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ABSTRACT

COMPARISON OF SUPPORT METHODS FOR STATIC AERODYNAMIC TESTING AND
VALIDATION OF MAGNETIC SUSPENSION AND BALANCE SYSTEM

Cameron K. Neill
Old Dominion University, 2019
Director: Dr. Colin Britcher

Magnetic suspension wind tunnels offer an alternative to traditional physical support
methods. They allow for the collection of support interference free data and broader dynamic test
capabilities than existing methods. Determination of dynamic aerodynamic characteristics is a
crucial portion of the design of new re-entry capsules. A NASA initiative restored the 6-inch
Magnetic Suspension and Balance System to support the design of a new MSBS for a supersonic
wind tunnel. Before a new MSBS can be constructed, the characteristics of the current MSBS
must be examined.

This thesis discusses the calibration and validation of the 6-inch MSBS. After calibration,
three aerodynamic tests were performed in order to characterize the data collected from the
MSBS. They included a traditional sting supported test, a free-flying magnetically suspended
test, and a magnetically suspended test with aerodynamic interference from a dummy sting. The
ideology behind the chosen experimental design was to isolate the effect of support interference
from any MSBS calibration errors. Any differences between the sting supported and the dummy
sting tests would be caused by the MSBS. Any differences between the free-flying and the
dummy sting tests would be due to support interference. Multiple components were designed and
constructed, in order to support this effort.

The goals of this thesis were met. The MSBS data had high repeatability and accuracy,

which validated the force recovery method. Aerodynamic testing showed in minimal variation



between support methods at low angles of attack. Discrepancies between support methods
increased with models mounted at high angles of attack. Current references generally exhibit
much higher Reynolds numbers than the MSBS and the wind tunnel can achieve. Support
interference free reference data in an achievable Reynolds number was generated for future
NASA testing. While the outcome was successful, multiple possible improvements or future
projects were identified that can be completed prior to design and construction of the new

MSBS.



Copyright, 2019, by Cameron Kennedy Neill, All Rights Reserved.



This thesis is largely dedicated to my parents. | would not be the person | am today without you.
Your support and encouragement are what allowed me to even contemplate obtaining a graduate
degree. Thank you so much for your extreme tolerance and your unyielding efforts, which have

prepared me for a bright future.

To my Grandparents — Your support has allowed me to reach these heights and pursue my

interests to their fullest.

To Haley — It has been a long road so far, a fact that | have been reminded of only a couple of
times. You have really been the driving force in my finally getting this thing onto paper and in
wrapping up this chapter of my life. You have encouraged me whenever the tasks seemed too

great to overcome. | am eager to begin our next chapter.



Vi

ACKNOWLEDGEMENTS

There are many people who have contributed to the successful completion of this thesis.
My advisor, Dr. Colin Britcher, who has guided and supported my graduate studies and my
thesis work, deserves special recognition, especially after his many hours reading and correcting
several drafts of this thesis. | am very thankful for our meeting those years ago; this has provided
me with one of the most gratifying experiences of my life. Mark Schoenenberger, Timothy
Schott, and David Cox comprise the major NASA contributors to my research; this thesis would
not exist in any form without their efforts. | especially thank Mark for his assistance with this
thesis as a committee member. | extend many, many thanks to my other committee members, Dr.
Brett Newman and Dr. Drew Landman, for their patience and hours of guidance and editing of
this manuscript. Dr. Newman also helped to guide my graduate studies with many hours of

instruction, both in and out of the classroom.



A

bk
C1
Cz
CD
Cacav
Cau
CL
Cm
Chpeav
Deurrent
dp/dl
DOE
Drag

AE

NOMENCLATURE

MS-100 balance axial component.

Avrea at static tap 1.

Avrea at static tap 2.

Angle of attack.

Angle of attack.

Area of the test section.

Systematic uncertainty, generally taken from sensor or fit uncertainties.
First order interaction coefficient matrix; 6x6.

Second order interaction coefficient matrix; 6x21.
Coefficient of drag.

Coefficient of drag after cavity pressure correction.
Uncorrected drag coefficient.

Coefficient of lift.

Coefficient of moment.

Coefficient of pressure for the model cavity.

Drag coil current.

Rate of change of test section static pressure over its length.
Design of Experiments

Drag force.

Change in second order interaction correction matrix between iterations.

vii



En
En-l
Efinal
Esolid

Ewake

f

=

|F|

F1

Fa
Foutput
Fn

Fn

Fu

Fy

K1
K>

Ks

Kq

viii

Second order interaction correction matrix of current iteration.

Second order interaction correction matrix of previous iteration.

Second order interaction correction matrix that satisfies the tolerance acceptance
criteria. Subtracted from F; to calculate true balance loads.

Solid blockage effect.

