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Abstract

The X-59 is being developed to demonstrate quiet sonic boom technology. Data was obtained via two
test entries in the NASA Glenn Research Center’s 8- by 6-Foot Supersonic Wind Tunnel to calibrate the
X-59’s nose air data probe. The first entry tested two theoretically identical probes with the intention of
one of the probes becoming the primary X-59 nose air data probe flight hardware and the other becoming
a backup. A measurement accuracy and uncertainty analysis was performed on data obtained from the
first test entry. The analysis showed that the uncertainties in the probe pressures were nearly identical for
the two probes, with an average difference of 2.51x10° for the nondimensional total pressure and
2.88x107 for the nondimensional static pressures. The analysis also showed that the uncertainty in the
probe yaw and pitch angles were 0.00034° and 0.01416°, respectively. This gives confidence in the
X-59’s flight air data system.

1.0 Nomenclature

FM forces matrix

M Mach number

MM moments matrix

D, Dt static and total pressure
RM rotation matrix

rkEM final rotated forces matrix
rMM final rotated moments matrix
T, T; static and total temperature
™ transfer matrix

U uncertainty

X, V,z cartesian coordinates

B yaw angle
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y ratio of specific heats
0 pitch angle
roll angle
Subscripts
AoA angle of attack
AoS angle of side-slip
DS downstream of the normal shock
i array index
measured  measured quantity
78 wind tunnel test section
Us upstream of the normal shock
uncorrected uncorrected quantity
2 probe upper AoA pressure
3 probe forward looking aft left AoS pressure
4 probe lower AoA pressure
5 probe forward looking aft right AoS pressure
6 probe static pressure
Superscripts
* nondimensional

2.0 Introduction

The Concorde was a marvel of its day, becoming the first supersonic commercial aircraft to fly the
skies. The Concorde fleet flew for 27 years before being retired in 2003. One of the draw backs of the
Concorde was that its sonic booms were loud and destructive, which is why the United States banned
commercial supersonic flights over its territories. Despite the ban (Ref. 1), there is a growing interest
within the aviation industry to bring back commercial supersonic flights (Refs. 2 to 4). Because of this
interest, NASA has spent the past several years investing in quiet sonic boom technology and has
commissioned the X-59 to demonstrate that a quiet sonic boom can be achieved (Ref. 5). To gauge
whether the X-59’s sonic boom is at acceptable noise levels, the aircraft will be flown over select
communities to gather community response data to be delivered to the U.S. and international regulators
(Ref. 5). Early vehicle design focused on reducing the sonic boom signature loudness by using a set of
computational tools, which led to a preliminary design becoming a test case for the 3™ AIAA Sonic Boom
Prediction Workshop (Refs. 6 to 8). As the vehicle development matured from design to manufacturing,
the details of the instrumentation became important. One such piece of instrumentation was the X-59’s
nose air data probe. The probe would be the primary source of information for computing the aircraft’s
airspeed, pressure altitude, angle of attack (AoA), and angle of sideslip (AoS). A Rosemount Collins
857CK multifunction air data probe was chosen as the baseline nose probe for the X-59. The specific
probe was chosen per the recommendation of Rosemount Collins based on the X-59’s mission
requirements. Two wind tunnel test entries were performed at the NASA Glenn Research Center’s 8- by
6-Foot Supersonic Wind Tunnel (SWT) (Ref. 9) to calibrate both the primary and backup probes. One
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reason the 8- by 6-Foot SWT was chosen for the calibration tests was that it is an atmospheric tunnel that
has the capability to run at the Mach numbers relevant to the X-59, such as sea level take-off and landing
(Mach 0.2), subsonic cruise (Mach 0.9), and supersonic cruise (Mach 1.4). The second test entry was
required as an unusual trend in the probe static pressure was seen around the aircraft’s supersonic cruise
Mach number. Data was successfully obtained from the wind tunnel test entries at Mach numbers ranging
from 0.25 to 1.66 and when combined with computational fluid dynamics data, allowed for the derivation
of the probe calibration curves (Ref. 10). It is important to understand how the measurement accuracy and
uncertainties from the experimental data impact the computed quantities of interest in the calibration
curves to demonstrate confidence in the air data system for safety of flight. This paper discusses the
measurement accuracy and uncertainty analysis of the data obtained from the first test entry, with all
uncertainties quoted at the 95 percent confidence level (i.e., two sigma).

