22
2.0 G an
2.0 6 .27
50 4 .25
3.2 4 .29
51 4 1 .20

The biased error in sideslip for a nominal angle of sideslip of I° is approximately
~0.06°. Interscetion point corrections (Ao and Aj5) for this confliguration are pro-
sented in figure 13. Delow Mach 1.4 the fairing was bazed an subsonice results tor
configurations A (fig. 7) and B (fig. 10), because no subsonic data were taken for con-
figuration C. The angle-of-sideslip correction is essentially zero for Mach numbes
greater than 1. 4.
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Comparisons

Pecnuse no data were obtained below Mach 1.4 for configuration C, a means of
obtaining a calibration curve from AMach 0.2 to 1.4 was needed.  The results from all
three configurations are combined in figure 14, This figure was usced to generaie an
angle-of -attack — angle -c -sideslip calibration curve over the enti-e .siach range for
configuration C.

Comparison of angle-al-altack data. — The angle-of-attack results for ali three con-
firurtions are shown in figure 1-1(@). In gencral, data for configurations A and I3 agiee
Ap,,
- K0 . . .
within i 0.003 h o over the Mach range from 0.2 {o 2.2, All three configurations are

in seneral agrecisent froam Mach 100 to 2,20 Above Mach 2.2, the data for configura-
ticas A and C agree within +9.993 in sensitivity, but the configuration B results are
tow. A [ull-ranpe calibration for configuration C was generated by taking into con-
sideration the resalts of configurations A and B in the Mach number range from 0.2 to
o b, and those of configuration € in the laach nuntber rmnge frem 1.4 to 3.6,

Comparison of & ylc-of-sideslip data. - Figure 14 (b) is a compiiation of the angle-
of sideslip-determined sensitivities from the configurations tested.  Configurations A
and B show that the angle-of-sideslip results ditfer from tne angle-of-attack results by
a constant (ngle-of sideslip sensitivity was approxima.el 0.003 lower than angle-of-
aftiack senslitivity) over the Mach number ranpe (figs. 6 and 9. A calibration curve for
the angle-of sideslip doaa [or configuration C was faired usiag the sseneiel shape char-
actevistics of the angle-of sideslip data calibration curve in the Mach number range
from u.2 1o 1.4, Above Mach 1.4, the calibration curve fairing was weighted by the
contine dion C angle-ot-sidestip data.

Mechanization of Calibration Curves

Beenuse angle of attack and angle of sideslip a, ¢ important flight parameters for
pilot display and input ¢lements inte automatic systems, a meuns of obtaining these
valuves guickly and sccenrately on Leard an aireraft would he desirable. Since {ixed
hemispherical head sensors do not provide a direet readout of angle of attack or angle
of sideslip, special processing of the hemispherical head sensor data is necessary.

Although dynamic pressure, i is a fundamental paramcter in the calibration

Ap
G
0 .
term, Ao it is not cosily measured in flight. Therefore, an aliernate technique
+ [

using nose boom pitot pressurce, pop for the angle-of-attack—angle-of-sideslip cali-

bration instead of ¢, hag been developed for use on an aircraft.,

0
A
A plat of -—— versus Mach number is presented in figure 15. This figure presents
Dy
N . - P PR . ‘ . . . 1.1.
2 . oo ¢ 3 N e N ‘ . : -
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theoretical results obtained from reference 12 and typical flight-test results obtained
with configuration C. As shown, the theoretical results and the test data generally
agree and above Mach 1.8 tend to become less sensitive to Mach number changes.
Using the vesults shown in figure 15 and the celibration curves shown in figure 14, a

Ap
Py )
calibration was obtained in terms of m (fig. 16). The data flow diagram
Ap
Py

associated with the Anale calibration curves is shown in the following scheinatic
Lel

drawing:

. . e e ~_ Ps
1 by
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Py S—- Shock wave
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\\ Apy ’
o
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Angle
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This schematic also illustrates a technique developed (using ———Angle } to present angle

of attack and angle of sideslip to the pilot in flight. A constant intersection correction
for Au and AB is assumed and applied. To accomplish this, an air-data computer
would be used to provide indicated Mach number from Pr and pg. A high-speed

12




onboard digital computer would store the calibration and perform the tasks shown in the
data flow diagram. Inputs to this computer would be Ap(y, Apﬁ, P and indicated

Mach number. The outputs from the computer would drive angle-of-attack and angle-
of-sideslip indicators. An installation of this type was flown on the NASA Yi-12 air-
planc with the configuration C sensor at Mach numbers up to 3.0 and temperatures in
excess of 290° C (550° ).