Wake blockage effect.

Source function for which the combined uncertainty is being generated.
Force and moment matrix.

Magnitude of

Initial force and moment approximation.

Axial force.

True forces and moments from the strain gage balance.

Normal force.

Load matrix for a particular iteration.

Uncorrected load.

Side force.

The standard acceleration due to gravity; 9.80665 m/s"2

Loading misalignment angle.

Constant that captures pressure loss effects.

Constant relating the area ratio between static taps.

Constant relating the area ratio between static tap 2 and the test section.
Sensitivity constant matrix.

Ratio between magnetically generated drag force and drag coil current.



ki
Ks

A

L current
Lift
Lmodel
M
Mapplied

Mmeasured

01

P1
P2
P3
Pa

Pcav

Ratio between magnetically generated drag force and drag coil current.

Ratio between magnetically generated lift force and lift coil current.
Body shape factor; equal to 1 for spheres.

Lift coil current.

Lift force.

Characteristic length of model; maximum diameter of model.
Moment after moment center transfer.

Applied moment.

Moment measured at balance moment center.

Dynamic viscosity of dry air; taken to be 1.846x107° kg/(m*s).
Rolling moment.

Pitching moment.

Yawing moment.

MS-100 balance normal component.

Force and moment product matrix.

First force and moment product matrix approximation.
MS-100 balance pitch component.

Static pressure at tap 1.

Static pressure at tap 2.

Static pressure at tap 3.

Ambient atmospheric pressure.

Cavity pressure.



Peo
Q

g1

g2

(cav
Qinterpolated
Oraw

Qtest

R
Ra
Re

p

S
Scurrent
Side
(¢}
Smodel
Ssting
Stunnel
Sx

Ta

Test section static pressure.
Dynamic pressure in the test section.
Dynamic pressure at tap 1.

Dynamic pressure at tap 2.

Dynamic pressure in the test section after sensor and blockage corrections.
Specifically corresponding to the cavity pressure measurement.

Dynamic pressure in the test section after sensor correction.

Uncorrected dynamic pressure measurement from sensor.

Dynamic pressure in the test section after sensor calibration and blockage
corrections.

MS-100 balance roll component.

Specific gas constant of dry air; 287.05 J/(kg*K).
Reynolds number.

Air density.

MS-100 side component.

Side coil current.

Side force.

Standard deviation.

Cross-sectional area of the model.

Contact area between model and MS-100 force balance.
Area of the test section.

Random error, generally taken as the standard deviation of the mean.
Ambient temperature.

Test section shape factor; approximated as 0.8 for octagonal test sections.



Uogs

Ucd

Up

Ui

Vmodel

Vi

6x1 column matrix of the raw balance output.

Free stream velocity in the test section.

Combined uncertainty with a 95% level of confidence.
Combined uncertainty for calculated drag coefficients.
Drag force uncertainty.

Expanded uncertainty for a single variable.

Dynamic pressure uncertainty.

Combined uncertainty for calculated Reynolds numbers.
Temperature uncertainty.

Free stream velocity at tap 1.

Free stream velocity at tap 2.

Volume of sphere with diameter equal to Lmogel.

Free stream velocity in the test section.

MS-100 balance yaw component.

Xi



xii

TABLE OF CONTENTS
Page
LIST OF TABLES ... bbbttt bbb bbbttt XVi
LIST OF FIGURES ...ttt bbbttt bbb bbb XiX
CHAPTER 1. INTRODUCTION ....cutiiiiiie ettt snesneaneas 1
IO O = - Yo 1 |01 oo USSR 1
O I (=] = (1] £ =AY 1 PSSR 5
1.2.1.  Strain Gauge Balance REAUCTION ..........ccocuiiiiiiiiiiiec s 5
1.2.2.  SHNQ INTEITEIENCE ... oottt 7
1.2.3. MagNetiC BaAlANCE.........coiiiiiie s 8
1.2.4.  Pressure Measurement and COrreCtIONS........ccveveerieieeiieriesieseese e e see e seeaneeas 11
CHAPTER 2. FACILITIES AND EQUIPMENT ...ooiiiiiece et 17
2.1 WINA TUNNEL ...ttt e s te et e e e nbeeneenneeeas 17
2.1.5.  INIBL ettt ens 17
2.1.6.  PreSSUre TraNSHUCET .......cueieeieiiesieeieeieesieeiesseesteesteeseesteesaeaneesseeseeeneesseenseanensseennas 18
2 O - B T=T ! £ o o SRS 18
2.1.8.  DITTUSEN ...ttt bbb re s 19
N R TR - PSPPI 19
2.1.10. 1Y [0 (o S OO R O R PP PPN 19
2.1.11. (O70] 1 £o] | [T USSP 19
2.1.12. g I L o OSSP 20
2.1.13. TREIMOCOUPIE......eee s 20
2.1.14. PIEOE PIODE ...ttt ene s 20
2.1.15. (O 14T - TR PRRTR 20
2.2.  Magnetic Suspension and Balance SYSIEM ..o 21
2.2.1.  Coil CoNFIQUIALION ......eiiiicciie et 21
2.2.2.  Electromagnetic POSItiON SENSOI SYStEM........ccoiiiiiiiiiineiesiesieeeee s 22
2.2.3. COOING SYSTEIM ...ttt bbb bbb 23
2.2.4.  POWEr AMPITIEIS c.oviiiie e e 23