3.0 Test Hardware
3.1 Multifunction Nose Probe

A Rosemount Collins 857CK multifunction air data probe was chosen as the baseline nose probe for
the X-59. The probe measures total pressure, a four-port manifolded static pressure, two independent
AoA pressures, and two independent AoS pressures. The locations of the pressure ports are depicted in
Figure 1. The test entries obtained data from two theoretically identical probes (probe A and probe B)
with the intention of one becoming the primary X-59 nose probe flight hardware while the other one
would be a backup. The determination of which probe was to be the primary and which one was to be the
backup was unknown prior to the test entries.

3.2 Setup

The hardware used in the calibration tests included the multifunction nose probe(s), a probe sting, and
the NASA Ames Research Center’s small model roll mechanism (SMRM). These in turn were attached to
the wind tunnel supersonic strut. A photograph of the setup with the test components labelled is shown in
Figure 2. The two multifunctional probes were tested independently of each other, as shown in Figure 2.
Further information on the test set up and the installed hardware can be found in Reference 11.

Side View Front View

Figure 1.—Probe pressure port locations. For simplicity, the static and total pressure ports are omitted from the front
view (not to scale).
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Figure 2.—Photograph of the test hardware installed
in the test section with the components labelled.

4.0 Calibrated Test Section Analysis

One source of uncertainty for the probe calibration tests was the measured quantities from the wind
tunnel facility. To help reduce this uncertainty, test section static pressure, total pressure, and total
temperature were acquired during one of the latest 8- by 6-Foot SWT calibrations (Ref. 12). The pressure
measurements were made using Electronically Scanned Pressure (ESP) modules that had a range of
+15 psid with a quoted accuracy of £0.0075 psi. This equates to an uncertainty in the pressure
measurements of 0.005 psi (without accounting for thermal effect) or 0.0092 psi (including for thermal
effects)'. Both values are listed here as there was an initial concern regarding thermal effects at the higher
Mach numbers tested. The temperature measurements were made using K-type and E-type thermocouples
with measurement uncertainties of £1.98 R for the K-type and £1.80 R for the E-type'. The calibrated test
section Mach numbers were calculated per Equation (1) for the subsonic regime and Equation (2) for the
supersonic regime (Ref. 13), both of which used the measured test section static and total pressures.

s o ()] »

[ Py 1/(y-1)
(2vMfsys)-(r-1)

2

2
PeTsps _ [(V"' Mz ys
PTS,US 2

]V/(V—l)

where y=1.4.

The computed systematic uncertainties for the calibrated test section Mach number, static pressure,
total pressure, and total temperature are presented in Table I as a function of the calibrated test section
Mach number (Ref. 14). The table only shows information for the calibrated test section Mach numbers
that were of interest to the wind tunnel test. Two of the calibrated test section Mach numbers of interest
were not included in Reference 14. This is because both the random and systematic uncertainties were not
available at those calibrated test section Mach numbers. For estimation purposes, this paper computed the
systematic uncertainties at a calibrated test section Mach number of 0.85 via linear interpolation while the
computed systematic uncertainties at a calibrated test section Mach number of 0.95 used the calibrated

Private communication
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TABLE .—UNCERTAINTIES IN THE CALIBRATED TUNNEL PARAMETERS (REF. 14)