APPILICATIONS

Thz fixed hemispherical sensors tested offer improved reliahility, since they had
no moving parts and, unlike conventional vane-type seasors, did not require a minimum
aerodynamic torque or flutter speed. This was especially advantagcous at high Mach
numbers. In addition, the sensors were rugged and required little mainicnance once
installed. They did require an onboard computer to provide rcal-time pilot displays,
and pressure lag effects had to be considered if long pressure lines were used or if
dynamic responsc was desired.

The device would lend itself to use on highly maneuverable aircraft, since it ap-
peared to be insensitive to high g loads (boom bending excluded). High temperature
and vibration did not appear to affect the sensor adversely., The sensor could al:o have
been used as an in-flight research probe to study flow characteristics at locations
other than the airspeed boom area, such as inside the inlet,

In an inlet application, an isolated hemispherical head sensor would be used {rather
than a nose boom or pitot probe like configuration C). A comparison of isolated probe
results from various studies with ccuafiguration C sensor results is shown in figure 17.
Only angle-of-attack results are coripared. The pressure orifices in all the isolated
probes except those discussed in reference 14 were located 45° relative to the sensor
axis. The isolated probe data were corrected to obtain an equivalent Py by using the

technique suggested in reference 12, As expected, agreement is good at subsonic
speeds and through the transonic region. However, with increasing speeds the results
diverge. This divergence is believed to be generated by the pitot bead flow field. The
flow ficld cifects are negligible ihrough the low supersonic speeds but become more
pronounced at higher supersonic speeds.

CONCLUSIONS

v’ind-tunnel pressure tests of three full-scale fixed hemispherical angle~of-attack
and angle-of-sideslip sensor probes mounted off a nose hoom were made over the
free-stream Mach number range from 0.2 to 3.6 to ohtain a calibration for flight use.
The test data provided angle-of-attack and angle-of-sideslip calibrations for each of
the sensor configurations and led to the following conclusions:

1. Angular measurements accurate to +0.25° were possible for angles up to 8° at
high supersonic spceds. Errors at transonic speeds could have been considerably
larger.
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2. A single calibration curve for determining both anele of attack and angle of
sideslip could have been used in conjunction with appropriate bias ermr corrections,
Reynolds number effeers were negligible for the range of values tosted,

3. The fixed sensors were rugeed and reliable with no moving parts; however,
poeumatic lag duc to line length had to be considered.  Flight expericnee showed these
devices to be suifable for use in a high temperature environment.

4. In-flight onboard .emispherical heud sensor signal outputs required special
processing to oblain accurate real-time angle-of-attack aad wngle-of- sideslip measure-
ments that were satisfactory for pilot displays or aireraft systems.

5. The results from boom-mounted probe tests showed goad agreement with
results from tests of probes in an isolated memting up to a Mach number of 1.4 but
poor agreement at higher speeds, probably beceause of the proximity of the pitot head
and boom,

i Light Research Center,
Natenal Actonautics and Spece Adminttration,

Pdwacds, Calil., September 8, 1972,

14

A,




10.

11.

12.

14.

1i.