A T D - Xt (U111 o] o OSSR 24
pA T O] 1 (0] | =T TSR RPOR 24
2.3.  MS - 100 6-Component Strain-Gage balance ............ccooeiiiiiiiiiiiiceece s 26
2.3.1.  Data ACQUISITION ...ooivreiiiiieiie ettt et sre e sre e e sreesbeenaesneennas 26
2.3.2. POWET SUPPIY -t 26
2.4, SHINQ ceiieieee et R b bRt b et b b ere s 27
2.5, DUMMY SEING .ovieieeie ettt e e st e et e et e s aeeste e e e s teenteeneesneens 28
2.6 WINd TUNNEI EXIENSION.. ..ottt ettt ns 29
2.7, VErtiCal SUPPOIT STIUL.........oiiiiieieiciee e 30
2.8. MagnetiC EIBMENT ........ooiee e s 32
PN N |V [0 L= SRRSO 32
2.9.1.  SHNQ SUPPOITEA. ....ceiitiiiiiiiiieie ettt 32
2.9.2.  Models for use with the DUMMY StINGS .....ccveveiieiiccie e 33
2.9.3.  Magnetically SUSPENTET ..........couiiiiiiiiiiie s 34
2.9.4.  Print Defects and Surface DISCrePanCIeS .........cccueveirerereriresieieee e 34
CHAPTER 3. CALIBRATION ..ottt sttt sttt snenneaneas 36
3.1.  Dynamic Pressure Calibration...........ccocveiiiieiieie e 36
2000 R |V 1= 1 oo (o] [o T | PSSR 36
3.1.2.  Results and Data REAUCTION ..........ccveiiiieiieir e e 37
3.2.  MS-100 Balance and SOFtWAre TESES ......eiureeeiierieiieieesie e e e eee e ee e neas 41
K00 I |V 1= 1 oo (o] [oT | SO OR 41
3.2.2.  Results and Data REAUCTION ..........ccveiiiieiieie e e 42
3.3.  Magnetic Balance Force Calibration.............cccoeiiieiineniiinesiseeee e 50
T 04 I |V 1= 1 oo (o] [oT | ST 50
3.3.2.  Results and Data REAUCTION ..........ccveiiiieiieie e e 53
CHAPTER 4.  AERODYNAMIC TESTS ...ooiiiiiiiieieieieie ettt 61
4.1, StING SUPPOITEA TESES. ... ittt sttt bbbttt bbb 61
ot I R |V 1= 1 g ToTo (o] (oo PSPPI 61
4.1.2. Results and Data REAUCTION ..........ooviiiiiiiieiicie e e 64
4.2, DUMMY STING TOSES ...euiitiitiitiiiieiieieie ettt bbbt b et bbb ebeenes 68
A S |V 1= 1 g ToTo (o] (oo | PSRRI 68
4.2.2. Results and Data REAUCTION ..........ooiiiiiiiiiieii e e 70

4.3.  Magnetically SUSPENUEA TESES .....cveiuiiiiriiitiriisieeieee e 74



Xiv

00 R |V 1= 1 oo (o] oo | SR 74
4.3.2. Results and Data REAUCTION ..........ocieiiiieiieiceie e e 76

O O AV | Y o 1T U USSR 78
4.5.  Comparisons Between Support Methods ...........coveiiiiiicie i 80
451, PrINEHEIGNT.....o it 85
4.5.2.  MOGel AREIATIONS ...cveiiiiiieieieie ettt enee e 87