Mrs Unirs U prs’ Uperss Ur,rss
psi psi R
0.25 0.0013 0.0066 0.0048 1.17
0.40 0.0009 0.0062 0.0038 1.02
0.50 0.0007 0.0062 0.0034 1.04
0.60 0.0006 0.0065 0.0040 1.06
0.70 0.0006 0.0064 0.0034 1.08
0.80 0.0006 0.0064 0.0043 1.05
0.85 20.0006 20.0066 20.0047 a1.11
0.90 0.0006 0.0067 0.0051 1.17
0.95 0.0006 50.0067 0.0051 1.17
1.07 0.0039 0.0267 0.0590 1.14
1.19 0.0040 0.0269 0.0633 1.03
1.25 0.0043 0.0274 0.0658 1.03
1.35 0.0049 0.0281 0.0753 1.03
1.45 0.0057 0.0297 0.0927 1.05
1.55 0.0066 0.0313 0.1764 1.01
1.66 0.0077 0.0322 0.1332 1.01

“Linear interpolated value, independent of Reference 14.
"My = 0.90 uncertainties used as a surrogate.

test section Mach number 0.90 uncertainty values as a surrogate. The reason for using the surrogate in
lieu of linear interpolation is because the systematic uncertainties show a step increase when going from
subsonic to supersonic that would yield an unrealistic value for the systematic uncertainties at the
calibrated test section Mach number of 0.95.

5.0 Probe Pressures Analysis

Another source of uncertainty for the probe calibration tests was the probe itself. This section
discusses the accuracy and uncertainty of the probe pressure measurements while Section 6.0 discusses
the accuracy and uncertainty of the probe orientation with respect to the wind tunnel. The probe pressures
were measured using the ESP modules described in the previous section. Table II to Table VII show the
computed uncertainties for the nondimensional probe total and static pressures as a function of the
calibrated test section Mach number. The nondimensional probe total pressures shown in Table II were
nondimensionalized by the downstream calibrated total pressure when M7s> 1. The values quoted in the
tables are for data at a Omeasurea and @surar of zero degrees and were nondimensionalized by their respective
calibrated tunnel pressure. The uncertainties were computed using the standard deviation approach for
computing uncertainties (Ref. 15), as demonstrated in Equation (3) to (6).

p; =2 3)

PtTS
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2 U 2
Ups =i |(2) +(22) @

143 PtTS
* P
P = s )
_ e () (Vs 6
Up*_p\/(P) +(DTS) ()
where
Upt = U, = 0.0092 psi (7

From Table II to Table VII it can be seen that the uncertainty in the nondimensional pressures generally
increases with increasing calibrated test section Mach number, with a maximum uncertainty of 9.73x107°
for the nondimensional total pressure and 9.98x107 for the nondimensional static pressures. As expected,
there is a step increase in the uncertainties between calibrated test section Mach numbers of 0.95 and
1.07. The step increase in the uncertainty is present because the nondimensionalization scheme used the
calibrated test section pressures, who’s uncertainties also showed a step increase. Table II to Table VII
also reveal that the uncertainties in the nondimensional pressures are nearly identical between the two
probes, with an average difference of 2.51x107° for the nondimensional total pressure and 2.88x10° for
the nondimensional static pressures. The two probes are statistically the same because (1) the average
differences in the uncertainties are nearly identical and (2) the average differences in the uncertainties are
nearly two orders of magnitude lower than the maximum nondimensional probe pressure uncertainties.

TABLE II.—UNCERTAINTIES IN THE NORMALIZED TABLE III.—UNCERTAINTIES IN THE NORMALIZED
AIR DATA PROBE TOTAL PRESSURE (p;) AIR DATA PROBE STATIC PRESSURE (p¢)
Up: (<1073 Up (x107%)