REFERENCES

Stillwell, Wendell H.; and Larsen, Terry J. o Measurement of the Maximum
Altitude Attained by the X-15 Ajvplane Powered With Interim Rocket Fagines.
NASA TN D-623, 1460,

Fischel, dJack: and Webb, lannie D.: Flight-Informational Sensors, Display, and
Space Cuntrol of the X-13 Alrplane (or Atmospherie and Near-Space Flight
Missions. NASA TN D-2107, 1068, '

Wilzon, Ronald J.; Love, DBetty J.: and Larson, Richard R.: Evaluation of Effects
of High-Altitude Turbulence Encounters on *he XB-70 Airplane. NASA TN D-6457,
1971,

Wolowicz, Chester Ho; and Gossett, Terrence D : Operational and Pesrformance
Chanructeristics of the X-15 Spherical, Hypersonie Flow-Direction Sensor.
NASA TN D-3070, 1965,

Cary, John P.; and Keener, Earl Ro: Flight Evaluation of the X-15 Ball-Nose
Flow-Direction Sensor as an Air-Data System.  NASA TN D-2923, 1965,

Hutton, P. G.: Static Response of a Hemispherieal-Headed Yawmeter at High
Subsonic and Transonic Speeds. C.oP. No. 401, British AL R.C., 1958,

Roberts, B. G.: Static Responge of Hemispherical Headed, Differential Pressure
incidencemeter From M = 1.6 to 2.6, Tech, Note HSA 13, Weapons Research
Petablishment, Australian Defence Scientific Service, Nov. 1959,

Smetana, Frederick O, and Headley, Jack W.: A Further Study of Angle-of-Attack
Angle-of-Sideslip Pitot-Static Prehes. WADC Tech. Rep. 57-234 Part 4. Wright
Air Development Center, Junce 1958, (Available from DDC as AD 151089.)

Mechtly, E. A.: The International System of Units - Physieal Constants and
Conversion Factors, NASA SP-7Tul2, 1469,

Anan.: The Lockheed 4-Ft, ¥ 4=-Ft. Supersanic Wind Tunnel— Technical
Desceriptioci. Rep. Noo C-1-11, Lockheed Gas Dynamics Laboratory.

Staff of the Ames Research Center: Research Facilities Summary. Vol, 1I-Wind
Tunnels. Subsanic, Transovic and supersonic. NASA, Dee. 1965,

Kerr, H. C.: Mach Number Tables (y = 1.1y With Correction Factors for Real
Afr. CM 1036-1, Ordnance Acrophysics Lab, (Daingerficld, Tex.), General
Dynamics, April 9, 1964, (Available from DDC ns AD 624598.)

Barry, B. Austin: Engineering AMeasurcments. John Wiley & Sons, Inc., 1964,

Beecham, L. J.; and Coilins, S. J.: Static and Dynamic Response of a Design
of Differential Pressure Yawmeter at Supersonic Speeds. C.oP. No. 414,
British A. R.C., 1958. :




TARLE 1. CONFIGURATION CHARACTERINTICS

Neeses hoem Tengthy em iy o 0 0w 0 0 0 0 L. e e e e e e e e e e e e e e RPN N i NN
Sevsor head dameter, Cmongt o 0 w0 0w e e e e e e e e e e e .. .91 (0.75
Pro~sure port dianmseter gn senser heady, emdngy o0 00 0 00 o000 0L G.17S i aTy
Strut -

Thichness, €M (I0.) o 0 o 4 v v e v ittt e i b o e s e v v o e e e e s 1.27 (1. 50

SR s & e 4 4 st e r e e et e s e 4 e e e e e s e e s e e ae e s . Biconvexairfoil
NDeflection of hemispherical senser head below

Borfzontal conterline, de v v v v v o 6 o e b e h e e e e e s e e e e e e 15
Sensor port pliasne -

Angle of aach & 0 L 0 L L e s s e e e e e e e e e e e e e e e e e Vertical

Angle of sideslip o0 0 0 00 L L L s s e s e e e e e e e e e e e e e e s Horizontal

Configuration
A B C

strut standoff distance, em gngy L, L L. . . T.62 (3.00) 6,30 (2.15) 6.35 (2.50y
bistance of sensor from tip, ¢m tin.y, o . . 30,45 (12.00) 30,4K (12.00) 32.71 (12, 88)
Seasor centerline alinement, deg o . . L, L 0 4 0
Location of ports—
Angleof attachk o L 0 0 o oo oo s .00 4 from 427 [rom Offset 2,4
sensor center-  seasor center-  downward
line line (90" aparty
Angle of sideship o o o0 o0 v o 0w . 457 from 45° from 157 frem
SCNSOr center-  sSensor center-  sensor center-
line Jine line