4.6.  Combined Uncertainty ANAIYSIS .......ccciiveiiiiieiieiieieseese e see e sre e 89
CHAPTER 5. DISCUSSION ..ottt bbbt bbb nreas 95
CHAPTER 6. CONGCLUSIONS .....oooiiiiieece ettt aneas 97
CHAPTER 7. FUTURE WORK ..ottt anes 99
REFERENGCES. ... oottt sttt et et e seese e st e s e e ntententeeneans 101
APPENDIX A.  SYSTEM DOCUMENTATION ....ooiiiiiiiieienie e 104
Al Strain Gage COBTTICIENTS ........oiiiieieieiee s 104
A2 Strain Gauge DIraAWING .......coiiiiiieieieiiesie ettt 107
A3 SUING DIAWINGS ....ecieitieiiiee ettt et e be e e e s aeesteeneesbeesbeaneesneenas 107
A.4  Wind Tunnel Test Section EXtension DraWings ...........ccccevererininneeienenene e 109
A5 Vertical SUPPOIT STUt DIAWING.......coveiiiiiiiiiiiiiieieie e 111
A6 MOdEl CharaCteriStICS......ccuiiiiiiieieieie ettt st b sreeneas 112
A.7  Sting Supported Model DIraWiNgS .........coeieiiriiiieieienese et 113
A.8 Drawings of Magnetically Suspended Models with Back Cavity.........cc..cccccvvvrrnennnns 114
A.9 Magnetically Suspended Model Drawings .........cccccvveveiieiiieresiieseese e se e 115
APPENDIX B.  EXPERIMENTAL DATA .ottt 116
B.1l  EIECIIICAI ZEIOES......ceiiieiiiiieitieiee ettt bbb enes 116
B.2  MS-100 TSt LOAUS ... .eiveeieieieeiiesieeiesiie st e e stee st este st et seesneesneeneesneesneeneenneenes 117
B.3  MSBS TESt LOAUS. ...ccueiiuieiieieiiie sttt sttt sttt nne e e 120
B.4  Sting SUPPOIEd DAt ........ccoviiiieiie e 121
B.5  DUMMY SHNG DALA.....cc.eiiiiiiiiiiiieie e bbb 135
B.6  Magnetically Suspended Data...........cccoeuiiiieiiiiiie e 143

B.7  RETEIENCE DA .. ...ttt e e nennnnnnnnnnnnnnes 149



APPENDIX C. COMPUTER CODES ......coooo oottt a e e e
C.l MATLAB COUR. ...
C.2  LABVIEW COUE... .

XV



XVi

LIST OF TABLES

Page
Table 1: Comparison of dynamic pressures derived from pitot probe and inlet differential. ....... 38
Table 2: Comparison of error generated by linear regresSion...........cccoeevvereiiesieese e 39
Table 3: Comparison of electrical zeroes to reference Values. .........cccocevveveiieie e 43
Table 4. Combined electrical zeroes of DAQ and MS-100. ..........cccceeveeiirieiie e 43
Table 5: Axial channel Check 10adS. ...........cooiiiiiiiiiie e 44
Table 6: Normal channel Check 10adS. ..o 44
Table 7: Pitching moment channel check 10ads..............cccooioiiiiiiciece e 45
Table 8: Side channel Check 10adS. ..o 46
Table 9: Yawing moment channel check 10ads. ............cccoiviviiiiiici e 47
Table 10: Applied load verification during rolling moment channel check load. ........................ 48
Table 11: Rolling moment channel check 10ad............c.ccoiieiiiiie e 49
Table 12: MS-100 measurement uncertainty on each channel, 1985 calibration. ........................ 49
Table 13: MS-100 measurement uncertainty on each channel, 2019 calibration. ........................ 50
Table 14: Reference calibration CONSLANTS. ..........cceoiiiiiiiiiie e 51
Table 15: Comparison of measured load to known load for the drag force loading test.............. 55
Table 19: Comparison of calculated load to known load for the lift loading test......................... 58
Table 20: Comparison of magnetic force magnitude to the magnitude of applied load............... 59
Table 21: Comparison to experimental calibration constants to reference constants. .................. 60
Table 22: Comparison of inlet differential pressure calibration to the calibration using the

SINGIE STALIC TAP. ....veevee ittt e et e et e et e e et e e be e e e e ba e b e e nae e reenres 73



Table 23:
sting.......
Table 24:
Table 25:
Table 26:
Table 27:
Table 28:
Table 29:
Table 30:
Table 31:
Table 32:
Table 33:
Table 34:
Table 35:
Table 36:
Table 37:
Table 38:
Table 39:
Table 40:
Table 41:
Table 42:
Table 43:

Table 44:

XVii

Coefficient of pressure for the back cavity of the models used with the dummy

........................................................................................................................................ 80
Comparison of corrected sting supported drag data to other support methods. ........... 80
Systematic uncertainty SOUrCe SUMIMAIY. .......coueiiuerreerueseeseesieseesseesseseesseessesseesseessens 90
SENSITIVILY CONSEANTS. ....vveviiiecieecie ettt e esre e neenee e 104
First order interaction coefficients; so-called 6X6 MAtriX.........c.ccovvreriiiienicnnennen. 104
Second order interaction coefficient matrix; so-called 21X6 mMatrix. .........c.cccceevrvennes 104
SENSITIVILY CONSEANTS. ....vvevieieiiic ettt eereene e 105
First order interaction coefficients; so-called 6X6 MAtriX.........cc.ccovvrereiirenieienennen. 105
Second order interaction coefficient matrix; so-called 21X6 mMatrix. .........c.cccceevruenes 105
Sting supported Model dIAMELErS..........ccveiiiieie e 112
Diameter and mass of models for use with dummy Sting..........cccccevviieiicie e, 112
Magnetically suspended model diameters and Masses. .........ccccevevveveeiieiieseciie s, 112
Measurements used to determine MS-100 electrical Zeroes............ccocevvvvrvreinennenn. 116
Raw voltages from MS-100 TeSt LoadS .......ccccceevveiieiieiiiiicceee e 117
Tare values for MS-100 test 10adS. ........ccouiiieiiiiiei e 118
MS-100 test loading outputs with moment center transfer...............cccoocevvvevieiieceenne. 119
Test loads used to calibrate the MSBS coil CoeffiCients............cccceovviiiiiinciciinens 120
Experimental data for sting supported 0° model. ..........cccoovvevieieicieeecece e, 121
Experimental data for sting supported 0° model with smooth surface........................ 122
Experimental data for sting supported 0° model with rough surface. ts..................... 124
Experimental data for sting supported 5° model. .........c.coooveiiiiiiiii e 125

Experimental data for sting supported 10° model. ..........cccooveiiiiiiiic e 127



Table 45: Experimental data for sting supported 15° model .........ccccoevviiiiieiiiie e 128
Table 46: Experimental data for sting supported 20° model. ...........coevviieiieeiicie e 129
Table 47: Experimental data for sting supported 25° model. ..........ccccevviieiienicic e 131
Table 48: Experimental data for sting supported 35° model. ...........ccevvvieiieeiicic e 132
Table 49: Experimental data for sting supported 45° model. ..........ccevveeiiene i 134
Table 50: Experimental data for 0° back cavity model with dummy sting. ..........cccccecvvveivennnne 135
Table 51: Experimental data for 0° back cavity model with dummy sting with cavity

QTSRS U= e RSP RPPRRI 136
Table 52: Experimental data for 10° back cavity model with dummy sting. ..........cccccoovveinennns 138
Table 53: Experimental data for 25° back cavity model with dummy sting. ..........ccccccoeveinennns 140
Table 54: Experimental data for 45° back cavity model with dummy sting.. .........ccccccevveinennens 141
Table 55: Experimental data for 0° back cavity model without dummy sting. 142

Table 56: Experimental data for 0° free-flying model............cccccooeiieiiicicc e 143
Table 57: Experimental data for 5° free-flying model...........c.cccoviiiiii i 144
Table 58: Experimental data for 10° free-flying model............ccooeiieiiicieccee 145
Table 59: Experimental data for 15° free-flying model............ccoooiiiiiiicc e 145
Table 60: Experimental data for 20° free-flying model.............ccoooeiieiiiiicc e 146
Table 61: Experimental data for 25° free-flying model.............cccoeiieiiiiicc e 147
Table 62: Experimental data for 35° free-flying model.............ccooeireiiiiicc e 148
Table 63: Experimental data for 45° free-flying model.............ccoooeiiiiiiiii i, 149
Table 64: Reference data for Stardust capsule aerodynamics taken at a Reynolds number

of 9e5 after transformation into experimental coordinate SYyStem. ........ccccvvvvevievie e e, 149



Xix

LIST OF FIGURES

Page
Figure 1: 6-Inch MSBS With inlet remOVed.............cov i 2
Figure 2: 3D render of Stardust CAPSUIE. .........ocviiieiiic e 4
Figure 3: Electromagnetic coil and position sensor configuration for the 6-inch MSBS [4]. ........ 9
Figure 4: Electromagnetic drag force calibration via pulley and weights. ............cccocvevviieinennns 10
Figure 5: Basic 2D free-body diagram representative of drag force calibration. ......................... 11
Figure 6: Representation of inlet static pressure 10Cations. ...........ccccoveeeiievieeie s 12
Figure 7: Wind tunnel configuration.............ccveiiiiiiicie e 17
Figure 8: Drag and magnetization coil configuration [4]. ......ccccccceiieiieie e 22
Figure 9: Lift and side coil configuration [4]........cccooveiieii i 22
Figure 10: Schematic of MSBS configuration. ............ccccooiiieieiie i 25
Figure 11: Schematic 0f MS-100 OPEratioN. ........cccveiieiieieiieie ettt 27
Figure 12: Sting with MS-100, brass sleeve, threaded rod, and standoff installed....................... 28
Figure 13: Second dummy sting with cavity pressure tap. .......ccoceeveeieeveieeie e 29
Figure 14: Wind tunnel extension and vertical support strut affixed to the aft-end of the
Y] = YT S TSP RP PP PP PP 31
Figure 15: Assembly of extension, strut, sting, MS-100, sleeve, and model. ...........c.cccccvvevvrennens 31
Figure 16: Fore and aft views of the sting supported models. ...........cccooeiieiiieiiiic i 33
Figure 17: Fore and aft views of dummy sting models. ... 33
Figure 18: External and internal views of the magnetically suspended models. ..............c........... 34
Figure 19: Discrepancy between pressure measurements over range of dynamic pressures. ...... 38
Figure 20: Pressure correction compared to experimental values. ...........cccccoovveiiiiiieiie e, 40