Mrs Probe A Probe B Mrs Probe A Probe b

0.25 0.68 0.67 0.25 0.77 0.77
0.40 0.60 0.59 0.40 0.74 0.73
0.50 0.60 0.60 0.50 0.80 0.80
0.60 0.57 0.57 0.60 0.81 0.81
0.70 0.56 0.56 0.70 0.88 0.87
0.80 0.59 0.58 0.80 0.97 0.96
0.85 0.61 0.61 0.85 1.05 1.04
0.90 0.62 0.62 0.90 1.11 1.10
0.95 0.63 0.63 0.95 1.18 1.18
1.07 3.46 341 1.07 3.18 3.13
1.19 3.69 3.63 1.19 3.87 3.81
1.25 3.82 3.79 1.25 4.05 4.02
1.35 4.29 432 1.35 4.89 4.89
1.45 5.17 5.09 1.45 5.40 5.33
1.55 9.73 9.72 1.55 6.36 6.38
1.66 7.27 7.17 1.66 7.50 7.39
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TABLE IV.—UNCERTAINTIES IN THE TABLE V.—UNCERTAINTIES IN THE NORMALIZED

NORMALIZED AIR DATA PROBE AIR DATA PROBE FORWARD LOOKING
UPPER AoA PRESSURE (p5) AFT LEFT AoS PRESSURE (p3)
Up; (x107%) Up; (x107%)

Mrs Probe A Probe A Mrs Probe A Probe B
0.25 0.77 0.77 0.25 0.77 0.77
0.40 0.74 0.73 0.40 0.74 0.73
0.50 0.81 0.81 0.50 0.81 0.81
0.60 0.83 0.83 0.60 0.83 0.83
0.70 0.90 0.89 0.70 0.90 0.89
0.80 1.00 1.00 0.80 1.00 1.00
0.85 1.09 1.08 0.85 1.09 1.08
0.90 1.17 1.17 0.90 1.16 1.16
0.95 1.25 1.26 0.95 1.25 1.25
1.07 3.88 3.82 1.07 3.87 3.81
1.19 4.73 4.66 1.19 4.71 4.64
1.25 5.17 5.13 1.25 5.16 5.12
1.35 6.06 6.05 1.35 6.06 6.06
1.45 7.19 7.10 1.45 7.24 7.15
1.55 8.33 8.35 1.55 8.31 8.33
1.66 9.96 9.82 1.66 9.97 9.83
TABLE VIL.—UNCERTAINTIES IN THE TABLE VIIL.—UNCERTAINTIES IN THE NORMALIZED

NORMALIZEDAIR DATA PROBE AIR DATA PROBE FORWARD LOOKING

BOTTOM AoA PRESSURE (py) AFT RIGHT AoS PRESSURE (pz)
Up; (x107) Up; (x10°)

Mrs Probe A Probe B Mrs Probe A Probe B
0.25 0.77 0.77 0.25 0.77 0.77
0.40 0.74 0.73 0.40 0.74 0.73
0.50 0.81 0.81 0.50 0.81 0.81
0.60 0.83 0.83 0.60 0.83 0.82
0.70 0.90 0.89 0.70 0.90 0.89
0.80 1.00 0.99 0.80 1.00 0.99
0.85 1.09 1.08 0.85 1.09 1.08
0.90 1.16 1.16 0.90 1.16 1.16
0.95 1.25 1.25 0.95 1.25 1.25
1.07 3.87 3.81 1.07 3.87 3.80
1.19 4.73 4.66 1.19 4.73 4.66
1.25 5.15 5.10 1.25 5.16 5.11
1.35 6.05 6.05 1.35 6.03 6.03
1.45 7.28 7.18 1.45 7.18 7.08
1.55 8.31 8.33 1.55 8.25 8.27
1.66 9.98 9.84 1.66 9.93 9.79
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6.0 Probe Orientation Analysis

The probe roll angle was measured using an Avago Technologies HEDL-5540 encoder, which when
installed in the SMRM, was measured to have 51700 encoder counts per SMRM revolution®. This equates
to an accuracy of 0.007°. However, due to slop within the SMRM, the actual uncertainty in the roll angle
was 0.2°. The slop within the SMRM was measured using an Angle Measurement System. The probe
pitch angle was measured using a Q-FLEX QA-2000 accelerometer, with a quoted accuracy of 0.005°.
The Q-FLEX calibration used in the experiment utilized the coefficients that came with the Q-FLEX
along with two offset values. The first offset value was derived from comparing the QA-2000
accelerometer measurement with a measurement taken by a Wyler Clino 2000 digital inclinometer. The
digital inclinometer had a quoted accuracy defined by Equation (8) (Ref. 16).

