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Summary

A wind tunnel test was conducted to investigate near-field sonic boom pressure signatures
from a model of the X-59 Low-Boom Flight Demonstrator aircraft. A 1.62%-scale model of the
aircraft in the C612A configuration was fabricated for the wind tunnel test, which took place in
the NASA Glenn 8- by 6-Foot Supersonic Wind Tunnel in September and October 2021.

The model had provisions for two different mounting options: a swept blade strut that
attached at the top of model ahead of the inlet, and rear-entry sting that was made as one piece
with a dummy nacelle, and which had a 2”-long cylindrical segment aft of the nozzle exit before
tapering up in size. The blade strut allowed for a clean aft end of the model for evaluation of the
shocks from that region, while the sting avoided the significant distortions of the flow and shocks
from the blade strut along the top of the model. Both the sting and the strut had adapters that
attached to a force balance. The model had alternate parts for £0.5° deflections of the flaps,
ailerons, and stabilator, and +1° deflections of the T-tail horizontal surface.

Off-body static pressure measurements of the flow field below the model were made by use
of a pressure rail which had 420 orifices along its tip. The model was positioned at various
heights from the rail by vertical movement of the wind tunnel strut, and at various longitudinal
stations relative to the rail by means of a linear actuator mounted between the tunnel strut and
the balance. The longitudinal positioning allowed multiple pressure signatures to be obtained
along different portions of the rail. These signatures were aligned by accounting for the model
longitudinal movement and then averaged to take out the effects of tunnel flow distortions and
the interference of the rail flow field and shocks on the model pressure signatures. The test was
run at approximate Mach numbers of 1.36, 1.4, and 1.47, and the model was set at various
angles of attack and roll relative to the rail.

Plots of the model signatures for all the variations of Mach number, model angles, control
deflections, and height relative to the rail are provided throughout the report. Repeatability was
generally very good and gave confidence in the quality of the measurements. The signatures
measured at various heights from the rail provided insight into the aging of the model shocks as
they propagated from 1.2 to 3 body lengths from the model. Off-track signatures up to 45° from
centerline obtained by rolling the model gave indications of the shock flow fields across the
width of the sonic boom carpet. The deflections of the various control surfaces allowed
assessment of the boom sensitivity to the control surface movements.
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1. Introduction

HE Commercial Supersonics Technology (CST) Project’ under NASA’s Advanced Air

Vehicles Program? (AAVP) has been focused on developing technologies for enabling
designs of future commercial supersonic transport aircraft. Many different technology areas are
being addressed, such as designing airframes for better efficiency, improving engine integration
for minimizing noise, maximizing combustion efficiency, and reducing high-altitude emissions.
However, the greatest emphasis has been on understanding the contributions to sonic boom
loudness and learning how to shape the airframe and integrate the engine(s) such that the
boom noise is minimized. Starting in 2009, NASA funded studies by Lockheed Martin®*# and
Boeing®® to design low-boom commercial supersonic transport aircraft that would carry 50 to 75
passengers. The studies resulted in concepts that had estimated boom loudnesses with PLdB
(perceived level in decibels) in the low 80s range. Small sonic boom models were made of
these configurations and tested in supersonic wind tunnels at the NASA Ames and Glenn
Research Centers.”® The near-field pressure distributions below the models were measured in
the tunnels, and computer codes were run to extrapolate these pressures from a simulated
cruising altitude to ground level and calculate boom loudness. Results from the tests were
compared to Computational Fluid Dynamics (CFD) predictions and served as validation test
cases that have led to improvements in computational tool development for boom prediction.

In 2016, NASA received approval to start a project® aimed at designing and building a low-
boom flight demonstrator aircraft with the primary purpose of achieving a flight-measured sonic
boom loudness of 75 PLdB or less. Lockheed Martin was selected as the contractor to design
and build the aircraft, designated as the X-59 by NASA, which is expected to have its first flight
in late 2022. After initial flight tests and envelope expansion, the acoustics of the aircraft will be
validated through measurements of the boom pressure signatures by chase aircraft and on the
ground. Then the aircraft will be flown to various cities around the United States to conduct
flights over populated areas and obtain reactions from the public regarding what is hoped will be
more of a benign sonic “thump” than a loud sonic boom. The end goal of the project is to
provide sufficient data to the Federal Aviation Administration (FAA) and International Civil
Aviation Organization (ICAO) to prove that acceptably-low levels of boom loudness can be
produced by an aircraft shaped for low-boom, and thus allow the FAA and ICAQO to develop
regulations that enable commercial supersonic overland flight for aircraft that can meet the low-
boom standards.

The flight test data from the X-59 will be compared to the CFD predictions of the near-, mid-,
and far-field pressure distributions, and it was desired to obtain wind tunnel test data for
additional comparisons. Thus a 1.62%-scale model of the X-59 configuration C612A was
designed and fabricated by Tri Models, Inc., in 2020, and was run in the Glenn Research Center
8- by 6-Foot Supersonic Wind Tunnel in the fall of 2021."° The purpose of this report is to
present the details of this test and provide a comprehensive analysis of the data.

2. Test Objectives and Overview

The primary objective for the experiment was to acquire pressure signatures of the X-59
configuration for validation of computational models used in sonic boom prediction, and to be
able to compare these signatures with the flight-test measurements. Secondary test objectives
included acquisition of schlieren and tomographic background-oriented schlieren (TomoBOS)
imaging to gain further insight into the flow field around the X-59 airframe and to provide
validation images for CFD.



Data were measured in the test among variations in Mach number, near-field propagation
distance (model height relative to a pressure rail), angles of attack and roll, and control surface
deflections. The model was tested with two different mounting options: a 65°-swept blade strut
that attached to the top of the model ahead of the engine inlet, and a rear sting that attached to
the model at the location of the engine nacelle. The model had alternate parts for £0.5°
deflections of the flaps, ailerons, and stabilators, and +1° deflections of the T-tail horizontal
surface.

The primary data from the test were static pressures measured on a thin blade-type
pressure rail that had a line of 420 orifices along its tip over a 66” length. To get better-quality
data than just from single pressure signature measurements on the rail, a linear actuator was
used to measure signatures at different longitudinal positions (typically 26) on the rail. These X
sweeps of the model enabled spatial averaging of the signatures from the different positions,
which greatly reduced the scatter of the data but did result in some rounding of the peaks in the
signatures.

In addition to running the X-59 model, an axisymmetric calibration body, designated AS-2,
was run to obtain simple pressure signatures for validation of the test techniques.

3. Glenn 8- by 6-Foot Supersonic Wind Tunnel

3.1. Facility Overview

The NASA Glenn Research Center 8- by 6-Foot Supersonic Wind Tunnel'" (8x6) is part of a
facility (Figure 3-1) which includes a 9- by 15-Foot Low-Speed Wind Tunnel (9x15) test section
on the opposite leg. Tests are run in one test section or the other, but not in both sections at the
same time. The facility is a continuous-flow circuit, powered by three motors of 29,000 hp each,
driving a seven-stage axial flow compressor. The 8x6 test section flow speed is controlled by
compressor rpm, position of the vertical flexible walls of the two-dimensional nozzle, and the
setting of the exhaust valve for the balance chamber. The Mach number range for the 8x6
tunnel is 0.25 to 2.0, and the test section is 8’ tall by 6’ wide by 23.5’ long. The upstream portion
of the test section, referred to as the “supersonic test section,” has solid walls and is
approximately 9’ in length. The downstream portion, referred to as the “transonic test section,”
has porous walls and is approximately 14.5’ in length. The porosity is comprised of perforations
on all four walls consisting of 1”-diameter holes inclined forward at a 60° angle and arranged in
a herringbone pattern. The porosity is generally better suited for transonic force and moment or
propulsion tests since it minimizes the model shock reflections off the walls.

Previous sonic boom testing®'2 in the 8x6 tunnel was conducted in the transonic test
section, but the rail pressure measurements were adversely affected by flow interference from
the perforated walls. The subject test of the X-59 model was run with the model located in the
supersonic test section to alleviate this interference. This was the first research test in the
history of the 8x6 tunnel which was run in the supersonic test section, so prior to the X-59 test a
calibration of that portion of the test section was performed by the Glenn wind tunnel staff. '

The tunnel air is dried during operations by passing it over eight layers of large desiccant
beds in the air dryer (just upstream of the compressor). The dryer beds are “reactivated”—
removing the moisture by heating—with the compressor not running, during an off-shift each
day in preparation for the next shift’s running. The maximum acceptable dew point during wind-
on operations is determined for each test, and operations are typically terminated during a
running shift if the dew point exceeds this level.



Mach 0t00.23 0to0.1 1 Honeycomb and
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Figure 3-1 Overview of Glenn 8x6/9x15 Wind Tunnel Complex

3.2. Capabilities and Test Conditions

The 8x6/9x15 wind tunnel complex is an atmospheric facility; there are no provisions for
controlling the pressure in the tunnel aside from the normal pressure variation with flow speed.
In addition, there is no after-cooler or radiator section between the compressor and the 8x6 test
section, so the compression of the air causes the total temperature of the air in the test section
to be at or above 140° F at low supersonic Mach numbers, and higher temperatures at higher
Mach numbers. The tunnel conditions which were run in the subject test are listed in Table 3-1.
The Mach numbers are shown to four decimal digits as reported in the data files but will be
shown in the rest of this report to two decimal digits for easier visual comparison.

Table 3-1 8x6 wind tunnel nominal operating conditions for the subject test

Mach Pr Ps q Tr Ts Re/ft
(Test Sctn) (psf) (psf) (psf) (°F) (°F) (1076/ft)
1.3647 2625.8 867.0 1130.2 150.3 -15.2 4.846
1.3990 2675.2 841.9 1153.4 149.4 -21.9 4921
1.4700 2746.8 781.3 1181.9 157.1 -29.0 4.902



4. Wind Tunnel Models and Support Componen

ts

Descriptions and geometry information for the two wind tunnel models and their support

components are provided in this section.

4.1. AS-2 Model

The AS-2 model® (Figures 4-1 and 4-2) and was one of several sonic boom models
designed by The Boeing Company in 2010 under contract to NASA in an experimental systems
validation study for supersonic transport aircraft. The AS-2 was designed to be used as an
axisymmetric calibration body in sonic boom wind tunnel testing. Its geometry consists of an
ogive nose, a constant cylindrical section, a conical section to match the diameter of the support
hardware behind the model, and a male taper adapter to fit within the support piece. In the case
of this test, the support piece was a balance adapter that fit around the balance that was used
for force measurements. The simple external shape of the AS-2 model was designed to create
a simple, predictable pressure signature that could be used to give an indication of the quality of
the wind tunnel flow and the measurement of the off-body pressures along the pressure rail. It
has been used in previous model tests in the 8x6 tunnel and in the Unitary Plan Wind Tunnels

at NASA Ames Research Center.
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Figure 4-2 Photograph of AS-2 model installed in 8x6 wind tunnel showing rail on

ceiling



Lockheed Martin under contract with NASA to have a quiet sonic boom from its cruise flight

4.2. X-59 Aircraft and Sonic Boom Model
The X-59 flight demonstrator aircraft™ (Figures 4-3 and 4-4) has been designed by

condition of Mach 1.4 at 55,000 ft altitude. The boom loudness is expected to be about 75

PLdB at ground level.

Figure 4-3 X-59 flight demonstrator aircraft

Configuration C612 Control Surfaces

MDGW 25,000 Ibs || Aileron 12.9 sq ft/+35/-25 deg
Fuel (Max) 8,700 Ibs || Flap 12.4 sq ft/+30/-3 deg
Payload 600 Ibs || Stabilator 39.9 sq ft/+20/-15 deg
Design Mach 1.4 || Rudder 8.5 sq ft/+25/-25 deg
Loudness <75 PLdB || T-tail 5.7 sq ft/+10/-0 deg
Engine 1xF414-GE-100
Landing Gear F-16 Blk25 NLG —
F-16 BIk25 MLG

| s

In

55.8° Turnover

63°

Image credit: Lockheed Martin
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Static ground line (0.7° nose-up) I(_ f 14
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Figure 4-4 X-59 aircraft configuration overview
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An 18.80-inch long, 1.6212%-scale model of the C612A version of the X-59 aircraft was
designed and fabricated by Tri Models, Inc. The model features interchangeable wing aft
sections with various flap and aileron deflections, a horizontal stabilator, and T-tail that can be
set at various deflection angles, and two means of mounting the model to its support structure—
a swept blade strut and a rear-entry sting. Views of the model and its deflectable control
surfaces are provided in Figures 4-5 and 4-6. All the control deflections are positive trailing-
edge down, and all deflections (including the ailerons) are symmetric left/right. This symmetry is
for sonic boom tailoring; rolling moment effects on boom were not an objective of this test.

74"

—

272"

| 18.80” |

Figure 4-5 Four-view of X-59 1.62%-scale model (graphics: Tri Models)

T-tail

Flaps  Aileron
Wing1 -2.4° 1.1°
Wing2 -2.4° 1.6°
Wing3 -2.4° 0.6°

~—— Stabilators

Wingd -2.9°  1.1° 2.92°
Wings -1.9°  1.1° Flaps 3.42°
Ailerons 3.92°

Figure 4-6 X-59 model control surface deflection options (+ TE down), baseline angles
for cruise flight in green (graphics: Tri Models)



Compromises relative to the airplane geometry had to be made in the model outer mold line
because of small-scale fabrication limitations, as indicated in Figure 4-7, though they were not
expected to impact the pressure signatures. These included filling of the gaps along the hinge
lines for the flaps and ailerons, and the removal of some of the smaller antennae, ECS and
NACA inlets, wing tip lights, vortex generators, and nose air data boom. In addition, the trailing
edges of the canards, wing, and tails had to be thickened to a minimum fabrication thickness of
approximately 0.010”. The thinnest parts of some of the trailing edges on the full-scale airplane
are 0.090” thick, which would have resulted in model-scale thicknesses of close to 0.001”!

Removed
antenna

Removed vortex
generators

~ Filled NACA
inlets

Removed wing
tip lights

Removed T; Probes
\ and ILS blade antennas

= Air data probes

;’ 5 retained
<+—— Removed data boom

(a) Upper surface view

Removed

//7\\\ antenna
<y &

Removed
antenna

Filled gaps, — 5 ~
ailerons and flaps,
both sides

Air data probes
retained

(b) Lower surface view
Figure 4-7 Model differences from airplane (graphics: Tri Models)



The geometrical parameters of the X-59 model are given in Table 4-1.

Table 4-1 X-59 Model Geometrical Parameters
Overall length (in) 18.80

Height (in) 2.724

Span, brer (in) 5.739

Theoretical wing area, Srer (sqin)  20.227

Theo.  mean aerodynamic chord, crr (in) 4.728
Theoretical root chord (in) 6.822

Theoretical tip chord (in) 1.495

Taper ratio (in) 0.219

Wing aspect ratio 1.79

Inboard LE sweep (deg) 76.0

Outboard LE sweep (deg) 68.6

" Theoretical: trapezoidal wing with equivalent area

3 — S . Image credits: NAgX Glenn
(a) View looking aft (b) View looking forward

Figure 4-8 Views of X-59 model mounted on blade strut in wind tunnel with pressure rail
mounted in the ceiling



Photographs of the X-59 model and the pressure rail mounted in the ceiling of the Glenn 8x6
are shown in Figure 4-8 above. Close-up views of the model are shown in Figures 4-9 through
4-12 below. In Figures 4-8(a), 4-9, and 4-10, the model is inverted as in the running orientation
so that the shocks from the bottom of the model would be directed to the rail. Figure 4-12 puts
the scale of the model in perspective with the person in the picture.