XX

Figure 21: Error distribution of pressure COrreCtioN. ..........ccceveeieiieerieie e e se e se e 40
Figure 22: Calibration Setup for Combined Normal, Axial, and Pitch loading. ............c.ccccvene. 50
Figure 23:Pulley configuration during drag 1oading test. .........cccccevveiieieiieeiiee e 52
Figure 24:Permanent magnet core under applied load during drag loading test. .............ccccvenen. 52
Figure 25: Comparison of drag force regression to experimental data.............cccccceveveveiiieinenns 54
Figure 26: Comparison of side force regression to experimental data. .............ccccocevveveiieinenns 56
Figure 27: Comparison of lift force regression to experimental data. ...........cccccoeeevveveiiieinenns 58
Figure 28: Top-view diagram of positive sign convention used during sting supported tests. .... 61
Figure 29: Top view of the 45° sting supported Model. .........ccccoeiiiiiiiic i 63
Figure 30: Front view of the 45° sting supported model. ...........cccoovveiiiiiiiiccee e 63
Figure 31: Comparison of drag coefficients for sting supported models at different angles of

AEEACK. <. e ettt r e 66
Figure 32: Comparison of CD and CL for sting supported models to reference data. ................. 66
Figure 33: Comparison of experimental Cm to reference Cm data. ...........ccccovevviieiiecciicseenens 67
Figure 34: Diagram of dummy sting test configuration...............cccccevviiiiicii e 68
Figure 35: Picture of dummy sting experimental configuration with 0° model. ..............c..c........ 70
Figure 36: Typical high-speed camera view during dummy sting testing. ...........cccceeveveiiveinennns 70
Figure 37: Comparison of drag coefficients of different models tested with the dummy sting. .. 72
Figure 38: Mean CD and CL compared between models at different angles of attack. ............... 72
Figure 39: Front view of the 45° model during suspension before sealing the inlet. ................... 75
Figure 40: Side view of the 45° model during teSting. ........cccccvviiieiie i 75
Figure 41: Graph of CD vs angle of attack over a range of Reynolds numbers. ............c.ccocouee.e. 77

Figure 42:

Free flying drag data compared to reference drag data. ...........cccceevvveiiieiieiiiesiie e, 77



XXi

Figure 43: Average free-flying CD at angle of attack compared to reference data. ..................... 78
Figure 44: CD comparison between support methods for 0° models. ........cccccevevveiiiiciiieinenns 82
Figure 45: CD comparison between support methods for 10° models. .........ccccccevvvevveveiieinenns 82
Figure 46: CD comparison between support methods for 25° models. .........ccccccvvvevveveciicinenns 83
Figure 47: CD comparison between support methods for 45° models. .........cccccvvvevveieiiieinenns 83
Figure 48: Comparison of average CD between support methods at Re=120,000...........c........... 84
Figure 49: Comparison of average CD between support methods to reference data.................... 84
Figure 50: Comparison of average CL between support methods to reference data. ................... 85
Figure 51: Comparison of the effect caused by different 3D print layer heights for 0°

IMOTEIS. ...ttt bt b bbb bbb bbb R b bbb n e 86
Figure 52: The effect of sting supported model 3d print layer height compared to other

support methods for 0% MOEIS. ........cov i 87
Figure 53: Examination of the effect of model alterations for 0° models. ............ccccoveviiieinennnns 88
Figure 54: Comparison of CD and Uncertainties for all Support Methods for 0 Degree

IVIOOEIS. ...t e b bbb bbb et e e 92
Figure 55: Dummy Sting and Free Flying CD and Uncertainties for 0 Degree Models. ............. 92
Figure 56: Comparison of CD and Uncertainties for 10 Degree Models. ............ccccevveveiieinennens 93
Figure 57: Comparison of CD and Uncertainties for 25 Degree Models. ............ccccovveveiieinennnns 93
Figure 58: Comparison of CD and Uncertainties for 45 Degree Models. ............ccccovveviiieinennnns 94
Figure 59: DUMMY StING AraWING. .....ooiieiieiiieiie e e e sba e be e reeene e 107
Figure 60: Aluminum StING AraWing.......ccoeiiuieiie e be e sraeene e 108
Figure 61: Threaded rod draWing. .......ceocieiiio i be et ena e 108
Figure 62: Wind tunnel extension slideway drawing.. ........cccoccvevieiiieiieiieesie e 109



Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:

Figure 78:

Wind tunnel extension panel draWing.. .......cccooveveiiereeie e 109
Wind tunnel extension flange plates. .........ccovveviiieii e 110
Diagram of wind tunnel test section extension assembly...........ccccoveviviieiieieennn, 110
Vertical sting support strut. Dimensions in INChES. ... 111
Drawing of 0° sting supported model. Dimensions in iNChes. ..........ccccccovevveieennene, 113
Drawing of 45° model for use with sting and MS-100 balance.. .............ccccoveeveneee. 113
Drawing of 0° model for use with dummy Sting. ........cccecvevevieeveiieceee e 114
Drawing of 45° model for use with dummy sting. .........ccccccocvveviieiicce e 114
Drawing of 0° magnetically suspended model............cccccveveiieiiciciiccc e 115
Drawing of 45° magnetically suspended model..........c.cccooe i 115
Sign convention fOr raw data...........cccceeeeiieii i 121
Wind Tunnel Controller VI front panel...........cccocooeiieiiiic i 160
Wind Tunnel Controller VI block diagram. ..........cccevveieiiciieiccie e 161
Balance Controller VI front panel. ..o 164
Balance Controller VI block diagram. 'Take Data' configuration...............cccc.cu...... 165
Balance Controller VI block diagram. "Take Tare' configuration. ...............ccccue.... 168


file:///A:/Drive/Thesis/Documents/Final_Edited_Uncertainty.docx%23_Toc8151228

CHAPTER 1.
INTRODUCTION

1.1. Background

Experimental dynamic stability data of blunt body re-entry capsules is vitally important to
support both the design of new capsule geometries and the planning of trajectories for new
missions. This data has traditionally relied heavily on ballistic range testing [1-3]. Such testing
can be resource-intensive and can have a limited range of data. Free-oscillation tests can also be
conducted in vertical wind tunnels, but such tests are limited in tunnel conditions because there is
only one dynamic pressure where drag exactly offsets the weight of the test model. An initiative
to produce a less costly and more flexible test method is underway as a joint project between

NASA and ODU.

This initiative involves the reactivation of the 6-inch Magnetic Suspension and Balance
System (MSBS) and the accompanying subsonic wind tunnel. The MSBS and tunnel were
constructed in the 1960s as a joint project between the Massachusetts Institute of Technology
and NASA [4,5]. The MSBS was operated at NASA Langley Research Center in the 1980s and
1990s. ODU acquired the MSBS and the wind tunnel after its retirement. The MSBS remained
defunct, while the wind tunnel was used for various low-speed experiments. Around 2016, the
MSBS and the wind tunnel were loaned back to NASA and underwent a revitalization process
[6,7]. The MSBS utilizes multiple electromagnetic coils in conjunction with an electromagnetic
position sensor system to suspend an iron or neodymium core. Figure 1 shows the MSBS as
configured during this thesis. Various plastic shells can be attached to the model core to test
different capsule geometries; such shells can be rapidly and inexpensively constructed via

casting, machining, or 3D printing. The goals of the project are to explore free-oscillation



suspension, to locate areas where the MSBS may be improved or expanded in capability, and to

eventually support the design and construction of a new MSBS for a supersonic wind tunnel.

Figure 1: 6-Inch MSBS with inlet removed.

The purpose of this thesis is to examine the testing conditions of the MSBS and to validate
data collection methods by conducting static wind tunnel tests using multiple suspension
techniques. Before the MSBS may be utilized to support capsule design, the correctness of the
MSBS data collection methods must be evaluated. Furthermore, it is important to understand

how the MSBS data differs, if at all, from traditionally-gathered data. A secondary goal of this



thesis was to produce support interference free drag data that would be used in the larger NASA
project.

Traditional wind tunnel tests involve some manner of physical support. The physical
support, and sometimes the adaptation of a model to accept the support, interfere with the
measured data. Therefore, traditional reference data could not be used to verify the data collected
from the MSBS. Due to the large differences in Reynolds numbers, the reference data could not

be used to determine the effect of support interference.