TABLE 2. PERTINENT WIND-TUNNE L CHARACTERISTICS

.
LAC 8- by 12-foot low speed wingd tunnel— %
OpPeration & v v o 4 v vt 4 v 4 e o v o e s st e e e e s s e s e Continuous, closed-circuit N
Machnumber . & . . 0t i s e s it it i e e e e e s e e e e s . U100.30
Rewnolds number . . 0 0 0 o v i i ittt e s e s e s e e e e e l'ptoG.SG‘-:lOGpormcter -

(2.0 %< 106 per foot)
Normal angularity testing capability, deg:
Angle of aUACK .« o 0 0 L o L s L s e e e e e e e e e e e e e e e =10t 20
Angle of sideslip .« 0 0 0 0 L 0 0 e d e i e s e s e e e e e e e e e =301030
Propeller for airflow—
TVPC o v i o v s e n et e e st i e e e e s e e e e e e ... Six-bladed (wooden)
Diameter, m (ft) . ¢ ¢ 0 v v v it e e e st e e e e e e e e s G.1020)
Power, MW (thp) . 0 v 0 o i i s e s e e e s e e e e e e e e e e e« 1LUBB(2500)
LAC 4- by 4-foot supersonic wind tunnel-
Operation « v v v v v v v o v 6 e v o s s v o v o s e e s a5 s e e . Blow-down; pressure
storage with atmospherie
exhaust

MAIChnUmBEr « « 0 o vt v i vttt t vt e et s o et s s e e s ees 0.7t05.0

Resnolds number o o v v 0 v v 4 v 6 6 6 o o o et o o o o o v o o a oo l'ptoﬁ:‘z_.(‘)xloﬁ per meter
(20 % 109 per foot)

Normal stagnation pressure, N/m? (PSIA) & v v v v e s e e e e e e e e s 4.13TX 106 (60U)

Stagnation tempe rature, K EOR) e e v e e vt e e s s et o s e e e e e B11.010391.3 (359.7 t0 709.7)

Running time, SeC o v v i v v v vt o s vt e e e s e e e s e e e e s s« D toapproximately 180

ARC 8~ by 7-foot supersunic wind tunncl—

Operalion o 4 ¢ o o 0 i i o o o v s s s s s o a v s o s s s e Continuous flow

Machnumber o . 0 o 0 0 o 0 i it i s i et e e e e e e e e e e 2.45 to 3.5 R

Resnoldsnumber . o o v 0 0 i 0 0 0 i i i s et e e i e e e e, 3.28¢00 16.4\-’]9" per meter
(1.0 to 5.0 x 104 per foot)

Stagnation pressure, N/m2 (PSIf) o v v v v e v e e e w e v e v e e e a0 . 3.04 t0 20,26 %107
G.11t0 29. b

stagnation temperature, K (TR . v v v o o ot bt v e s e e e e e e .. 322.5 (550)
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(a) Sensor configuration A.

Figure 1. Three-view drawing of nose boom and pitot-static probe showing strut-mounted
hemispherical head angularity sensor. Dimensions in centimeters {inches) except as other-
wise noted.
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' Z—~Hemispherical head
flow direction sensor

(b) Pitot-static probe.
Figure 2. Photograph of configuration C, which is being flown on the YF-12 aircraft.
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Figure 3. Configuration C mounted in the ARC wind tunnel,
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Figure 4. Estimated error in calibration slopes used.
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Figure 5. Typical test sensor differential pressure cocefficient versus boom angle
data for scnsor configuration A,
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Figure 5.. Continued.
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Figure 5. Continued.
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Figure 5. Concluded.
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Figure 6. Sensitivity factor versus Mach number for sensor configuration A.

NRe =4.92 X IOG per mto 31.5 x 106 perm (1.5 x 106 per ft to 9.6 x 106 per ft).
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3. Typical test sensor differcential pressure coefficient versus boom angle

data for sensor configuration B.
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Figure 11. Continued.
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(a) Angle of attack.

Figure 14. Comparison of wind-tunnel sensitivity factor versus Mach number for
sensor configurations A, B, and C.
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