Image credit: NASA Glenn

Image credit: NASA Glenn

Figure 4-10 View of X-59 model mounted on sting in wind tunnel



Image credit: NASA Glenn
Figure 4-11 Close-up view of upper surface of X-59 model on blade strut in wind tunnel

Image credit: NASA Glenn

Figure 4-12 X-59 model being inspected by first author of this report




4.3. X-59 Model Supports

CAD views of the model support hardware forward of the linear actuator are shown in Figure
4-13, with the upper view showing the model blade strut at the forward end (left) and the lower
view showing the sting. The balance is in gray in the center of the views and is attached to the
linear actuator by a balance / linear actuator (B/LA) adapter. The forward end of the balance is
metric, measuring the forces and moments of everything attached to it. For the blade strut
configuration, a blade strut / balance (BS/B) adapter holds the model strut to the balance, but for
the sting configuration, the internal geometry of the rear of the sting fits directly over the front of
the balance so there is no need for an intermediate adapter. A shroud (common to both
configurations) is used to shield the aft portion of the balance from the wind and does not touch
the balance but has a small clearance around it. Leveling plates for an Angle Measurement
System'® (AMS) are shown on both the BS/B adapter and the sting, having slightly different
interface geometries since the BS/B adapter is tapered and the rear portion of the sting is not.
These leveling plates and the AMS were used only for checking the level of the balance during
pre-test check loads and installation in the tunnel. The plates were removed for wind-on
running, while the rest of the hardware shown in the figure remained.

Blade Strut AMS
Leveling Plate Hole for wire
BS/B adapter \4 routing

Blade Strut

|

NASA Langley 750  Shroud Draw Nut B/LA adapter
Sting AMS Balance (shared) (shared) (shared)

Leveling Plate ~

T -

Linear Actuator

-

Sting

\

BS/B: Blade Strut / Balance B/LA: Balance / Linear Actuator

Figure 4-13 Balance and support assemblies for blade strut and sting
(graphics: Tri Models)
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Assembly views of the model supported by the blade strut and sting are shown in Figure
4-14. The blade strut in subfigure (a) is shown attached to the front of the BS/B adapter and
attaches to the model at the location of the canopy and a short distance aft of that. The strut has
a constant chord between the transition areas for the model and BS/B adapter. This constant-
chord section is swept 65° from the vertical and has a biconvex cross section. The blade strut
provides a vertical offset between the centerline of the balance and the model nose of 5.52.”
The X-59 model has a flow-through nacelle when attached to the blade mount.

The rear of the sting in subfigure (b) replaces the BS/B adapter that is used with the strut
and mounts directly over the front of the balance. The forward end of the sting extends over the
rear of the model, replacing the flow-through nacelle, and it has a faired bullet in place of the
inlet since no flow could pass through the nacelle with the sting in place. The vertical offset
between the centerline of the balance and the model nose is much smaller with the sting (0.88”)
than with the blade strut.

Both the strut and the sting were designed so that they hold the model at 2.1° angle of
attack (the cruise angle for the X-59 airplane flying at Mach 1.4) when the linear actuator and
balance are level. This allows for the model to stay at the same vertical distance from the rail
when it is moved forward in an X sweep, since the linear actuator is level with the rear parts of
the blade strut and sting. The lengths of the strut and sting were set to place the model nose at
the same axial station in the tunnel.

The blade support was developed to provide the least interference possible on the aft
portion of the aircraft to allow the effects of the T-tail and stabilator deflections to be studied. It
was anticipated that the presence of the blade over the model would alter the lift distribution
over the wings and therefore alter the wing pressure signatures. The sting support was
developed to provide the least interference possible on the forward portion of the aircraft to
allow the effects of the flap and aileron deflections to be studied. It was anticipated that the
engine bullet fairing and sting would alter the flow field over the empennage and therefore alter
the closeout signature of the model. By combining the information from these two support
systems, a more complete understanding of the entire sonic boom signature could be
developed.

12
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adapter Actuator
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Balance
(under shroud)

B/LA: Balance / Linear Actuator

(a) Blade strut mount

Sting with integrated
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\

B/LA Linear
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\

Balance
(under shroud)

(b) Sting mount

Figure 4-14 Support options for X-59 sonic boom model (graphics: Tri Models)
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4.4. Model Positioning

The position and angle of the model in the tunnel are controlled by the wind tunnel strut, a
roll mechanism, and a linear actuator, as shown in Figure 4-15. The stub sting shown in the
figure does not provide any movement; it is just a fixed adapter between the strut and roll
mechanism. The devices upstream of the stub sting are discussed in the following sections.

B/LA Adapter Roll
and Balance Linear Actuator Mechanism

Figure 4-15 Model positioning systems

4.4.1. Wind Tunnel Layout Diagrams

Layout diagrams of the model at various heights of the nose above the rail are given in
Figure 4-16. Subfigure (a) shows the model mounted on the blade strut at the three different
heights run in this test. These same heights were also run for the sting-mounted configuration,
which were enabled by positioning the tunnel strut higher by the difference (4.64”) between the
vertical offset distances for the blade strut (5.52”) and the sting (0.88”). In most of the data plots
presented in Section 6, the model height will be specified in terms of h/L, where L = 18.80”, the
model body length. The model heights shown in Figure 4-16(a) of 22.6”, 37.6”, and 56.4”
correspond to h/L values of 1.2, 2.0, and 3.0, respectively. The lowest and highest heights were
near the limits of the vertical range of the tunnel strut movement. The roll mechanism is set at 0°
roll in this subfigure so that the bottom of the model faces the rail.

Subfigure (b) shows the model in position for a reference run. The use of a reference run to
correct the model pressure signatures will be discussed in Section 6.2. The linear actuator ram
(the short segment shown in orange between the linear actuator housing and the balance
adapter) is fully retracted in these views, and the roll mechanism is set at 180° roll to position
the model nose shock as far aft on the rail as possible.

The pressure rail mounted on the ceiling of the test section has a 66”-long instrumented
section consisting of 420 static-pressure orifices, which are denoted by the black dots along the
tip between the vertical dashed lines on the rail (from tunnel station 61.9” to 127.9”). The shocks
coming from the nose and rear of the model are drawn at the Mach line angle—44.4° from
vertical — for Mach 1.4. No attempt was made to account for aging of the shocks nor for
changes in reflections off the ceiling due to tunnel boundary layer in this layout. Rather, the
shock lines were used to provide guidance for setting the model height and linear actuator
extension range for each signature X sweep more than for trying to predict exactly where the
model shocks would intersect the rail.

The Ames Small Model Roll Mechanism (SMRM) that was used in this test has a fixed 7.5°
offset which made it necessary to pitch the tunnel strut by the opposite of this amount to set the
model at its nominal angle of attack of 2.1° (corresponding to the balance and linear actuator
being level in the tunnel, except when other model pitch angles were desired).

The wind tunnel strut raises and lowers through the tunnel floor to change the height of the
model. For changing pitch angle, the strut pivots about a center of rotation that is 15” below the
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floor, so for an increase in model angle of attack, the model moves forward in the tunnel slightly

(~1” forward for a 1° angle increase, with model 22.6” below the rail).
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Figure 4-16 Layout diagrams of model in tunnel
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4.4.2. Roll Mechanism

The Ames SMRM provided the capability of rolling the
model along the axis of the linear actuator. The model was

rolled to angles ranging from 0° to 45° relative to the

pressure rail to allow measurement of pressure signatures
at off-track angles. The orientation of the model relative to
the rail is illustrated in Figure 4-17, which shows a simplified

representation of the model at the proper distance and

angle for hnose = 22.56” and ¢n2r = 40°. Note that the roll
angle of the roll mechanism/linear actuator combination is
not the roll angle of the model relative to the rail because of
the 5.52” blade-strut offset (or 0.88” for sting mount) of the
model axis from the support system axis. The term “gm2,” is
used in this test to indicate roll angle of the model relative to

the rail, which provides the off-track angle. The nominal

angles and positions for the three model heights and the
lowest and highest roll angles run in this test are listed in

Table 4-2, and were used to set the model position for a

given hnose and ¢mz-. The equations for these parameters

based on the roll mechanism angle and height are:
¢m2r = ¢RM - tan_l(YNose/ZNose_ar)

hNose = \/(Y]\%OSQ + ZI%Iose_ar)

Ynose = hstrut Sin(¢MOdeZ)
ZNose_ar = ZNose — ZRail

Znose = Zrm — Nstrut COS(¢MOdeZ)

Equations for computing set points for desired model

positions are:

hNoseSin(d)er)

Zgm =
41.02”

A Tunnel Ceiling
Pressure
ZRail Rail
=14"

ZNose_ar FR

=22.36".

YNose =
2.96"

32.45°+

hStrut =5.52"

Gry = asin{

\/[hStrut + hNoseCOS((mer)]z + [hNoseSin((mer)]z

ZRM = \/[hStrut + hNosecos(¢m2r)]2 + [hNoseSin(¢m2r)]2 + ZRail

Roll Mecf}
Linear Actuator

Figure 4-17 lllustration of
model-to-rail roll angle

Table 4-2 Model Angles and Positions Relative to Rail (for Blade Strut Mount)

hNose (in) ¢m2ro ZRM (in) ZNose_ar (in) YNose (in)
22.56 0 42.08 22.56 0
22.56 45 36.61 40.75 22.32 3.29
37.6 0 57.12 37.60 0
37.6 45 39.63 55.69 37.43 3.52
56.4 0 75.92 56.40 0
56.4 45 41.30 74.43 56.28 3.64

Roll angles were run every 5° but only minimum and maximum are listed in this table
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4.4.3. Linear Actuator

The linear actuator that has been used in sonic boom tests at Ames and Glenn since 2010
was used in this test to translate the model longitudinally over a range of up to 24” in the wind
tunnel. This allowed acquisition of multiple pressure signatures at small increments in the X
direction over a specified distance, known as an “X sweep,” for spatial-averaging purposes. The
movement provided by the linear actuator ram also facilitated proper longitudinal positioning of
the model in the tunnel so that the model signatures could fall within the instrumented length of
the pressure rail over the range of model heights tested—from 22.6” to 56.4” from the rail. In
this test, almost all the X sweeps consisted of 26 ram positions, and the total X-sweep distances
traversed for pressure signature measurements were 4”, 8”, or 12” with nominal spacing of 0.16”
(~1 rail orifice), 0.32” (~2 rail orifices), or 0.48” (~3 rail orifices), respectively. Figure 4-18 shows

layout views of the model in the tunnel with the ram (in ) retracted and fully extended.
Mach = 1.4 | (IS
Model h = 37.6" : . AN,
h/L=2
Xram = 0"

Alpha = 2.1°

%

|

(a) Ram retracted

Mach = 1.4
Model h = 37.6" RN
h/L=2
Xram = 24"
Alpha = 2.1° \ RS
//I

(b) Ram extended 24”

Figure 4-18 Layout diagrams showing linear actuator ram extension
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5. Instrumentation, Imaging, and Test Techniques

The data collected in this test were from four different sources:

o Facility instrumentation for test-section conditions, tunnel strut height and angle, roll
mechanism angle, and linear actuator ram extension

e Static pressure taps on the rail mounted on the tunnel ceiling for pressure signatures

¢ B6-component balance to measure forces and moments

e Schlieren images to visualize vertical cross-sections of the shock flow field

5.1. Pressure Rail and Scanners

The sonic boom pressure rail (Figure 5-1) is 14” tall, with a width of 1” at the base and
tapering down to a 0.05” radius at the tip. It is 90” long with an 18”-long leading-edge section, an
instrumented section 66” long, and a 6”-long trailing-edge section. The instrumented section
contains 420 static pressure orifices, each of 0.015” internal diameter, spaced 0.1575” (4 mm)
apart along the tip of the rail. This small radius at the tip was chosen to minimize the reflection
of the incident shocks off the rail back toward the model. This gives a reflection factor (a
pressure-multiplying factor) of 1, or very close to 1, where a value of 2 on a flat surface would
be a full reflection of the incident shock waves.

The best pressure signatures from a model are obtained if none of the model shocks reflect
off the tunnel wall at the base of the rail and pass over orifices that are within the range of the
model incident shocks from the nose to the tail. If reflected shocks do pass over those orifices,
then the incident pressure signature would be contaminated by the reflected signature. The rail
height of 14” provides reflection-free data for the X-59 as shown in the tunnel layout in Figure
4-18(a) with a margin of about 8” at Mach 1.4 from the location of the model tail shock
impingement on the rail and the reflected nose shock.

In the figure below, the purple cover plates in the middle of the rail cover the channels
through which the seven bundles of (60) 0.040”-diameter stainless steel pressure tubes are
routed from the orifices through the rail foot pads and out of the tunnel. Despite the various
covers, channels, and lap joints shown in the images, the surfaces of the rail are smooth with no
gaps or steps, and the foot pads fit flush in the tunnel ceiling.

18— 66" 67>

Figure 5-1 Sonic boom pressure rail (graphics: Tri Models)
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Viton pressure tubing was attached to the hard tubing from the rail and routed above the
tunnel ceiling to a temperature-controlled box that housed seven ESP (electronic scanner of
pressure, TE Connectivity model # 64HD0511021120) modules to measure the pressures.

5.2. Balance

The balance chosen for this test was the Langley 2.0”-diameter 750 balance, shown in
Figure 5-2. Though the loads for the X-59 sonic boom model were small, the balance had
sufficient load capacity to handle the maximum unstart loads in the tunnel, and its size was
compatible with the size of a balance adapter suitable for the blade strut and sting for the model.
The balance capacities shown in the figure are in pounds and inch-pounds.

MOMENT COMPONENT LOADS
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g | 0O i AXIAL 500

. ) PITCH 4000

ROLL 3000

e ——q 2780 = 2] 3000
- fe2887 — fo— 3.100 —s L210F Lon
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== ﬁ]ﬂﬁﬂﬂﬂﬂﬂf
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DIA. 2.000 DIA. —-} (KEYSEAT)
2.000 DIA. 1.416 MAX. DIA.
TAPER I"/FT.
.375 DIA. DWL.HOLE THRU
C'BORE .6250 DIA. 1.05 DP. 1.5625 ~16 UN

Figure 5-2 Langley 2.0”-diameter 6-component force and moment balance

The balance was used in the test primarily for the purpose of setting the correct angle of
attack for the models. To set the right angle of attack, two factors had to be determined: the
angularity of the tunnel flow in the vicinity of the model, and the deflection of all the model
supports back to the tunnel strut under running loads. The balance was calibrated prior to the
test for measured vs. applied loads, and for deflections under the maximum ranges of loads
expected during the test. Flow angles were measured on both the AS-2 and X-59 models early
in the test by running short pitch sweeps and comparing Cy vs. « curves for the X-59 model
upright and inverted, and for the AS-2 model in just one roll orientation since it is axisymmetric.
The results of the angularity checks were that no angle correction was needed at Mach 1.36
and 1.40, and only a -0.05° correction at Mach 1.47.

Early in the test the balance was found to have experienced some significant zero shifts
after an hour or two of running each night. The cause was determined to be that the balance
internal temperature had risen from room temperature prior to the first run of the shift up to the
tunnel operating temperature as noted above in Table 3-1. The problem was mitigated by pre-
heating the balance with a thermally-controlled wrap around the balance to bring the balance up
to running temperature before starting the tunnel. The zero shifts were reduced to normal levels
with this procedure and data quality was significantly improved.
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5.3.Schlieren and TomoBOS Imaging

For the X-59 sonic boom testing in the 8x6 wind tunnel, the facility schlieren system was set
up to align with the supersonic test section in which the model was installed. In this
configuration, the collimating mirrors were shifted into their farthest upstream position, the
receiving optics were reversed from the standard installation at the 8x6, and a pinhole light
source was installed on the upstream pedestal. During initial testing with the schlieren system, a
Point Grey Zebra2 4MP camera was installed to provide on-line optical diagnostics of the flow
field around the model. For later testing, an Imperx Cheetah 16MP camera was utilized to
provide high resolution imaging of the flow field generated by the model. These images were
acquired in sets of 100 and were averaged to remove background flow.