Uwyier = (0.027 x Reading) + (12/3600) (8)

The second Q-FLEX calibration offset value was derived from comparing the QA-2000 accelerometer
measurement with a measurement taken by the Angle Measurement System (AMS), with the AMS
measurement having an uncertainty of 0.01°. Propagating these uncertainties yields the uncertainties in
the computed probe yaw and pitch angles shown in Table VIII. These values were computed by first
defining the forces, moments, rotation, and transfer matrices, as defined by Equations (9) to (12).

FM = [0 Omeasurea YAWCORR] ©)
MM =[0 0 0] (10)
1 0 0
RM = [0 cos(@smrm) Sin(<PSMRM)] (11)
0 —sin(@smurm) CcOS(Psprm)
0 z -y
™ = [—Z 0 x (12)
y —x 0
where YAWCORR is the corrected measured probe yaw angle and gsyraris the measured SMRM roll
angle. Given that x = y = z = 0, the intermediate rotation matrix MXFER and the rotation corrected
moments matrix MMRC were computed by Equation (13) and (14).
MXFER = (FM) (TM) =[0 0 0] (13)
MMRC = MM + MXFER=[0 0 0] (14)

Given that YAWCORR = 0, the final rotated forces and moments matrices were computed by Equation (15)
and (16).

TFM = (FM)(RM) = [0 Omeasured COS(@spmrm)  Omeasured SIN(@spra)] (15)

rMM = (MMRC) (RM) =[0 0 0] (16)

ZPrivate communication
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The uncorrected beta and theta angles were computed by Equation (17) and (18).

Buncorrected = —TFMi—3 = —Omeasured Sin(QDSMRM) (17)

Buncorrected = TFMi=3 = Omeasured COS(@syrm) (18)

The corrected beta and theta angles were defined as the uncorrected values plus a delta term. Given that
the delta terms were both zero yields Equation (19) and (20).

B = Buncorrected = —Fmeasured Sin((pSMRM) (19)

0 = Buncorrected = Omeasured COS((pSMRM) (20)

The uncertainties in the yaw and pitch angles were then computed using the standard deviation approach
for computing uncertainties, as demonstrated in Equation (21) and (22), where all angles are in radians.

UB = \/(_U9measuredsm (‘pSMRM))Z + (_Uq)SMRMgmeasuredCOS (fPSMRM))2 (21)
Ug = \/(Uemeasured cos ((PSMRM))Z + (_U‘PSMRM OmeasuredSin (¢SMRM))2 22
where Omeasured and gsury were the average values of the scan and Ug . was computed via
Equation (23).
Ut measured = \/ Ucz)ASTRUT + Urosrorr (23)
where

Uproeorr = ’UéA + U,ZMS (24)
Ugastrur = /U(%A + UVIZ/yler (25)

TABLE VIIL—UNCERTAINTIES IN

THE PROBE ORIENTATION
Parameter Value
UB oo 0.00034°
UB oo, 0.01416°
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7.0 Conclusions

A measurement accuracy and uncertainty analysis was performed on data obtained during the first X-
59 Air Data Probe Calibration test entry. The test entry was necessary to aid in the development of the
calibration curves for the X-59’s primary and backup nose probes. The analysis showed that the two
independently tested probes are statistically the same. This was determined as the average difference in
the uncertainties between the two probes was minimal and nearly two orders of magnitude lower than the
maximum nondimensional probe pressure uncertainties. The importance of this is that it gives confidence
that the backup probe will give data consistent with the installed flight nose probe. The analysis also
showed that the uncertainties were generally small and within the acceptable range, including the
uncertainties in the probe yaw and pitch angles of 0.00034° and 0.01416°, respectively. The overall take-
away from this analysis is a strengthened confidence in the flight air data system.
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