A few of the schlieren images obtained during the test are presented below. Figure 5-3 is
one of the early images taken during the test with the Point Grey camera. Figures 5-4 through 5-
6 were taken with the Imperx camera later in the test, and the increased quality and resolution
over the early image are apparent. These latter images were taken at model roll angles (not
model-to-rail) of 0°, 45°, and 90° to show the differences in shock structure from the different
views around the model. The image on the cover of this report is the one from Figure 5-4, but it
has been cleaned up to remove artifacts in the image that do not represent the flow features
from the model.

All the images contain shock or expansion waves that cross the model shocks and are from
unknown sources away from the model. In addition, there are localized darkened areas in all the
images that are likely from unknown defects in the optical path.

Figure 5-3 Point Grey camera schlieren image of X-59 model with blade strut
Mach 1.4, a=2.1°, grm = 0°
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Figure 5-4 Imperx camera schlieren image of X-59 model with sting
Mach 1.4, a=2.1°, grm = 0°

Figure 5-5 Imperx camera schlieren image of X-59 model with sting
Mach 1.4, a=2.1°, grm = 45°
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Figure 5-6 Imperx camera schlieren image of X-59 model with sting
Mach 1.4, a=2.1°, grm = 90°

During a run of the sting-mounted configuration of the model, a TomoBOS (tomographic
background-oriented schlieren) system was installed. The 16MP camera was repositioned
outside of the north upstream schlieren window along with a 1.5kW LED excitation light source
(Figure 5-7). A set of 3M 7610 retro-reflective panels printed with random dot patterns were
installed in the test section over the south upstream schlieren window. Images were acquired
with the model positioned every 15° of roll from -75° to +90°. The 12 resulting views were being
processed at the time of this report preparation to provide a 3-D tomographic reconstruction of
the flow field surrounding the model. l'/ ..

Figure 5-7 View of TomoBOS schlieren system camera and lights positioned outside of
upstream test section window
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5.4.Data Acquisition

Data were acquired for this test with the facility’s Cobra data-acquisition system. The system
sampled all the data channels at 12.5 Hz, and the following sampling durations were set for the
different types of runs:

e 5 seconds for pitch runs

e 60 seconds for reference runs

e Pressure signature data runs: initially 60 seconds, then down to 30 seconds and

ultimately down to 15 seconds a few days into the test after observing that the data
quality did not significantly change with the shorter durations

Pitch runs for the purpose of flow angularity measurements consisted of progressive series
of model angles of attack with all other model and tunnel conditions held constant. Reference
and data runs referred to data taken for empty-tunnel and model pressure signatures on the rail,
respectively, and consisted of data sampled over a specified duration with all tunnel and model
conditions held constant. The difference between reference and data runs is that the former
were acquired with the model as far aft and away from the rail as possible so that the pressure
distribution on the rail would represent the variation of the tunnel flow without the influence of
the model. Ideally, none of the model shocks would be on the rail for the reference runs, but in
this test, the model nose shock passed over the last few inches of rail orifices in the reference
runs, as shown in Figure 4-16(b). For data runs, the model was moved closer to the rail so that
the shocks from the entire length of the model fell on the rail. After sampling the data for the
desired duration, the model was moved forward slightly (usually 0.32”, approximately equivalent
to twice the orifice spacing on the rail) by the linear actuator, the run number was incremented,
and data were taken for the same duration. This process continued until the desired length of
the X sweep was completed, and the entire sweep, which typically consisted of 26 runs, was
labeled as a Signature Set, or SigSet for short.

Reference runs were acquired frequently in the test so that the data runs which used them
would be fairly close to them in time, thus minimizing any adverse effects of changes in the
tunnel flow or ESP scanner properties. The data acquisition system was set up so that a data
run would use the most recent reference run by default, but if the test customer determined that
an ending reference run after a set of data runs would provide a better correction for the data
runs, this was easily accommodated in post-processing.

It should be pointed out that a run as described above is termed a “reading” at Glenn
Research Center, but for consistency with other NASA and industry wind tunnel terminology, the
word “run” will be used throughout this report to represent such a set of data points.

Data files were provided from the Cobra system with all data parameters reported for every
12.5-Hz sample. A post-processing Python toolkit known as CoBALT (Cobra Batch Averaging
and Look-up Tool) computed averages of the samples in the Cobra files for every 2, 10, 20, 30,
and 60 seconds (depending on the total sampling duration), and these CoBALT files were
provided to the customers as the final data files. The various averaging increments allow
checking of the repeatability over the specified durations.

Review of the measured pressure signature plots in real time during the test gave insight
into the data quality and whether there were any problems with the data. Bad rail pressure
readings were usually obvious with consistently low or high values relative to nearby pressures,
and the rail pressure parameters in the data for the bad ports were flagged with the value of
9999.
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6. Results and Discussion

The test techniques, data reduction methods, uncertainty estimation, and analysis of the
effects of model and test condition variations on the measured pressure signatures are
presented in this section. In all the data plots that follow, the model angles of attack and roll,
and all control surface deflections, are at their nominal angles unless otherwise stated in the plot
titles or legends. These nominal angles are:

angle of attack = 2.1°
angle of roll = 0°
flaps = -2.4°

ailerons = 1.1°
stabilators = 3.42°
T-tail = 3.7°

6.1.Bad Pressure Port Identification

Real-time data plots and post-run analyses allowed visual inspection of the pressure
distributions measured on the rail. Spikes in the data, caused by leaks or plugs in the pressure
tubing or in the attachments to the hard lines from the rail or to the pressure modules, were
usually easily recognized, especially when they were consistent over a number of runs. Many of
the spikes were noted in real-time during the test, but after the test, a full set of plots of the
uncorrected rail pressures versus orifice number was made to list the bad ports for every run of
the test. Figure 6-1 is an example of one such set of plots, consisting of four runs of data from
SigSet 10 for the X-59 model with the blade-strut mount. Note that the upper plot is over the
entire 420-port range of the rail, and the three lower plots are expanded subsets of this range so
that individual port numbers could be identified for the spikes, which are identified by the arrows.

The values for the pressure parameters in the data files for these bad ports were set to 9999
so that it would be obvious which ones were bad. When plotting the data, the bad ports were
averaged over, using the pressures from the neighboring ports.
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Figure 6-1 Identification of bad pressure ports (arrows) in selected runs in SigSet 10

X-59 model (blade strut), Mach 1.4, h/L = 1.2, a = 2.1°, @gn2r = 0°
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6.2. Data Corrections Using Reference Runs

A reference run is always acquired for a set of X sweeps for subtracting out the background
tunnel signature on the rail with the model shocks either not on the instrumented part of the ralil,
or as far aft on the rail as possible. The model position for a reference run is depicted in Figure
4-16(b) with the model at a nose height of 73” relative to the rail, at an angle of attack at 1° and
a roll angle of 180° with the ram retracted. Note that for this reference run position the model
nose shock passes within a few inches of the rear of the instrumented part of the rail, leaving
over 90% of this portion of the rail clear for the model signatures in the data runs.

Example pressure signatures for reference and data runs plotted vs. Xo:r are shown in
Figure 6-2. The red curve is from the reference run, and the black from the data run. In the
upper plot, the curves are plotted as the “uncorrected” 4P/P pressure ratio, defined as:

PRraii—Peo
(AP/P)y = (FReiPe) (1)
o Reference Run
PRail—Peo
AP/P), = (Rel—e 2
( / )U ( Poo )DataRun ( )

Prqir = pressure at a given rail orifice
P,, = tunnel freestream static pressure

The gap between the two curves in the upper plot represents the model signature. In the
lower plot, the curve which reveals the normalized model signature alone is the “corrected”
AP/P, having had the reference run signature removed, and it is defined as:

(AP/P)c = (AP/P)y — (AP/P)g &)

The uncorrected curves show a large spike in pressure just aft of the center of the
signatures. This spike is not caused by anything from the tunnel itself, but rather, it is from the
rail leading-edge shock reflected off the tunnel side walls and passing over the rail orifices.
Since this shock affects both the reference and data runs, the subtraction of the reference run
removes most of the effect of the reflected shock. However, the steep gradient of the forward
part of this shock (near X = 98”) could cause significant errors in the corrected signature from
any small differences between the two runs. It is fortuitous though that the model signature (for
data run 5417) ends near the region of this spike, thus allowing most of the signature to be
relatively uncontaminated by errors induced by the steep gradient. In the lower plot, the rear of
the model signature is where the pressure recovers to near-ambient conditions in the region of
X =~95"to ~99”. The large pressure increase aft of this point is caused by the shocks from the
upper part of the model blade strut where it makes the transition from a biconvex cross section
to a round shape for mating with the balance adapter. All the shocks and expansions
downstream of X = ~99” are from the rear part of the blade strut, the balance adapter, and linear
actuator.
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6.3.Pressure Signature Measurements and Spatial Averaging

The non-uniform flow field of the wind tunnel causes pressure signatures on the rail to be
different for different model positions in the test section. Spatial averaging is used to produce a
model pressure signature with reduced effects from the tunnel flow field spatial distortions. A set
of 26 individual signatures and their spatial average from the X sweep corresponding to the data
in Figure 6-2 are shown in Figures 6-3 and 6-4 (all but the first and last runs are removed from
the legend for brevity, but the numbers for all the runs are provided in the lower plots of each
figure). In the first figure, the signatures are plotted by the rail orifice locations, and the forward
movement of the linear actuator ram in 25 steps of 0.32” (spacing of about 2 rail orifices) from
16” to 24” extension is reflected by the shifting of the model signatures to the left. In the second
figure, the signatures are aligned by adding the Xram positions to the orifice locations for each
run so that an average of all the pressures can be taken. The spatial-averaging process for the
plots in this report is as follows:

e The 26 individual curves of corrected AP/P are interpolated at specific X points because
the pressure taps aren’t perfectly aligned after adjusting for ram position—500 points are
evenly distributed over the length of the model signature plus a few inches on either end,
and are used in a fit done by piece-wise linear interpolation

e At each X position, the average of the 26 AP/P values is computed

e The averages at each of the 500 X positions make up the average pressure signature for
a given SigSet

Note that in the first figure, there is a steep rise in pressure just beyond X = 99” for the first
run and the average run, and the location for this pressure rise moves forward with the ram
movement. This rise occurs just beyond X = 115 for all the runs in the second figure because
they are aligned with Xram having been added to Xo,~. These pressure rises are from the shock
from the rear of the model blade strut where it makes a transition from the biconvex blade shape
to a circular cross section for mating with the balance adapter. The model shocks can be
considered terminated just prior to these pressure rises.

The upper plots in each of Figures 6-3 and 6-4 are overlay plots, where the signatures are
plotted with their unmodified pressure values. The lower parts of the figures contain waterfall
plots, for which the pressure values are plotted with a progressive -0.005 AP/P offset for each
successive signature. The overlay plots give an indication of the repeatability of the signatures,
while the changes from one signature to the next can be observed in the waterfall plots.

Note in the overlay plot of Figure 6-4 that the repeatability is very good from the nose shock
back to Xorir + Xram around 100", but the repeatability is not as good in the middle part of the
signature and only slightly better toward the rear of the signature until about 110” where the
scatter reduces. To correlate the location of this middle region of poorer repeatability with the
location of the reflected rail leading-edge shock, one must refer to Figure 6-3 which shows that
this region (of the highest-pressure peaks) covers a range on the rail from approximately Xoyir =
77" to 88”. The reflected rail shock in Figure 6-2 falls between Xo.ir = 98” to 105”, so the steep
gradients in this shock region are probably not direct contributors to the poorer repeatability in
the middle part of the signature.
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Figure 6-3 Unaligned pressure signatures for SigSet 89 in overlay and waterfall plots
X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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6.4. Signature Quality with Ram Position

The variation in the scatter of the data over the length of the aligned pressure signatures led
to investigations of which parts of the pressure rail were best suited for acquiring consistent
data. In this section, plots from various signature sets are presented to illustrate the differences
in signature quality over different parts of the rail.

6.4.1. AS-2 Model

Early in the test, some of the signatures were measured over the full 24”-range of ram
positions for the purpose of assessing the signature quality over various parts of the rail. Figure
6-5 shows the layout for the AS-2 model in SigSet 5, in which 26 pressure signatures were
acquired in 0.96” ram increments from fully retracted (AS-2 model shown in blue) to fully
extended (model shown in light blue). Note that shock lines from the rail (in ) are
included in this layout to give approximate indications of where the rail shocks might impact the
model The unaligned signatures are plotted as a function of Xor in Figure 6-6, and both this
figure and the layout show that the model front and rear shocks intersected the rail at these
approximate tunnel stations (Xori locations):

e Xram=0": 85.3"t0101.3”

e Xgam=24": 61.3"t0 77.3”

The model shocks started out roughly at the middle of the rail and moved to the forward-
most portion of the rail in the X sweep. Note that the front shock for the ram-extended position
falls almost exactly on the forward-most orifice on the rail (located at 61.9”). This can also be
inferred from the lowest curve in Figure 6-6 ( curve for run 2979), which starts at the left
end with the nearly-vertical nose shock without a horizontal line ahead of it.
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Figure 6-5 Layout diagram of AS-2 model showing full 24” ram range
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Figure 6-6 Unaligned pressure signatures for SigSet 5 in overlay and waterfall plots
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An unexpected characteristic of the average curve (bold black line) in Figure 6-6 is that the
pressure rise for the nose shock starts out gradually instead of abruptly as in all the individual
curves. Being an average, it implies that some of the individual curves have nose shock
positions that do not match those of some of the other curves. The aligned overlay plot of these
signatures in Figure 6-7 illustrates this: the nose shock locations in the initial signatures for runs
2954 and up to about one-third or one-half of the following ones are significantly forward of
those shock locations in the latter signatures. It is obvious in the overlay and waterfall plots that
the nose shock moved aft (in terms of Xorr + Xram) as the model was translated forward by the
linear actuator ram. This means that there was some unknown mechanism in the tunnel flow
that caused the nose shock position to change (and thus the shock wave angle) for some of the
signatures, such as a possible static pressure gradient that would change the local Mach
number.
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Figure 6-7 Aligned pressure signatures for SigSet 5 in overlay and waterfall plots
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To help identify which of the individual signatures had the more forward nose shock

positions, Figures 6-8 through 6-10 were made to break up the 24” X sweep into thirds with Xram
ranges of roughly 0” to 8”, 8" to 16”, and 16” to 24”, respectively. Note that the SigSet
designations of 5.1, 5.2, and 5.3 represent the three thirds of the set of signatures. The colors of
the individual-signature curves match the colors of the curves in Figure 6-7 at the corresponding

Xram positions to help the reader visually correlate the curves among the four figures. Having
separated the X sweep into thirds makes it very obvious that there is much more scatter in the
first third (Figure 6-8) than in the latter two thirds (Figures 6-9 and 6-10), and the nose shock
position is more consistent in the latter figures. This is an indication that better-quality data

would be obtained from the forward part of the pressure rail.
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Figure 6-8 Aligned pressure signatures for first third of SigSet 5 in overlay plot
AS-2 model, Mach 1.36, h/L =1.2, a= 0°, @mar = 0°
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Figure 6-9 Aligned pressure signatures for middle third of SigSet 5 in overlay plot
AS-2 model, Mach 1.36, h/L =1.2, a= 0°, @mar = 0°
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Figure 6-10 Aligned pressure signatures for last third of SigSet 5 in overlay plot
AS-2 model, Mach 1.36, h/L =1.2, a= 0°, @mar = 0°
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6.4.2. X-59 Model

An analysis of a set of signatures for the X-59 model similar that above for the AS-2 model
over the full range of ram positions is presented here. A layout diagram for the X-59 model is
shown in Figure 6-11, which is for SigSet 100, at Mach 1.4 and a model height of 1.2 body
lengths below the rail. A difference in this X sweep, however, is that 76 signatures were
acquired in 0.32” increments over the 24” ram range. This was done to get better resolution of
the changes among the signatures over the different parts of the rail. In the layout diagram,
similar to the one with the AS-2 model, the ram range is shown from fully retracted (X-59 model
shown in blue) to fully extended (X-59 model shown in light blue). Note that shock lines from the
rail (in ) give approximate indications of where the rail shocks might impact the model.
In reality, the rail shocks make up a complex 3-dimensional flow field, and their 2-D depiction in
this diagram is an oversimplification, yet this depiction could be useful in illustrating where the
model might be free from the influence of the rail.

The aligned pressure signatures are plotted vs. Xoir + Xram in Figure 6-12, but only every
third signature is shown to allow enough spacing among them in the waterfall plot so that the
variations can be easily seen. The average curve in the plot was computed for all 76 signatures.

This plot as well as the layout show that the model front and rear shocks intersected the rail
at these approximate tunnel stations (Xoyir locations):

¢ Xram=0": 79.8"t098.3”

o Xram=24": 55.8"t073.7"

The model shocks impinged on the middle part of the rail at the start of the X sweep and
moved off the forward end of the instrumented part of the rail (first orifice located at 61.9”) by the
end of the sweep. Thus, the model nose shock was not captured in the last ~6” of the sweep, as
evidenced in the aligned signatures of Figure 6-12, where the nose shock disappeared from the
front of the signature which starts at the offset AP/P value below -0.09.
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Figure 6-11 Layout diagram of X-59 model at h/L = 1.2 showing full 24” ram range in
SigSet 100
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Figure 6-12 Aligned pressure signatures for SigSet 100 in overlay and waterfall plots
X-59 model (blade strut), Mach 1.4, h/L =1.2, a=2.1°, @gm2r = 0°

38



Figures 6-13 through 6-15 consist of overlay plots of each third of the 76 signatures of
SigSet 100. As was the case for the AS-2 model, there is much more scatter in the first third of
these signatures than in the latter two-thirds, and the last third shows the least amount of scatter
overall. Again, this is an indication that better-quality data would be obtained from the forward
part of the pressure rail as long as the entire model signature is captured within the range of rail
orifices. A possible reason for this could be less influence of the rail shock waves on the model
shocks as they propagate toward the forward part of the rail.

op . SIGSEL100.T Run Xgam
’ 5753 0.0
- AVERAGE
.02
.01
a A=
< l \faﬂ"—’ '
&
0

-.01

-.02
75 80 85 90 95 100 105
Xorif + XRam (in.)

Figure 6-13 Aligned pressure signatures for first third of SigSet 100 in overlay plot
X-59 model (blade strut), Mach 1.4, h/L =1.2, a=2.1°, @gm2r = 0°
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Figure 6-14 Aligned pressure signatures for middle third of SigSet 100 in overlay plot
X-59 model (blade strut), Mach 1.4, h/L =1.2, a=2.1°, @gm2r = 0°
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Figure 6-15 Aligned pressure signatures for last third of SigSet 100 in overlay plot
X-59 model (blade strut), Mach 1.4, h/L =1.2, a=2.1°, @gm2r = 0°
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The averaged signatures by themselves for each third of the sweep are compared in Figure
6-16. Note the SweepRng parameter in the legend: this indicates the range of Xram positions
over which the spatial average was computed for the signature. The range is identified as
start.end of the extension length of the linear actuator ram, and the numbers are approximate as
the ram positions for the runs acquired in the sweep may not have necessarily landed on the
integer values of the ram extension.

The signature for the first third of the sweep (SigSet 100.1) deviates significantly from the
other two signatures (SigSets 100.2 and 100.3) starting near the middle of the signature,
whereas the other two agree very well except for some slight differences in shock strengths
toward the rear.
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Figure 6-16 Average pressure signatures for each third of SigSet 100
X-59 model (blade strut), Mach 1.4, h/L =1.2, a=2.1°, @gm2r = 0°

-.02

An evaluation of the last third of the SigSet 100 sweep is made in Figure 6-17(a) against
four other SigSets which were taken at the same model and tunnel conditions, though three of
those SigSets (23, 48, and 54) did not cover the full sweep range, but just from 4” to 12”. SigSet
10 covered the full sweep range as did #100, but it had a larger sweep increment (Sweepinc in
the legend)—0.96” vs. 0.32”.

The plot shows that SigSets 10.3 and 100.3 agree well with each other, but not with the
other three SigSets having the reduced sweep range. Recomputing the averages for these two
SigSets over the 4”-t0-12” sweep range (now denoted as 10.9 and 100.9; the .9 just being an
index for record-keeping purposes) of the others brings all the curves into agreement as shown
in Figure 6-17(b). This, as well as the comparison shown in Figure 6-16, indicates the sensitivity
of the signatures to the sweep range, and the need for making repeat SigSet comparisons at
the same sweep range.
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(a) Last-third sweep ranges (16” to 24”) for SigSets 10 and 100
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(b) Sweep ranges (4” to 12”) for SigSets 10 and 100 matching the others
Figure 6-17 Comparison of SigSet 100.3 with four repeat runs, X-59 model (blade strut)
Mach 1.4, h/L =1.2, a=2.1°, gm2r=0°
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A similar set of plots is presented next for SigSet 99, which has the same conditions as
SigSet 100 except that the model nose is 2 body lengths from the rail instead of 1.2 lengths.
The layout diagram for the model in this position is provided in Figure 6-18. Note that even at
the ram-retracted position, the rear of the model is forward of the rail shocks, so this should help
minimize the interference from them, though the model shocks do still have to pass through the
rail shocks to get to the orifices.

The aligned overlay and waterfall plots of Figure 6-19 show that for this model height (h/L =
2), the model pressures at the rail are weaker than those from the closer distance (h/L = 1.2,
Figure 6-12), as expected—the highest average corrected pressure ratio is just over 0.010 at
the 2-body-length distance, whereas it is close to 0.015 at the 1.2-body-length distance.

The plots of Figure 6-19 show that the signatures in the early runs in the sweep are shifted
forward relative to the later runs, and the amount of the shifting is not uniform over the length of
the signatures. The nose shock positions from the first to last runs are spread over an
approximate distance of 0.5”, but the middle and aft portions of the signatures are spread by
more than 1”. The reasons for this non-uniform shifting and elongation of the signatures as
measured at the various ram positions over a 24” range are not well understood, but the mutual
interference among the model and rail shocks can have unanticipated effects on the data.

The overlay plots for each third of SigSet 99 are shown in Figures 6-20 through 6-22. As
indicated for SigSet 100, the scatter in the first third of the sweep is fairly large, and then
reduced significantly in the middle third, but increased again in the last third—in contrast to the
similar plot (Figure 6-15) for SigSet 100.

The averaged signatures by themselves for each third of the sweep are compared in Figure
6-23. As observed in Figure 6-19, there is a rearward shift with sweep range among the three
average curves, but this shift is not consistent over the lengths of the signatures.
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Figure 6-18 Layout diagram of X-59 model at h/L = 2 showing full 24” ram range in
SigSet 99
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Figure 6-19 Aligned pressure signatures for SigSet 99 in overlay and waterfall plots
X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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Figure 6-20 Aligned pressure signatures for first third of SigSet 99 in overlay plot

X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, ¢m2-=0°
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Figure 6-21 Aligned pressure signatures for second third of SigSet 99 in overlay plot

X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, gm2-=0°
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Figure 6-22 Aligned pressure signatures for last third of SigSet 99 in overlay plot
X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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Figure 6-23 Average pressure signatures for each third of SigSet 99
X-59 model (blade strut), Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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One more example of the rearward signature shift at the further-aft sweep ranges is shown
in Figure 6-24, where the two signatures at the same Xram Sweep range (8” to 16”) repeat very
well, but the one from 16” to 24” is shifted aft starting at the location of the second shock wave.
It is surmised that the sweeps that position the shocks further forward on the rail are generally
better because of possible less interference of the rail shocks on the model.
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Figure 6-24 Rearward shift of X-59 model (sting) signatures with aft Xz.» sweep range
Mach 1.36, h/L =2, a=2.1°, ¢m2-=0°

Plots in the next two sections, Effects of Humidity and Repeatability, will have some overlap
with this current section on Signature Quality with Ram Position in that differences among
signatures having different Xzam sweep ranges will be apparent as the effects of humidity and

repeatability are attempted to be shown.
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6.5. Effects of Humidity

In many recent NASA sonic boom wind tunnel tests, it was believed that humidity had to be
kept to very low levels (< 300 ppm by weight, in some cases) to not have a detrimental effect on
the pressure data. This belief arose from seeing gaps among pressure signatures acquired at
different humidity levels, but the gaps could also have been caused by subtle changes in the
tunnel flow, or ESP reference pressures or calibrations which were not investigated at the time.

The Glenn 8x6-ft supersonic wind tunnel has the means to limit the rate of humidity increase
during a running shift, but it does not have the capability to control it and keep it at a low level.
As discussed previously in Section 3.1, the tunnel uses large dryer beds in the tunnel circuit to
remove some of the moisture from the air, but with the tunnel not being fully sealed from the
outside air, the ambient humidity gets drawn into the tunnel and the desiccant beads in the dryer
beds can only absorb so much moisture throughout a shift before they get saturated. If the
humidity in the local area is high, then the tunnel humidity can sometimes exceed a prescribed
maximum level before the end of a running shift, necessitating that operations be stopped
prematurely. Thus, it was important for this test to understand whether humidity would have a
significant impact on the data, and if so, what maximum level of humidity would be allowed for
taking data. The purpose of this section is therefore to present data showing the effects of
humidity on the pressure signature measurements, as to whether there is any measurable effect
or not.

Selected plots of averaged signatures for the X-59 model with the blade strut and sting
mounts at various humidity levels are presented in the following figures:

e Figure 6-25 Blade strut  Mach 1.36 h/L=1.2 a=21°
e Figure 6-26 Blade strut  Mach 1.4 h/L=3 a=21°
e Figure 6-27 Blade strut  Mach 1.4 h/L=1.2 a=21° @mzr Varying
e Figure 6-28 Blade strut  Mach 1.4 h/L =2 a=21° stab = 3.92°
e Figure 6-29 Blade strut  Mach 1.47 h/L =2 a=1.8°
e Figure 6-30 Sting Mach 1.36 h/L =2 a=21°
e Figure 6-31 Sting Mach 1.4 h/L=3 a=21°

Starting with this section, the X locations on the data plots will be normalized by the model
length (18.80”) and denoted as (Xorir + Xram)/L, S0 that the signature length relative to that of the
model can be easily observed. The rear of the model in the signatures is just prior to the large
increases in pressure caused by the shocks from the transition sections on the blade strut and
sting.

The plots in Figures 6-25 and 6-26 include Sweeplnc in the legends because they include
the early signature sets in the test during which X sweeps were conducted with greater Xram
spacing—0.48” and 0.96”, corresponding roughly to 3- and 6-orifice spacing on the rail,
respectively. It was decided after SigSet 13 to run the rest of the sweeps in the test with 0.32”
Xram Spacing, equivalent to approximately 2 orifices.

Figure 6-25(a) shows that the signature for SigSet 13 differs significantly in the middle and
aft portions from the other two signatures, and that it has a humidity level of 1120 ppm, while the
others have humidity on the order of 600 or less. One might think that excessive humidity might
be a contributor to the different pressure levels, but the plot legend indicates that the average
curve for SigSet 13 was computed over an Xram range from 0” to 12” (which was the total range
acquired for the runs in this SigSet). The average was recomputed to match the Xzam range the
other two curves (4” to 12”), and the plot in Figure 6-25(b) shows that SigSet 13.9 now falls on
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top of the other two curves. This indicates that there are no effects of humidity in this case
wherein the range of humidity in the plot is more than 1,000 ppm.

Figure 6-26 contains four signatures with two of them (SigSets 12.1 and 25) at high humidity
(~900 ppm) and two (SigSets 26 and 113.1) at low humidity (~100 ppm). In subfigure (a), SigSet
12.1 with high humidity is very close to SigSet 113.1 with low humidity, and the same is true for
the other pair of signatures. Note that 12.1 and 113.1 are averaged over a sweep range from 0”
to 8” while the others are averaged over 16” to 24”, and the two pairs of signatures (12.1 and
113.1, 25 and 26) do not match. As the sweep ranges for SigSets 12 and 113 are moved
forward on the rail in subfigures (b) and (c), SigSet 113.3 comes very close to matching 25 and
26 in (c), but 12.3 is the one that is most different. The reason for this difference is unknown, but
it is apparent that there don’t seem to be any trends of humidity influence on the signatures.
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(a) SigSet 13 averaged over Xzam = 0” to 12”, others over 4” to 12”
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(b) All SigSets averaged over 4” to 12”

Figure 6-25 Effects of humidity and sweep range on X-59 model (blade strut) spatially-
averaged pressure signatures, Mach 1.36, h/L =1.2, = 2.1°, @nar = 0°
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(a) SigSets 12 and 113 averaged over Xr.m = 0” to 8”, others over 16” to 24”
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(b) SigSet 13 average computed over Xg.m = 8” to 16”, others over 16” to 24”

Figure 6-25 Effects of humidity and sweep range on X-59 (blade strut) spatially-averaged

pressure signatures, Mach 1.4, h/L = 3, a = 2.1°, ¢gm2- = 0° (continued)
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(c) All SigSets averaged over Xgam = 16” to 24”
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Figure 6-26 Effects of humidity and sweep range on X-59 (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, a = 2.1°, ¢m2- = 0° (concluded)

Two signatures (101 and 102) with humidity levels greater than 1,100 ppm are plotted in
Figure 6-27(a) with the immediately prior and following signatures (100 and 103) which have
lower humidity levels. (The very low humidity level of 174 ppm for SigSet 103 was a result of it
being run at the start of the next shift when the tunnel air was very dry. And note that the model-
to-rail roll angle is not the same for the four signatures on this plot, but the following discussion
about the possible effects of humidity should still be valid.) It could be surmised regarding
subfigure (a) that the gap between the with high- and low-humidity signatures could be caused
by the humidity differences, but it turned out that the choice of reference run for SigSets 101
and 102 accounted for the gap, as shown by the gap having closed up in subfigure (b). When
these two signatures were corrected with reference run 5881 (taken immediately after SigSet
102), the forward parts of them lowered to the pressure levels of SigSets 100 and 103,
indicating that humidity differences were not the cause of the gap in the upper plot. Also note
that SigSet 103 has a different sweep range that the others—it is surprising that it matches the
others so well in light of the discussion above about sweep range having a significant effect on
the data.

Regarding the roll angle differences among these four signatures, there are some
differences among the curves in the rear halves of the signatures which are caused by the
differences in roll angle. The fact that all four curves match very well in the front can probably be
attributed to the long nose on the model which would not create many pressure differences
when rolled.

52



SigSet RefRun ¢mor SweepRng HumAvg

100.3 5881 0.0 16.24 924.
101.0 5416 5. 16.24 1158.

0
102.0 5416 10.0 16.24 1237.
0

02
1030 5886 5. 8.16 174.
A\I’ ‘j\
L
& o
S y =
o1 \ g\l
-.02
-2 0 2 4 6 8 1.0 1.2 1.4
(Xorit + Xpam)/L
(a) Prior reference run 5416 used for correction of SigSets 101 and 102
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(b) Following reference run 5881 used for correction of SigSets 101 and 102

Figure 6-27 Effects of humidity and reference run on X-59 (blade strut) spatially-averaged

pressure signatures, Mach 1.4, h/L = 1.2, a = 2.1°, ¢m2r varying
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Additional plots in Figures 6-28 through 6-31 provide comparisons of repeat signatures at
widely-varying humidity levels, in which the lowest humidity level is 185 ppm and the highest is
1525 ppm, but the greatest difference between any two of the curves on one plot is 579 ppm. If
there is a significant effect of humidity on the pressure data, then it seems that this difference
should be sufficient to show the effects. However, the pairs of signatures in all four of these
figures exhibit excellent repeatability, and aside from a few minor differences between curves on
a plot, there is no discernable trend of humidity affecting the pressures. On this basis of this
result, therefore, the test crew did not see a need to curtail test operations due to rising humidity
levels as long as they were below approximately 1500 ppm. Above this level, moisture in the
tunnel air became visible in the form of fog, creating a safety issue with not being able to clearly
see the model in the camera views. In this case, the tunnel had to be shut down for the day and
the dryer beds had to be reactivated during a following shift before the test could resume.

SigSet SweepRng HumAvg Stab
E—— 63 16.24 981 3.92
.02 s 66 16.24 1525 3.92

.01

AN

(AP/P)c
7
/
%]

-.01

-.02
-2 0 2 4 6 .8 1.0 1.2 1.4

(Xorif + Xram)/L

Figure 6-28 Effect of humidity on X-59 model (blade strut) spatially-averaged pressure
signatures, Mach 1.4, h/L = 2, a = 2.1°, ¢m2r = 0°, stabilators 3.92°
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Figure 6-29 Effect of humidity on X-59 model (blade strut) spatially-averaged pressure
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signatures, Mach 1.47, h/L =2, =1.8°, ¢=0°
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Figure 6-30 Effect of humidity on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.36, h/L =2, a=2.1°, ¢=0°
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Figure 6-31 Effect of humidity on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, h/L =3, a=2.1°, ¢=0°

The average humidity levels (HumAvg) for the SigSets plotted in the remainder of this report
will continue to be included in the legends to give the reader further information about the
humidity effects. The Xram sweep ranges (SweepRng) will be left in the legends as well so that
one can see whether the measurements for the curves on a plot were taken on the same

portion of the rail.
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Data from the moisture monitors in the 8x6 tunnel reported the moisture levels in both dew
point and humidity in parts per million by weight. The variation of these two parameters for each
of the three test Mach numbers is plotted in Figure 6-32.
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=—1.47
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Figure 6-32 Dew point variation with humidity in 8x6 wind tunnel at the three test Mach

numbers
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and model signatures.

6.6.1. Reference Run Repeatability

Selected groups of reference runs at each of the three Mach numbers run in this test are

6.6. Repeatability

Data quality is addressed in this section as observed in the repeatability of reference runs

presented below in Figures 6-33 through 6-36. In all cases here, the model was the X-59 model

with the blade strut mount, and it was positioned in the tunnel at h = 73” below the rail,
a=1°,and ¢= 180° as depicted in the layout diagram of Figure 4-16(b).

Run Mach HumAvg
3302 1.36 1084
3907 1.36 469
10 H 4441 136 671
.08 \
.06
o8 |
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-.02 er,' ‘v\ [\\A
-04 \\\I"'
-.06
-.08
60 70 80 90 100 110 120
Xorif (in.)

Figure 6-33 Short- and long-term repeatability of selected reference runs at Mach 1.36
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The first three reference runs in Figure 6-33 at Mach 1.36 repeat very well with almost no
discernable gaps among them, but the fourth run, 6572, has lower pressures over most of the
front half of the signature and toward the end of the signature. The reasons for these differences
are not known, since the wind tunnel operating crew consistently strived to make sure there
were no inadvertent changes to the tunnel, model, and test conditions throughout the test. It
was generally found that short-term repeatability was very good, while long-term repeatability
tended to be not as good. The range of runs in this figure, from 3302 to 6572, represents a
sizable fraction of the total number of runs obtained in the test (run numbers from 2709 to
9134), so the span of more than 3,000 runs on this plot can be classified as long-term repeat

runs (over an almost 3-week period).
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Figure 6-34 Short-term repeatability of selected reference runs at Mach 1.4
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The four reference runs in Figure 6-34 at Mach 1.4 show excellent repeatability—not
surprisingly in that these are short-term repeat runs (from 3220 to 3301). A second plot at the
same Mach number in Figure 6-35 consists of runs over a greater range, and there is a sizable
gap between the first pair of runs and the second pair. Note that the first pair spans a long range
of run numbers, from 3301 to 6147, but these runs repeat very well. Then the very next
reference run after 6147, which is 6155, has significantly lower pressure values than the runs
before it. The only runs in between these two were some test conditions recorded for schlieren
imaging. The two latter runs in the plot span a range of almost 500 run numbers, yet they repeat
very well. An inadvertent change in reference pressure applied to the ESP modules plumbed to
the rail orifices could easily account for such changes in the rail pressures, but this may not
have been checked at the time of these runs.
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Figure 6-35 Short- and long-term repeatability of selected reference runs at Mach 1.4
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Finally, a set of reference runs at Mach 1.47 are presented in Figure 6-36. Having run

numbers that span across those in the previous plot that showed a gap in measured pressures,

it is not surprising that the last run in this plot, 6519, has mostly lower pressures than the other
runs in the plot up to number 4230.

Run Mach HumAvg
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Figure 6-36 Short- and long-term repeatability of selected reference runs at Mach 1.47
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6.6.2. X-59 Model Signature Repeatability
Plots of repeatability of various X-59 model signatures are presented in the following figures:

e Figure 6-37 Blade strut Mach1.36 h/L =2 a=1.8° $mar = 0°
e Figure 6-38 Blade strut  Mach 1.4 /L =2 a=21° Pmer = 15°
e Figure 6-39  Sting Mach 1.4 h/L =12 a=21° $mar = 30°
e Figure 6-38  Sting Mach 1.4 /L =2 a=21° $mar = 0°
e Figure 6-41 Blade strut Mach1.36 h/L =3 a=21° $mar = 0°
e Figure 6-42 Blade strut  Mach 1.4 /L =2 a=21° $mar = 0°
e Figure 6-43 Bladestrut Mach1.47 h/L =12 a=21° $mar = 0°
e Figure 6-44  Sting Mach 1.4 h/L =3 a=21° $mar = 0°
e Figure 6-45 Sting Mach 1.47  h/L=2 a=21° $mar = 0°

Various sets of repeated signatures are presented in Figures 6-37 through 6-45 to show
examples of SigSet combinations that repeated very well and others that had small differences
among them. The signatures chosen for comparison in each plot were intentionally selected to
have the same sweep ranges so that measurements on different portions of the rail would not
be a factor.

The first three plots (through Figure 6-39) repeated well over most of the signature lengths
but had some small deviations, mostly near the middle of the signatures. The five plots in
Figures 6-40 through 6-44 show excellent repeatability with only very minor deviations among
the curves. Note that in some cases, there are large humidity differences (up to more than 700
ppm) among the curves, but these differences do not appear to cause any variations among
them.

In Figure 6-45(a), the front half of the signature for SigSet 146 is shifted upward slightly
relative to SigSet 149, and the rear half is shifted downward. As discussed in the previous
section, at times there were unexplained shifts among the reference runs. The discrepancy
between these two SigSets prompted a recompute of SigSet 146 to be corrected by the
following reference run (7292), instead of the prior one (7163), which was the default. The
recomputed SigSet 146 is plotted in Figure 6-45(b), where it now overlaps SigSet 149.

Figure 6-46 shows a comparison of the reference runs before and after SigSet 146, and
minor differences between them can be seen which can account for the changes in the data for
this SigSet.
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Figure 6-37 Repeatability of X-59 model (blade strut) signatures
Mach 1.36, h/L =2, a=1.8°, gm2-=0°
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Figure 6-38 Repeatability of X-59 model (blade strut) signatures
Mach 1.4, h/L =2, a=2.1°, ¢m2r = 15°
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Figure 6-39 Repeatability of X-59 model (sting) signatures
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Figure 6-40 Repeatability of X-59 model (sting) signatures
Mach 1.4, h/L =2, a=2.1°, §mar=0°
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Figure 6-41 Repeatability of X-59 model (blade strut) signatures
Mach 1.36, h/L =3, a=2.1°, gm2-=0°
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Figure 6-42 Repeatability of X-59 model (blade strut) signatures
Mach 1.4, h/L =2, a=2.1°, §mar=0°
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Figure 6-43 Repeatability of X-59 model (blade strut) signatures
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Figure 6-44 Repeatability of X-59 model (sting) signatures
Mach 1.4, h/L =3, a=2.1°, §m2r=0°

66



(AP/P)c

SigSet SweepRng HumAvg

02
—— 146 1624 96
—— 149 1624 220
01 Jf\\
” /\\
\
-02
-2 0 2 4 6 8 1.0 1.2 1.4
(Xorit + Xpam)/L
(a) Prior reference run 7163 used for correction
02 SigSet SweepRng HumAvg
'  — 146 16.24 96
— 149 1624 220
01 j‘
. AN \
o
a 0
sk
-01 V
-.02
2 4 6 8 1.0 1.2 1.4

-2 0 ;
(Xorit + XRram)/L

(b) Following reference run 7292 used for correction

Figure 6-45 Repeatability of X-59 model (sting) signatures using different reference runs
for SigSet 146, Mach 1.47, h/L = 2, a = 2.1°, @m2r = 0°

67



Run Mach HumAvg
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Figure 6-46 Reference runs before and after SigSet 146
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6.7.Uncertainty Quantification

6.7.1. Spatial Averaging

For the purpose of this uncertainty analysis, the uncorrected and corrected pressure
ratios from the rail data in Equations 1 through 3 above are given additional names:

DPR(Xoyir) = (AP/P)g = (M) o

Poo Reference Run
DPU;(Xori) = (AP/P)y = (Preite) 5)
© Data Run
DPRCL'(XOTif) = (AP/P)C = DPUi(XO‘r'if) - DPR(XOrlf) (6)

As stated above regarding Equation 3, DPRC; is the normalized model pressure
signature with the reference run removed. The subscript i indicates a specific linear
actuator ram position among the typically 26 positions at which data were acquired for
use in the spatial average. Prior to computing this average, the 26 individual pressure
signatures are adjusted in this uncertainty analysis to a common model height relative
to the rail to account for small height variations during the ram translation.

IiV:1 hi,Nose (7)

Where N = number of ram positions, individual signatures

— 1
hnose ==

DPC;(Xopi) = DPRC; ’;NN— (8)

Once the individual signatures have the reference signature removed and are
adjusted to the average model height during the sweep, the pressure signatures are
aligned spatially to account for the linear ram extension. This alignment is done by
adding the ram extension distance, X; rqm, to the rail orifice locations as shown in
Equation 9, resulting in the parameter X; ;. Figure 6-3 shows the 26 individual pressure
signatures with the reference run removed, but not aligned. Figure 6-4 shows the
aligned waterfall plot for the same signatures.

Xi1 = Xorif + Xiram 9)

A Mach angle correction is made to account for changes in Mach number, M;, and
model height relative to the rail, hy,s., as seen in Equation 10. Although applied to
each data run to improve signature alignment for averaging, this correction also aligns
signatures to a common reference frame to simplify comparisons between data
acquired at different Mach numbers and heights relative to the rail. For example, if the
model is positioned at a fixed location in the tunnel for runs at Mach 1.36 and 1.47, the
signatures will be measured at different locations on the rail due to the Mach angle
difference between the two runs. Applying Equation 10 will shift the signatures such
that the nose shock from the model is aligned between the two runs when DPC is
plotted as a function of X; ,, allowing for direct comparisons to be made between the
two cases.

Xi,Z = Xi,l - hi,Nose MZ—-1 (10)

2

An additional correction is made to account for variations in the model attitude. Equation 11
is used to compute the combined pitch and yaw angle, &, in the plane of the rail (tunnel X-Z
plane). This angle is used to compute a relative amplitude correction to the X coordinate as
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seen in Equation 12, where the initial model setpoint, &, is subtracted from the subsequent
model setpoints, ¢;, to compute the relative difference. Note that, if £ were to remain constant
during a series of data runs, Equation 12 would reduce to X,= X3. In practice, this correction is
usually small because test facilities can maintain model setpoints to tight tolerances during
testing.

& = a; cos(Pi rair) + Bisin(Pirair) (11)
Xiz =X, + (Xi,Nose - Xi,z)tan(fi —-&) [MZ—1 (12)

Theoretically, the mean signature is obtained at each port where the shifted signatures
align perfectly. In practice, interpolation is required between the port measurements on the
rail to properly align the signatures with minimal set point error. X, is defined as a
uniformly-spaced vector capturing the full range of X5 values and typically spaced using
half the pressure rail orifice spacing (AXy,;f = 0.1575"). The fully aligned and adjusted
pressure signatures (DPC as a function of X3) are interpolated onto the X,vector using a
shape-preserving piecewise-cubic interpolation (pchip 1-dimensional interpolation in
Matlab) without extrapolation.

Xy = [X3,min : (AXOrf)/Z :X3,max] (13)

Once the pressure signatures are aligned and interpolated onto the common
reference frame (X,), the grand mean signature is obtained by summing the individual
signatures at each interpolation location (DPC as a function of X,) and dividing by the
number of signatures aligned at each position as shown in Equation 14. In Figure 6-4,
the individual signatures in SigSet 89 are plotted vs. Xo/ir + Xram, Which aligns the
signatures and is similar to X; in that it is a measure of distance along the signature.
Note that the number of signatures that make up the grand mean will vary with Xoyir +
Xram, OF X4. For example, at Xorir + Xram = 80 in Figure 6-4, there are approximately 8
signatures that have a measured value at the front of the signature that can be included
in the average as a result of the alignment process, where all 26 signatures can be
included in the average at Xorir + Xram = 100.

DPC(X,) = ~ %I, DPC; (14)

Figure 6-47 shows the final grand mean boom signature overlaid with the individual
signatures that were averaged to compute the grand mean boom signature (note that
the X4 scale does not line up with the abscissa scale in Figure 6-4 because of the
adjustments in X made in the computation of X4 above).
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Figure 6-47 Grand mean signature and individual signatures for SigSet 89

6.7.2. Uncertainty Quantification

There are numerous sources of uncertainty that could be analyzed and quantified
for the pressure signature calculations including, but not limited to, uncertainties in the
tunnel calibration, model setpoint uncertainty, measurement sensor accuracy and
resolution, and measurement repeatability. Only a subset of these uncertainties is
addressed in the current analysis. The uncertainty quantification of the pressure
signatures has been developed to capture three sources of uncertainty:

e Uncertainty of the time-averaged reference runs (Section 6.7.2.1)

¢ Uncertainty of the time-averaged data runs (Section 6.7.2.2)

e Uncertainty of the spatially-averaged data runs acquired at different linear ram

positions (Section 6.7.2.3)

Each of these uncertainties are quantified as independent terms and are combined
using a root-sum-square to set the total uncertainty for each signature set (Section
6.7.2.4).

Since the primary application of the uncertainty band is to compare signature sets
from the same test, no fossilized uncertainties (from tunnel or instrument calibration
errors) are included in the uncertainty buildup. Some of the fossilized uncertainties, due
primarily to calibration of the pressure measurement devices, may be mitigated by
subtraction of the reference signatures. An additional uncertainty could be developed
from analyzing repeated signature sets acquired throughout the test, but the within-test-
repeatability uncertainty has not been included here. At best, the uncertainty intervals
provided represent a minimum level of uncertainty.

6.7.2.1. Reference Run Temporal Uncertainty

The temporal uncertainty of a reference run is computed using two-second block
averages acquired over a 60-second window. The variance of the reference run
samples is used as defined in Equation 15 where N; is the number of two-second
blocks acquired and j is the index of the two-second blocks.

1 ; —\2
o3pr(Xorir) = 37— X%, (DPC; — DPR) (15)
ojpr is computed as a function of Xorif @S acquired, but to combine with the spatial

uncertainty of the pressure signatures, it must be interpolated onto the X, reference frame. This
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is done by using the X;values for each of the data runs which results in N representations of
aipr as a function of X,. ojp5 is then averaged to compute the final form of the reference run
temporal uncertainty as seen in Equation 16.

— 1
o-ng(Xél-) = ;Zlivﬂ O'tZ,DPR (16)

A scalar value for the temporal uncertainty is computed by averaging over the temporal
uncertainty vector as seen in Equation 17 where TA is the time average, N,, is the number of
points in the X, vector, and k is the index for points in the X, vector.

2 _ 1 Ny —3
UTA—Np k=19kDPR (17)

6.7.2.2. Data Run Temporal Uncertainty

The temporal uncertainty of a data run is computed using two-second block averages
acquired over a 15-second window. The variance of the data run samples is used as defined in
Equation 18 where N, is the number of two second blocks acquired, j is the index of the two-
second blocks, N is the number of ram positions used to compute the grand mean, and i is the
index of the ram positions.

1 —_—\2
oBpu(Xorir) = 5—5 Bit1 2%, (DPU;; — DPU;) (18)

obpy is computed as a function of X,,;¢, but it must be interpolated onto the X, reference
frame to combine with the spatial uncertainty of the pressure signatures. This is done by using
the X5 values for each of the data runs which results in N representations of o35, as a function
of X,. o5py is then averaged to compute the final form of the reference run temporal uncertainty
as seen in Equation 19.

— 1
O-gPU(Xél-) = ;Zlivﬂ O'tZ,DPU (19)

6.7.2.3. Spatial Uncertainty

The spatial uncertainty is developed by computing the variance of the individual data runs
used to generate the final grand mean signature as seen in Equation 20.

—\2
02x(X4) = ==, (DPC; — DPC) (20)

Because the reference run was used to compute DPC, the temporal uncertainty component
is removed from the spatial variance as seen in Equation 21 so as not to double count the
temporal uncertainty.

O-SZP(XAI-) = |0}§R - 0'72"A| (21)

6.7.2.4. Combined Uncertainty

The final combined uncertainty is computed by taking the root-sum-square of the two
temporal uncertainties and the spatial uncertainty as seen in Equation 22.

oppc(Xa) = \/O'LZJPR + 0ppy + 0 (22)

This uncertainty can be used to represent the 95% confidence bounds that an additional
data run, DPC, will fall in the range of DPC + 20ppc. However, because the averaged
signatures are the data that are reported, the standard deviation of the mean is of greater

72



interest as the spatial averaging was performed to reduce the uncertainty. The standard
deviation of the mean is computed as seen in Equation 23.

oppc(Xs) = “0e€ (23)

This uncertainty can be used to represent the 95% confidence bounds that a repeated
averaged dataset, DPC, will fall in the range of DPC + 2oppe. It should be noted that using 2o to
define the 95% coverage implies a normal distribution; however, it is best to not assume a
distribution given the low sample sizes for the experimental data. The grand mean signature
computed from the data in Figure 6-47 is plotted with the uncertainty bounds in Figure 6-48.
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Figure 6-48 Grand mean signature with uncertainty quantification

73



6.8. Effect of Control Surface Deflections

Plots showing the effects of deflecting the stabilator, T-tail, flaps, and ailerons on the X-59
pressure signatures are provided in this section.

6.8.1. Effect of Stabilator Deflections

The effects of deflecting the stabilator on the model signatures are presented in the
following figures:

Figure 6-49 Blade strut  Mach 1.4 h/L=1.2 a=21°

[ )

e Figure 6-50 Blade strut  Mach 1.4 h/L =2 a=21°
e Figure 6-51 Blade strut  Mach 1.4 h/L=3 a=21°
o Figure 6-52 Blade strut  Mach 1.4 h/L =2 a=1.8°
e Figure 6-53 Blade strut  Mach 1.4 h/L =2 a=24°

With the stabilator being at the rear of the vehicle, the changes in the pressure signatures
are expected to be seen near the end of the signatures. In the plots below, the changes are
observed in the region of X/L (short for (Xoyir + Xram)/L) = 0.9 to 1.1, and the portion of the
signature ahead of this is not impacted. As the stabilator is deflected and producing more or
less lift than at the nominal angle of 3.42°, the change in shock strength for that portion of the
signature is evident in all of the plots. It is odd though, that in Figure 6-51, the signature for
SigSet 65 with the highest stabilator deflection is above the other two signatures over most of
their length, as opposed to just at the rear. This appears to be just an anomaly in the
repeatability and not a result of the high humidity since SigSet 76 has humidity that is nearly as
high.
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Figure 6-49 Effect of stabilator deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°, gm2r = 0°
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Figure 6-50 Effect of stabilator deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a=2.1°, ¢gm2r=0°
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Figure 6-51 Effect of stabilator deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, a=2.1°, @gm2r=0°
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Figure 6-52 Effect of stabilator deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a = 1.8°, ¢m2r=0°
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Figure 6-53 Effect of stabilator deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a = 2.4°, §m2r=0°
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6.8.2. Effect of T-tail Deflections

The effects of deflecting the T-tail on the model signatures are presented in the following
figures:

e Figure 6-54 Blade strut  Mach 1.4 h/L=1.2 a=21°
e Figure 6-55 Blade strut  Mach 1.4 h/L =2 a=21°
e Figure 6-56 Blade strut  Mach 1.4 h/L =3 a=21°

The T-tail is directly above the stabilator on the X-59, but its influence on the pressure
signatures is aft of that of the stabilator because the shocks propagate downward from the
vehicle roughly along the Mach line angle (~44° for Mach 1.4). Thus, the increments in the
shock locations from the T-tail should be near or just aft of the stabilator shocks, and they do
appear in the three plots below in the region of X/L = 1.02 to 1.05.

In Figure 6-54, the portions of the signatures in this region show the normal progression of

the shocks moving forward with increasing T-tail deflection, but in the other two plots, that
progression is not as clear. In Figure 6-55, the curve for the nominal, 3.7°, T-tail deflection, is

elevated above the other two over a wide range ahead of and behind where the T-tail influence

should be. In Figure 6-56, the nominal curve overlaps the curve for the 2.7° T-tail deflection in

that region but is lower than both other curves ahead of that. These appear to be cases where

the repeatability is not quite as good as desired.
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Figure 6-54 Effect of T-tail deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°, §m2r = 0°

77

1.4



(AP/P)c

02 SigSet T-tail SweepRng HumAvg
— 81 2.7 16.24 142
E—— 24 37 16.24 867
e 59 4.7 16.24 156
.01
I M
0 == j
-.01 v Y]
-.02
-2 0 2 4 .6 .8 1.0 1.2 14
(Xorit + XRram)/L

Figure 6-55 Effect of T-tail deflections on X-59 model (blade strut) spatially-averaged
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Figure 6-56 Effect of T-tail deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, a=2.1°, @gm2r=0°
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6.8.3. Effect of Flap Deflections

The effects of deflecting the flaps on the model signatures are presented in the following
figures:

e Figure 6-57 Blade strut  Mach 1.4 h/L=1.2 a=21°
e Figure 6-58 Blade strut  Mach 1.4 h/L =2 a=21°
e Figure 6-59 Blade strut  Mach 1.4 h/L=3 a=21°
e Figure 6-60 Sting Mach 1.4 h/L=1.2 a=21°
e Figure 6-61 Sting Mach 1.4 h/L =2 a=21°
e Figure 6-62 Sting Mach 1.4 h/L=3 a=21°

Flap angles of -2.9° and -2.4° were run on the blade strut configuration, and these angles
plus the -1.9°-deflection were run on the sting configuration. The reason for not running the
-1.9° angle on the blade strut configuration is that it was felt that shocks from the blade strut
could have contaminated the data from the wing control surfaces and that the flaps were
separated enough from the sting to have better-quality data on the sting configuration. Thus, it
was decided to not spend the extra test time getting the third set of flap-deflection data on the
blade strut configuration.

Increments in the signatures from the flap deflections are apparent in the plots below in the
X/L range of approximately 0.7 to 1.0. The increments between the -2.9° and -2.4° deflections
are very small for both model-mounting configurations, but the increment to the -1.9° deflection
(for the sting configuration) is quite a bit larger in the 0.82 to 0.89 X/L range. The increments
observed for both configurations become significantly smaller at model height from the rail is
increased.
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Figure 6-57 Effect of flap deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°, §m2r = 0°
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Figure 6-58 Effect of flap deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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Figure 6-59 Effect of flap deflections on X-59 model (blade strut) spatially-averaged

pressure signatures, Mach 1.4, h/L = 3, a=2.1°, gm2r=0°
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Figure 6-60 Effect of flap deflections on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, h/L =1.2, a=2.1°, @m2r = 0°
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Figure 6-61 Effect of flap deflections on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, h/L = 2, a=2.1°, gm2r=0°
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Figure 6-62 Effect of flap deflections on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, h/L = 3, a = 2.1°, gm2r=0°
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6.8.4. Effect of Aileron Deflections
The effects of deflecting the ailerons on the model signatures are presented in the following

figures:
e Figure 6-63 Blade strut  Mach 1.4 h/L=1.2 a=21°
e Figure 6-64 Blade strut  Mach 1.4 h/L =2 a=21°
e Figure 6-65 Blade strut  Mach 1.4 h/L=3 a=21°
e Figure 6-66 Sting Mach 1.4 h/L=1.2 a=21°
e Figure 6-67 Sting Mach 1.4 h/L =2 a=21°
e Figure 6-68 Sting Mach 1.4 h/L=3 a=21°

The same priorities of the model-mounting configuration for the flap-effects data apply to the
aileron-effects data as well for the same reasons. The increments in the signatures from the
aileron deflections are in the same approximate X/L range identified for the flap deflections.

Recall that the aileron deflections are symmetric on both sides of the wing, as opposed to
one up and one down for roll control.

The effects of deflecting the ailerons on both model configurations are observed in the same
region of the plots as for the flap deflections: from approximately X/L = 0.7 to 1.0. On the blade
strut configuration, the deflection effects from 1.1° to 1.6° are small and not consistent over the
three different heights as to which deflection angle yields the lowest overall pressures. On the
sting configuration, the deflection effects include the 0.6° aileron angle and are larger, though
still not consistent in the pressure trends over the three different heights.
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Figure 6-63 Effect of aileron deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°, §m2r = 0°
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Figure 6-64 Effect of aileron deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a=2.1°, gm2r=0°
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Figure 6-65 Effect of aileron deflections on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, a=2.1°, gm2r=0°
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Figure 6-66 Effect of aileron deflections on X-59 model (sting) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°, gm2r = 0°
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pressure signatures, Mach 1.4, h/L =2, a=2.1°, gm2r=0°

85

Figure 6-67 Effect of aileron deflections on X-59 model (sting) spatially-averaged
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Figure 6-68 Effect of aileron deflections on X-59 model (sting) spatially-averaged



6.9. Effect of Angle of Attack

The effects of angle of attack on the model signatures are presented in the following figures:

Figure 6-69 Blade strut  Mach 1.36 h/L =2
Figure 6-70 Blade strut  Mach 1.4 h/L=1.2
Figure 6-71 Blade strut  Mach 1.4 h/L =2
Figure 6-72 Blade strut  Mach 1.4 h/L =3
Figure 6-73 Blade strut  Mach 1.47 h/L =2
Figure 6-74 Sting Mach 1.4 h/L=1.2

The plots below show that changes in the model angle of attack from 1.8° to 2.4° raise the
overall pressure levels in the middle and aft portions of the signatures, but not in the forward
part of the signatures up to about 0.3 X/L. The X-59’s long nose has a mostly-rounded shape
and is not intended to be a lifting surface, so it is not surprising that this portion of the signature
does not show much sensitivity to angle of attack. The shock from the canard is at about 0.35
X/L, and it shows a very slight amount of increase with angle of attack. The lifting surfaces aft of
this point show fairly consistent trends of higher pressure levels with angle of attack, but the
individual shocks do not show significant strength increases, though they do move forward
somewhat with increasing model angle.
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Figure 6-69 Effect of angle of attack on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.36, h/L = 2, ¢n2r=0°
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Figure 6-70 Effect of angle of attack on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 1.2, ¢m2r = 0°
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Figure 6-71 Effect of angle of attack on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 2, @ma2r = 0°
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Figure 6-72 Effect of angle of attack on X-59 model (blade strut) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, ¢mar = 0°, T-tail = 2.7°
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Figure 6-73 Effect of angle of attack on X-59 model (blade strut) spatially-averaged

pressure signatures, Mach 1.47, h/L = 2, ¢n2r=0°
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Figure 6-74 Effect of angle of attack on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, h/L = 1.2, ¢gm2r = 0°
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6.10. Effect of Height

The effects of height on the model signatures are presented in the following figures:

e Figure 6-75 Blade strut  Mach 1.36 a=21°
e Figure 6-76 Blade strut  Mach 1.4 a=21°
o Figure 6-77 Blade strut  Mach 1.47 a=21°
o Figure 6-78 Sting Mach 1.36 a=21°
e Figure 6-79 Sting Mach 1.4 a=21°
e Figure 6-80 Sting Mach 1.47 a=21°

Changing the model height relative to the pressure rail has a very large effect on the
signatures as evidenced in the six plots below. Increasing the height shows the aging of the
signatures in terms of decreasing overall pressure levels and shock strengths. The locations of
the shock waves stay about the same at the different heights in the plots at all three Mach
numbers and both model-mounting configurations.
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Figure 6-75 Effect of height on X-59 model (blade strut) spatially-averaged pressure
signatures, Mach 1.36, a = 2.1°, @gm2r = 0°
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Figure 6-76 Effect of height on X-59 model (blade strut) spatially-averaged pressure
signatures, Mach 1.4, = 2.1°, gn2r=0°
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Figure 6-77 Effect of height on X-59 model (blade strut) spatially-averaged pressure
signatures, Mach 1.47, a = 2.1°, @gm2r = 0°
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Figure 6-78 Effect of height on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.36, a = 2.1°, @m2r = 0°
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Figure 6-79 Effect of height on X-59 model (sting) spatially-averaged pressure
signatures, Mach 1.4, a = 2.1°, gn2r=0°
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Figure 6-80 Effect of height on X-59 model (sting) spatially-averaged pressure

signatures, Mach 1.47, a = 2.1°, @gm2r = 0°
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6.11. Effect of Roll Angle

Signature measurements were taken at various roll angles for the following tunnel and
model conditions listed below, and plotted in the identified by figure numbers:

Figure 6-81
Figure 6-82
Figure 6-83
Figure 6-84
Figure 6-85
Figure 6-86
Figure 6-87
Figure 6-88

Blade strut
Blade strut
Blade strut
Blade strut
Blade strut
Sting
Sting
Sting

Mach 1.36
Mach 1.4
Mach 1.4
Mach 1.4
Mach 1.47
Mach 1.4
Mach 1.4
Mach 1.4

/L =2 a=21°
hL=12 «a=2.1°
L =2 a=21°
h/L =3 a=21°
/L =2 a=21°
hL=12 «a=21°
hL=12 «a=21°
hL=12 «a=21°

15° roll increments

15° & 5° roll increments
15° & 5° roll increments
15° & 5° roll increments
15° roll increments

15° & 5° roll increments
15° & 5° roll increments
15° & 5° roll increments

The model was set at roll angles from 5° to 45° relative to the pressure rail to assess the
changes in the signatures at equivalent off-track angles away from the centerline boom
propagation. At Mach 1.36 and 1.47, only the data at 15° roll increments were acquired, but the
full roll-angle sweeps at every 5° were acquired at Mach 1.4 for both the blade strut and sting
configurations. There is a general reduction in pressure levels in the middle part of the
signatures at all heights and Mach numbers as the roll angle is increased, but in the aft part, the
signature changes are more complicated with all the interactions of the shock waves from the
multiple surfaces at the rear of the vehicle.
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Figure 6-81 Effect of roll angle (15° increments) on X-59 model (blade strut) spatially-
averaged pressure signatures, Mach 1.36, h/L = 2, a= 2.1°
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(b) 5° roll angle increments

Figure 6-82 Effect of roll angle on X-59 model (blade strut) spatially-averaged pressure
signatures, Mach 1.4, h/L =1.2, a=2.1°
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(b) 5° roll angle increments
Figure 6-83 Effect of roll angle (5° increments) on X-59 model (blade strut) spatially-
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Figure 6-84 Effect of roll angle (5° increments) on X-59 model (blade strut) spatially-
averaged pressure signatures, Mach 1.4, h/L = 3, a=2.1°
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Figure 6-85 Effect of roll angle (15° increments) on X-59 model (blade strut) spatially-
averaged pressure signatures, Mach 1.47, h/L =2, a=2.1°
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(b) 5° roll angle increments

Figure 6-86 Effect of roll angle (5° increments) on X-59 model (sting) spatially-averaged
pressure signatures, Mach 1.4, h/L =1.2, a=2.1°
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Figure 6-87 Effect of roll angle (5° increments) on X-59 model (sting) spatially-averaged
pressure signatures, Mach 1.4, h/L =2, a=2.1°
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Figure 6-88 Effect of roll angle (5° increments) on X-59 model (sting) spatially-averaged
pressure signatures, Mach 1.4, h/L = 3, a=2.1°
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6.12. Effect of Mach Number

The effects of Mach number on the reference runs and model signatures are presented in
the following figures:

e Figure 6-90 Reference runs

e Figure 6-90 AS-2 h/L=1.2 a=0°

o Figure 6-91 Blade strut  h/L=1.2 a=21°
e Figure 6-92 Blade strut  h/L =2 a=21°
e Figure 6-93 Blade strut  h/L =3 a=21°
o Figure 6-94 Sting h/L=1.2 a=21°
o Figure 6-95 Sting h/L =2 a=21°
o Figure 6-96 Sting h/L=3 a=21°

A comparison of the reference run pressures for the three test Mach numbers is presented
in Figure 6-90. The trend of the reflected rail shock peak moving aft with Mach number is as
expected because of the increasing Mach line angle (42.7° at Mach 1.36, 44.4° at Mach 1.40,
47.1° at Mach 1.47), but it is not known why there is a difference in the magnitudes of the shock
peaks between Mach 1.36 and the other two Mach numbers. One might expect that the shock
peaks would get higher with Mach number, and yet the peaks at the two highest Mach numbers
are nearly identical. Similar plots of other reference run comparisons not included herein also
show similar shock peak magnitudes between the two highest Mach numbers, though with
some slight variations among them (but still significantly higher than the peaks at Mach 1.36).
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Figure 6-89 Effect of Mach number on reference runs

Plots of Mach number effects on AS-2 and X-59 signatures are presented in Figures 6-90
through 6-96. The primary effect of increasing Mach number on a pressure field around an
aircraft is to increase the angle of the shock waves away from the vertical. Thus, for a given
model position in the wind tunnel, as Mach number is increased, the model shocks fall further
aft on the rail. This effect is taken out in the data plots below because the signatures are all
aligned with the start of the nose shock being at X/L = 0. However, there is also some stretching
of the signatures with Mach number, as evidenced in all of the X-59 model signatures below.

The one plot of the AS-2 model signatures shows only a slight amount of stretching between
the Mach 1.4 and 1.47 curves in the expansion region between X/L = 0.25 and 0.35. The curve
at Mach 1.36 does not look right with the reduced slope of the initial shock relative to the other
curves, but the reason for this was not investigated during the test.
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Figure 6-90 Effect of Mach number on AS-2 model spatially-averaged pressure
signatures, h/L =1.2, «a=0°, ¢=0°
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Figure 6-91 Effect of Mach number on X-59 model (blade strut) spatially-averaged
pressure signatures, h/L =1.2, a=2.1°, =0°
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Figure 6-92 Effect of Mach number on X-59 model (blade strut) spatially-averaged
pressure signatures, h/L =2, a=2.1°, ¢=0°
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Figure 6-93 Effect of Mach number on X-59 model (blade strut) spatially-averaged

pressure signatures, h/L =3, a=2.1°, ¢=0°
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Figure 6-94 Effect of Mach number on X-59 model (sting) spatially-averaged pressure
signatures, h/L =1.2, a=2.1°, ¢=0°
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Figure 6-95 Effect of Mach number on X-59 model (sting) spatially-averaged pressure
signatures, h/L =2, a=2.1°, ¢=0°
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Figure 6-96 Effect of Mach number on X-59 model (sting) spatially-averaged pressure
signatures, h/L =3, a=2.1°, =0°
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6.13. Blade Strut vs. Sting Mount

Comparisons of the signatures for the model mounted on the blade strut vs. the sting are
presented in the following figures:

e Figure 6-97 Mach 1.36 h/L=1.2 a=21°
o Figure 6-98 Mach 1.36 h/L =2 a=21°
e Figure 6-99 Mach 1.36 h/L=3 a=21°
e Figure 6-100 Mach 1.4 h/L=1.2 a=21°
e Figure 6-101 Mach 1.4 h/L =2 a=21°
e Figure 6-102 Mach 1.4 h/L=3 a=21°
e Figure 6-103  Mach 1.47 h/L=1.2 a=21°
e Figure 6-104 Mach 1.47 h/L =2 a=21°
e Figure 6-105 Mach 1.47 h/L=3 a=21°

Any hardware that is used to support a model in a wind tunnel necessitates a compromise in
the outer model line (OML) of the model which adversely affects the aerodynamics of the model
and the pressure field surrounding it. A common way to provide data to correct for, or at least
partially mitigate these effects, is to test the model with two or more different mounting
configurations. For the X-59 sonic boom model, it was decided to design a mount that would
attach at the top center of the model so that the aft end would have a clean OML that matches
the airplane, as well as a sting mount that attaches through (or in this case, in place of) the
engine nacelle so that the upper part of the model is not compromised. Neither configuration
provides a complete pressure signature that matches what an airplane would produce in free
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air, but the combination of the signatures from the two mounting configurations can offer
insights into what a composite signature would look like.

In the plot legends, the model-mounting configuration is specified as either Blade or Sting. In
most of the plots, the sweep ranges match, but there are a few cases in which they don’t, and
the comparison of the signatures is therefore not as valid as if it would be if they did. However,
this set of plots at all three Mach numbers and all three heights offers a very useful picture of
the effects of each mounting type on the pressure data.

In all the plots below, the signatures are nearly identical up to the shock from the leading
edge of the blade strut which falls at or near X/L = 0.45. The pressures fluctuate a bit aft of this
point, which are from the flow passing around the strut and interacting with the wing as they
pass around to the bottom of the model. At an X/L around 0.75, the sting configuration has a
small pressure rise which is either greater than, or in some cases nearly equal to, a similar
pressure rise for the blade configuration. This is likely from the fairing in front of the inlet on the
sting configuration, or from the inlet opening on the blade configuration. The large shock in the
X/L range of 0.90 to 0.95 is from the stabilator leading edge, and this appears to be fairly equal
between the two configurations. The most notable difference at the aft end of the signatures is
that for the blade configuration, the pressures ramp up slowly towards the ambient level (AP/P =
0) before encountering the strong shock from the transition area near the top of the blade,
whereas the sudden growth in the sting area at 2” behind the nozzle exit creates a strong shock
that overtakes the rear of the signature at X/L approximately equal to 1.0.
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Figure 6-97 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.36, h/L =1.2, a=2.1°, $=0°
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Figure 6-98 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.36, h/L =2, a=2.1°, ¢=0°
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Figure 6-99 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.36, h/L =3, a=2.1°, ¢=0°
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Figure 6-100 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.4, h/L =1.2, a=2.1°, ¢=0°
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Figure 6-101 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.4, h/L =2, a=2.1°, ¢=0°
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Figure 6-102 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.4, h/L =3, a=2.1°, ¢=0°
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Figure 6-103 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.47, h/L =1.2, a=2.1°, ¢=0°
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Figure 6-105 Comparison of blade strut vs. sting mounts on X-59 model averaged
signatures, Mach 1.47, h/L =3, a=2.1°, ¢=0°
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7. Conclusions

A sonic boom test of a 1.62%-scale model of the X-59 airplane was successfully completed
in the Glenn 8- by 6-Foot Supersonic Wind Tunnel in September and October 2021. A total of
196 spatially-averaged pressure signatures were obtained during the 5-1/2 weeks of test time.
The signatures provided insight into the near-field sonic boom characteristics of the X-59 at
various angles of attack and roll, Mach numbers, and control deflections. Many repeat runs
were conducted to assess the quality of the data, and the repeatability was generally very good,
though there were at times some unknown influences on the pressure data that compromised
some of the signatures. The range of the X sweeps selected within the 24” of available ram
extension typically had a very significant influence on the quality of the signatures and the
scatter among the runs within a sweep. There was generally less scatter among runs in which
the pressures were measured at further-forward locations on the rail, allowing for better
repeatability of the averaged signatures.

The data showed clear trends of signature aging over distances of 1.2 to 3 body lengths
from the rail. Increments in the shock wave strengths and locations from various control
deflections are easily apparent in the rear part of the signature data. Varying the angles of
attack and roll, and varying the Mach number, had the expected effect on the signatures.

Humidity varied substantially throughout the test, starting out low (usually less than 100
ppm) at the start of a running shift and often exceeding 1,000 ppm by the end of the shift.
However, the data plots consistently showed that even large differences in humidity between
averaged signatures did not affect the pressure measurements.

The data from this test will be used in validating CFD codes that are used for sonic boom
predictions, and in preparing the data sets that will be used to compare to the signatures
measured in flight and on the ground from the X-59 flight tests. A companion report'® has been
prepared which compares the experimental data from this test to the CFD predictions.
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9. Appendix

A listing of all the SigSets obtained in this test is provided below. The SigSets are grouped
by model configuration, with subgroups for baseline configuration, alpha and roll variations, and
various control surface deflections. Repeat SigSets are shown in the rows with gray numbers
immediately below the corresponding primary SigSet numbers in black. The primary SigSets
were judged to have the best-quality data among a group of repeats.

¢ Alternate roll angles (greater than 0°) are listed in blue

Mach numbers are in bold to make column easily identifiable

SigSet and X;am numbers in bold are sweeps originally from 0” to 24” ram extension

Run numbers in cyan identify alternate ranges of runs used in averaging for best-quality data
SigSets with numbers greater than 1000 were made after the test to combine two successive
SigSets to contain an X, range from 12.2” to 24”
Height variations are listed in magenta, red, and
¢ Alternate alpha angles (1.8° and 2.4°) are listed in green

for easier visual comparison

SigSet # Start End Pn'f:.fmd Model Flaps Ailerons Stab T-Tail Mach Height Alpha Roll )S(:: )(Er::\ SV;::p
Run Run R (deg) (deg) (deg) (deg) /L (deg) (deg) (in.) i) (in.)
AS-2 model
5 2954 2979 2954 AS2 — — — - 1.36 2 0° 0° o 24 0.96
3 2898 2923 2898 AS2 — — — — 1.4 0° 0° 1] 24 0.96
2 2839 2844 2839 0 5 0.96
6 2982 3007 9t 12 20 0.32
7 3008 3033 3008 AS2 — — — — 1.4 2.0 0° 0° 8 16 0.32
8 3034 3059 3034 AS2 - - - - 1.4 0° 0° 16 24 0.32
4 2926 2951 2926 AS2 — — — — 1.47 0° 0° o 24 0.96
X-59 blade, baseline runs
42 4099 4124 4099 | X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.36 2 2.1° 0° 4 12 0.32
13 3304 3329 302 ! ! ! ! ! " " ! 0 12 0.48
20 502 3527 50 ! ! " ! 1 12 0.32
21 3553 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.36 2.0 2.1° 0° 16 24 0.32
14 334 3366 " ! " " ! " ! " ! 12 20 0.32
55 1467 4¢ " " " 12 24 0.48
22 3554 3579 3554 | X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.36 2.1° 0° 16 24 0.32
15 367 3392 3393 " " " " " " " ! 16 24 0.32
57 5 ! ! 16 24 0.32
100 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.4 2 2.1° 0° 12.2 24 0.32
10 " " " " " » " " 0 24 0.96
23 . 4 12 | 0.32
48 " 4 12 0.32
54 " " ! 4 12 0.32
89 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
11 " " " " " " " " " 0 24 0.96
24 16 24 0.32
47 16 24
99 ! ! 0 24 0.32
26 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32
12 " ' " . . " " ' 0 24 | 0.96
25 16 24 0.32
113 " " " 0 24 0.32
17 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.47 2 2.1° 0° 0 8 0.32
16 " ! " " ! " " ! 0 8 0.32
27 0 8 0.32
18 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.47 2.0 2.1° 0° 16 24 0.32
28 ! ! ! ! ! " ! ! ! 16 24 0.32
43 " " " 16 24 0.32
19 X-59 Blade -2.4° 1.1° 3.42° 3.7° 1.47 2.1° 0° 16 24 0.32
29 3 . . . . . " . . 16 24 | 0.32
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Sigset # sl::: :nd Pnlft.cf Model Flaps Ail
un el erons Stab ~Tai A
X Run Gos) | (aee). (dogy (aoqy | Mach MY Tckg) o ot il e
-59 blade, alpha variations 9 /L (deg) (':2" Xram Xram Inc
e i i =
35 | 3908 3933 3908 | X-59 Blad @)1| Fi(in=) 7 (i) (tn:)
127 6573 6504 7 6572 ! e -2.4° 1.1° 3.42° 3.70 1.36
36 | 3934 3959 ! " " = : 2.0 | 1.8° 0° 16 2a
128 3934 X-59 Blade -2.4° o " " " N 0.32
6596 6621 7 6572 - S 1.1 3.42° 3.7° 1.36 16 24 0.32
123 6467 6492 " " " B . 2.0 | 24° 0° 16 24
10 5 6467 | X-59 Blade  -2.4° " " " K 0.32
284 1300 7 4231 . - 1.1° 3.42°0 3.70 1.4 . e 16 24 0.32
124 231 " " . . . < .8° 0°
6493 6518 6493 | X-59 Blade 2 " " . - 8 16 0.32
50 | 4310 | 4335 7 4231 " -2.4 1.1° 3.42° 3.7° 1.4 1.2 | 2.4 : 24 | 0.32
30 ! " " . = 4° 0° T
3775 3800 3775 | X-59 Blade = -2.4° " " . - 8 16  0.32
31 | 3801 3826 2 1.1°  3.42° 3.70 4 24
40 | 404 3801 | X-59 Blade -2.4°  1.1° o 7 14 | 20 |18 | 0° | 1 o
- 1 4066 4041 | X-59 Blade = -2.4° Lo 242 3.7° 1.4 2.0 | 2.4° . 6 24 0.32
45 6520 6545 | 6519 . - 1.1 3.42° 3.7° 1.47 2.0 1.3n g 16 24 | 0.32
1 | 4067 4092 4067 | X-59 Blade = -2.4° ! " " . 0 0 8  0.32
12 =7 s, S ! 2.4 1.1°  3.420 3.7° | 1.47 2.0 . 16 24 | 0.32
X-59 b3|ade, roll variations " " C g 20 | 2.4 0° 8 16 032
7 3960 3985 . 1 3
3960 | X-59 Blad - 32
3 ade  -2.4°
s | 3986 4011 e 1.1°  3.420 3.7° | 1.36 20  2.1°
39 4012 403 2.4 1.1° 3.42° . -1 15° 16 24
101 5829 5857 4012 | X-59 Blade  -2.4° e 3-42° 3.7° 1.36 2.0 2.1° 300 16 2 0.32
4 5829 X-59 Bl . = - 3.7° 1.36 2 0.32
03 | e 5oz ¥ ssse Blade | -24° | 1.1° | 342 | 3.7° | 14 20 e o
" " < . C]
102 5855 5880 5855 | X-59 Blade  -2.4° . " " = - 5 16 24 0.32
5913 5938 6147 " - 11 3.42° 3.7° 1.4 1.2 o 8 24 0.32
105 5939 " " . 2 2.1 10° 16
106 5964 6147 " R " " | - 24 0.32
5965 5990 7 5965 ! § " " 8 23 | 0.3
X-59 Blade = - " " n .32
1:1 4336 | 4361 4231 Blade | -2.4° 1.1°  3.42° 3.7° 1.4 1 2.10 16 24 | 0.32
" " " L . 150
7 | 5991 6016 5991 | X-59 Blade = -2.4° " " . . 5 8 16 0.32
108 6017 6042 2.4 1.1°  3.42° o 4 24
6017 | X-59 Blad o 3.7 1.4 1.2 B 0.32
109 | 6043 606 e | -2.4 1.1°  3.42° o 2 | 21 20° 8 1
o 8 6043 | X-59 Blade = -2.4° . : 3.7 1.4 1.2 | 2.1° | 250 6 032
52 4362 | 4387 7 4231 . - 110 3420 37° | 1.4 12 210 3 8 16 | 0.32
" " < . o
6069 6094 6069 | X-59 Blade = -2.4° ’ ! ! . ’ s 16 | 0.32
111 | 6095 6120 2.4 1.1°  3.42° 3.70 4 24
112 | 61 6095 | X-59 Blade = -2.4° 1.1° 7 1.4 1.2 | 21° 350 0.32
21 6146 6121 | X-59 - 3.42° 3.7° 1.4 8 16  0.32
3 138§ AT Blade -2.4° 1.1° 1.2 2.1° 40°
. 13 4231 - : . 3.42° 3.70 1.4 12 210 P 8 16  0.32
0 5443 5468 5443 | X-59 Blade 540 " B = g 5 8 16 | 0.32
91 5469 5494 2.4 1.1°  3.42° 3.70 4 24 | 0.32
5469 | X-59 Blade  -2.4° -7 1.4 20  2.1° .
32 3828 3853 3827 | X-59 Blad v 1.1°  3.42° 3.70 1.4 20 1 5° 16 24 0.32
- - . o . o -
92 | 5495 | 5520 7 s8s1 Blade | -2.4° 1.1° 3.42° 3.7 1.4 2 21 10 16 24 0.32
93 5521 5546 ! " " . : .0 210 150 16 %
94 5547 5521 [ X-59 Blade  -2.4° 110 o " " " R . 0.32
S5 | Sucs §572 5547 | X-59 Blade  -2.4° 110 :'3; e 1.4 2.0  21° 200 12 24 | 0.32
879 3854 | X-59 BI ’ : -42° 3.7° 1.4 > ’ 24 0.32
N . .0
95 | s573 | 5508 ”  sest Blade -24° 110 3420 37° | 14 20 21°  25° | 16 24 0.32
96 | 5599 5624 ' " B : . 2.1°  30° 16 2%
5509 | X-59 Blade  -2.4° " " r . 0.32
97 | 5625 5650 -4 1.1°  3.42° o 16 24
34 | 3880 5625 | X-59 Blade = -2.4° 1.1° o 3.7 1.4 20  21°  35° 1 0.32
o 3905 3880 | X-59 Blade = -2.4° = 3.42 3.7° 1.4 20  2.1° 400 6 24 | 0.32
5651 | 5676 ! 5881 - : 11° 3420 37° | 14 2 : 0 16 24 032
114 | 6232 6257 ' " " . : 0 210 450 16 2
115 | 625 6232 | X-59 Blade = -2.4° 1.1° o ! . " C 0.32
8 | 6283 6258 | X-59 Blade - : 3.42 372 | 1.4 910 16 24 | 0.32
116 | 6284 6309 6284 | X-59 B By 110 3.42° 3.7 1.4 1 5° 16 24 0.32
117 6310 6335 e310 | x20 lade -2.4° 1.1° 3.42° 3.7° 1-4 2.1° 10° 16 24 0.32
118 | 6336 6361 6336 | X-59 Blade T 240 110 3420 370 | 1.4 2.1° | 15° 16 24 0.32
119 6362 6387 erer | xa Blade -2.4° 1.1° 3.420 3.79 1'4 2.1° 20° 16 24 032
120 6388 6413 6388 X- 3 Blace -2.4° 1.1° 3.420 3.70 1'4 2.1° 25° 16 24 0.32
121 | es1a 439 6388 x—59 Blade = -2.4° 1.1° | 3420 | 3.70 1a 21°  30° 16 24 | 0.32
122 6440 6465 6440 X':9 Blade -2.4° 1.1° 3.420 370 1‘-4 2.1° 350 16 ) 0.32
2 | a1 4120 6440 | X-59 :Iade 240 110 3420 370 | 1.4 21°  40° | 16 24 032
45 4178 4203 4108 s B:a:e -2.4° 1.1° 3.42° 3.70 ) 4'7 2o ;,1° 45° 16 24 0.32
-59 Blade =~ -2.4° : = . .10 ° :
46 | 4204 4229 4204 | X-59 Blade  -2.4° 1.1°  3.42° 37° | 1.47 20 21° 1= 16 | 24 | 032
- 1.1° 3.42° 3.7° - 30 16 24 0.32
. 1.47 20  2.14° 450 -
- 16 24 0.32
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Preferred - . o Roll | Start End Sw
SigSet # th:: ::: Ref Model z:'; "(';:g’;" ;’;”) 1(::;')' Mach "‘,"I'_M ‘(;:'g‘)' m2r | Xram  Xram x::p
Run (deg) | (in.) (in.) (in.)
X-59 blade, control surface deflections
86 5332 5357 5332 | X-59 Blade -2.9° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 0° 16 24 0.32
85 5306 5331 7 5301 ! ! ! ! ! " ! ! ! 8 24 0.32
87 5358 5383 5358 | X-59 Blade -2.9° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
88 5384 5409 5384 | X-59 Blade -2.9° 1.1° 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32
68 4869 4894 4869 | X-59 Blade -2.4° 1.6° 3.42° 3.7° 1.4 1.2 2.1° 0° 16 24 0.32
67 4843 4868 ” 4842 ! ! ! ! ! " ! ! ! 8 24 0.32
69 4895 4920 4895 | X-59 Blade -2.4° 1.6° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
70 4921 4946 4921 | X-59 Blade -2.4° 1.6° 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32
72 4977 5002 4977 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 1.2 2.1° 0° 16 24 0.32
71 4951 4976 7 4950 ! ! ! ! ! " ! ! ! 8 24 0.32
132 6714 6739 6714 | X-59 Blade -2.4° 1.1° 3.92° 3.7° 1.4 1.2 2.1° 0° 16 24 0.32
61 4584 4609 4583 ! ! ! ! ! " ! ! ! 8 24 0.32
131 6688 6713 6687 ! ! ! ! ! " ! ! ! 8 24 0.32
74 5029 5054 5029 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
63 4636 4661 4636 | X-59 Blade -2.4° 1.1° 3.92° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
66 4716 a741 | 4715 ! ! ! ! ! " ! ! ! 16 24 0.32
76 5081 5106 5081 X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 2.1° 0° 16 24 0.32
65 4689 4714 4689 | X-59 Blade -2.4° 1.1° 3.92° 3.7° 1.4 2.1° 0° 16 24 0.32
7910&7980 5180 5192 5166 X-59 Blade -2.4° 1.1° 3.42° 2.7° 1.4 1.2 2.1° 0° 12.2 24 0.32
130 6658 6683 6658 | X-59 Blade -2.4° 1.1° 3.42° 4.7° 1.4 1.2 2.1° 0° 16 24 0.32
58 4502 4527 4501 ! ! ! ! ! " ! ! ! 6 24 0.32
129 6632 6657 6631 ! ! ! ! ! " ! ! ! 6 24 0.32
81 5219 5244 5219 | X-59 Blade -2.4° 1.1° 3.42° 2.7° 1.4 2.0 2.1° 0° 16 24 0.32
59 4528 4553 4528 | X-59 Blade -2.4° 1.1° 3.42° 4.7° 1.4 2.0 2.1° 0° 16 24 0.32
83 5271 5296 5271 | X-59 Blade -2.4° 1.1° 3.42° 2.7° 1.4 2.1° 0° 16 24 0.32
60 4554 4579 4554 | X-59 Blade -2.4° 1.1° 3.42° 4.7° 1.4 2.1° 0° 16 24 0.32
77 5107 5132 5107 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 1.2 1.8° 0° 8 16 0.32
78 5133 5158 5133 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 1.2 2.4° 0° 8 16 0.32
73 5003 5028 5003 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 2.0 1.8° 0° 16 24 0.32
62 4610 4635 4610 X-59 Blade -2.4° 1.1° 3.92° 3.7° 1.4 2.0 1.8° 0° 16 24 0.32
75 5055 5080 5055 | X-59 Blade -2.4° 1.1° 2.92° 3.7° 1.4 2.0 2.4° 0° 16 24 0.32
64 4663 4688 4663 | X-59 Blade -2.4° 1.1° 3.92° 3.7° 1.4 2.0 2.4° 0° 16 24 0.32
82 5245 5270 5245 | X-59 Blade -2.4° 1.1° 3.42° 2.7° 1.4 1.8° 0° 16 24 0.32
X-59 sting, baseline runs
137 6935 6972 6897 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.36 1.2 2.1° 0° o 24 0.32
148 7294 7319 7294 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.36 2.0 2.1° 0° 16 24 0.32
138 6973 6998 6896 ! ! " ! " " " ! ! 8 24 0.32
144 7133 7158 7132 ! ! ! ! ! " ! ! ! 8 24 0.32
139 6999 7024 6999 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.36 2.1° 0° 16 24 0.32
208 9030 9055 9030 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 0° 12 20 0.32
134 6767 6842 6763 ! ! ! ! ! " ! ! ! 0 24 0.32
142 7079 7104 7026 ! " " ! ! " ! ! ! 0 24 0.32
143 7105 7130 7131 ! ! ! ! ! " ! ! ! 16 24 0.32
195 8640 8665 7 8640 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0.32
135 6843 6868 6895 ! ! ! ! ! " ! ! ! 8 24 0.32
140 7027 7052 7026 ! ! ! ! ! " ! ! ! 8 24 0.32
187 8376 8451 8372 ! ! ! ! ! " ! ! ! 0 24 0.32
141 7053 7078 ” 7053 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32
136 6869 6894 6895 ! ! ! ! ! " ! ! ! 16 24 0.32
198 8719 8794 8718 ! ! ! ! ! " ! ! ! 0 24 0.32
145 7164 7239 7164 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.47 1.2 2.1° 0° o 24 0.32
149 7321 7346 7321 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.47 2.0 2.1° 0° 16 24 0.32
146 7240 7265 7 7292 ! ! ! ! " " " ! ! 16 24 0.32
147 7266 7291 7266 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.47 2.1° 0° 16 24 0.32
X-59 sting, alpha variations
150 7348 7373 7348 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 1.8° 0° 16 24 0.32
151 7374 7399 7374 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.4° 0° 12 20 0.32
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s Start End Preferred Al Ail . Roll | Start
igSet # Srart End Ref Model aps ilerons Stab T-Tail Mach Height Alpha Encswees
e (deg)  (deg) (deg) (deg) /L (deg) 20 |Xram Xram  Inc
X-59 sting, roll variations e = = =
152 74 - i
00 7425 7400 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 5° 12 20 0.32
153 7426 7451 7426 X-59 Sting -2.4° 1.1° a hd i
. . 3.42 3.7 1.4 1.2 2.1° 10° 12
154 7452 7477 - i o 2 oo
7452 X-59 Sting -2.4 1.1° 3.42° 3.7° 1.4 1.2 2.1° o
209 9056 9081 7 9029 ! ! ! ! ‘.' ". ! ) i B = 2 o
: ! ! 12 24 0.32
155 7478 7504 7478 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 20° 12 20
156 7505 7530 7505 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 25° oo
157 7532 7557 7532 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 i B S° o 2 02
210 9082 9107 7 9029 ! ! ! ! '.' "- ! : = b o . e
oo : ! ! 12 24 0.32
7584 7609 7584 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 35° 12 20 0.32
160 7610 7635 7610 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 40° .
158 7558 7583 7558 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 1 ; i ° ad - 2 oo
211 9108 9133 7 9029 ! ! ! ! '.' "' ! = = o . e
o8 - : ! ! 12 24 0.32
8452 8477 8452 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 5° 16 24 0.32
189 8478 8503 8478 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 10° .
190 8504 8529 8504 X-59 Sting -2.4° 1.1° . i i . i € 2 02
o . 3.42 3.7 1.4 2.0 2.1° 15° 16 24 0.3
191 8530 8555 8530 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 20° =
192 8556 8581 8556 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1-4 2.0 2.1° O° e 2 oo
193 8582 8607 8582 X-59 Sting -2.4° 1.1° 3.42° 3.7" 1.4 2-0 2.1" 25° e 2 oo
194 8608 8633 8608 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1'4 2.0 2.1° 3O° e 2 oo
196 8666 8691 8666 X-59 Sting -2.4° 1.1° 3.42° 3.7" 1.4 2-0 2.1" 3S° e 2 oo
197 8692 8717 8692 X-59 Stin -2.4° 1.1° g . i . . i € 2 o2
g . . 3.42 3.7° 1.4 2.0 2.1° 45° 16 24 0
199 8795 8820 8795 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.1° o =
200 8821 8846 8821 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2A1° S" € 2 02
201 8847 8872 8847 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1-4 2. ° 10° € 2 02
202 8873 8898 8873 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1'4 2.1° 1S° i 24 oo
203 8899 8924 8899 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1'4 2.1° 20° e 2 oo
204 8925 8950 8925 X-59 Sti -2.4° ° ° i : i % e 2 oo
ng 4 1.1 3.42 3.7° 1.4 2.1° 30° 16
205 8951 8976 8951 X-59 Sting -2.4° 1.1° 3.42° 3.7° 1.4 2.1° ° 2 o2
206 8977 9002 8977 X-59 Sting -2.4° 1.1° 3.42° 3.7" 1.4 2.1" 3S° € 2 o2
207 9003 9028 9003 X-59 Sting -2.4° 1.1° 3.42° 3‘7“ 1.4 2‘1“ 40" " 2 o2
X-59 sting, control surface deflections ) ) ) = = = e
177 8096 8121 8096 X-59 Stin -2.9°
g 2.9 1.1° 3.42° .7°
7 5098 ot oo ; : : ' 3“7 1'...4 1 2 2.1° 0° 16 24 0.32
182 & 183 8 “ ’ » o
1182 247 8285 8233 X-59 Sting -1.9° 1.1° 3.42° 3.7° 1.4 1.2 2.1° 0° 12.2 24 0.32
175 8044 - i .
8069 8044 X-59 Sting -2.9° 1.1° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0
184 8286 8311 8286 X-59 Stin -1.9° o x =
L] . 1.1 3.42 3.7° 1.4 2.0 2.1° 0° 16 24 0
174 8018 8043 8018 X-59 Sting -2.9° 1.1° 3.42° 3.7° 1.4 2.1° 0° 16 24 0.:2
185 8312 8337 8312 X-59 Stin -1.9° d i : i =
68 12 o - g . 1.1 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32
1178 7 8125 X-59 Sting -2.4° 0.6° 3.42° 3.7° 1.4 1.2 2.1° 0° 12.2 24 0.32
161 & 162
1161 7655 7693 7641 X-59 Sting -2.4° 1.6° 3.42° 3.7° 1.4 1.2 2.1° 0° 12.2 24 0.32
180 8178 - i .
8203 8178 X-59 Sting -2.4° 0.6° 3.42° 3.7° 1.4 2.0 2.1° 0° 16 24 0
163 7694 7719 7694 X-59 Sting -2.4° 1.6° 3.42° 3.7° 1.4 2.0 2.1° ad =
181 8204 8229 8204 X-59 Sting -2.4° 0.6° 3.42° 3.7° 1-4 ' 2.1° g" 1: i: o2
164 7720 7745 7720 X-59 Stin -2.4° u ' . . . o2
g 5 1.6 3.42° 3.7° 1.4 2.1° 0° 16 24 0.32

119