Three experiments were designed as a solution to the problem above. The first experiment
was a traditional sting supported test performed in the MSBS wind tunnel (referred to as sting
supported tests). This experiment would generate a set of reference data with the same test
conditions and Reynolds number regime as the MSBS data. The second experiment used the
MSBS to suspend a model with a magnetic core to determine aerodynamic data without support
interferences (referred to as magnetically suspended or free flying tests). At this stage, it was
unknown if discrepancies between MSBS and sting data were due to support interference or error
in MSBS data collection. A third experiment was designed as a hybrid of the previous
methodologies, in order to bridge the gap in the data. This experiment utilized a magnetically
suspended model and a rod that served as a fake or dummy sting support (referred to as dummy
sting tests). The model geometry was altered in such a manner that the dummy sting could
aerodynamically interfere without physically contacting the model. In theory, the aerodynamic
data collected from this test would be the same as the aerodynamic data collected by the sting
supported test. Any discrepancy between the first and third experiments would, therefore, be due
to MSBS data collection methodologies. Data discrepancy between the second and third

experiments would be due to support interference. These three experiments would isolate



measurement discrepancy from sting interference, and therefore would satisfy the goals of

MSBS verification and support interference quantification.

The model geometry used in this thesis was that of the Stardust Sample Return Capsule.
Stardust was a space probe launched in 1999 designed to recover dust samples from the
81P/Wild comet. The sample return capsule and the dust samples were successfully recovered in
2006. The sample return capsule, henceforth referred to as Stardust, was selected as the tested
geometry for this thesis because of the availability of reference data and the simplicity of design,
and to provide reference data to other concurrent projects that were using the Stardust geometry.
Figure 2 is an example render of the Stardust geometry with the forebody facing upwards. The
tested models had a nominal maximum diameter of 44.45 mm (1.75 in); exact model diameters

are shown in Appendix A.6.

Figure 2: 3D render of Stardust capsule.



1.2. Literature Review

1.2.1. Strain Gauge Balance Reduction

A strain gauge is a thin resistive sensor that is attached to an object to measure
deformation. As the object deforms, the gauge also deforms, which can increase or decrease the
resistance of the sensor. The change in resistance results in a voltage differential in the
measurement circuit. Wind tunnel strain gauge force balances combine multiple strain gauges in
a known geometry to measure forces and moments in multiple axes [8]. For single axis
applications involving a single strain gauge, such as testing the tensile properties of materials or
weighing oneself with a bathroom scale, this voltage can generally be converted directly to a

strain value.

The same direct conversion cannot be applied to wind tunnel force balances because of
significant interactions between axes. The lift channel might be affected by the drag force, and
the pitching moment channel might be affected by the side force times the rolling moment. The
first is an example of a linear interaction, where the effect is caused by a single component; the
second is an example of a nonlinear interaction, where the effect is caused by a specific
combination of components or power of a single component [8,9]. Linear effects arise from build
and material errors, while nonlinear effects are thought to be caused by off-axis deformation
under load. In practice, a single component of a monolithic 6-component force balance will rely
on 27 variables and interactions [8,9]. This encompasses all of the linear and second order
interactions; higher order terms and interactions are neglected.

The equations governing the interactions are solved through the use of an algorithm.
Multiple algorithms, with varying levels of precision and computing cost, have been developed.

This thesis uses a matrix-based algorithm that was developed in 1972 at NASA LARC [9].



Equations (1) through (10) comprise the algorithm. The force matrix is defined in Equation (1).

Equation (2) is the force and moment product matrix.
F = [Fy, Fp, My, My, MZ'FY]T 1)
w = [Fy?, FyFa, FyMy, FyMy, FyM,, FyFy, Fs%, FsMy, FyMy, F4M,, F4Fy,
2
My?, My My, MyM,, MyFy, My*, MyMy, MxM,, MxFy, Mz*, MzFy, E,*]" ?
Equation (3) establishes the relationship between the balance output and the components
affecting the output. The balance output, scaled by the sensitivity constants, is equal to the sum
of first order and second order interactions. Equation (4) isolates the load matrix as the desired

result. Equation (5) is a redefinition of Equation (4) by the insertion of a combined interaction

matrix, Cz, and the uncorrected load, Fu.
k8 = C,F + Cw ®3)
F=C""0-C""Cuw 4)
C;=C, 'C,F, = k0
F=C""E, - Cw (5)
Then, the iteration begins. Equation (6) is the initial guess value that begins the iteration. The
loads in F1 are used to generate the first force and moment product matrix, w:. As shown in
Equation (7), the term C3z wn becomes the second-order interaction correction matrix, En. En is
used to generate the next load matrix in Equation (8). Fn+1is used to generate ® n+1, Which
generates En+1, and the cycle repeats. Eventually, the algorithm converges toward a specific

numerical approximation. Convergence criteria is met when AE in Equation (9) is within some

desired tolerance. Once the desired AE is met, the current E, becomes Esina and is used to



calculate the final load matrix, as shown in Equation (10). The outputs of this equation are

considered to be the true forces and moments that are acting on the balance.

F, =C,'E, (6)

E, = Cw, (7)
Fop1=F —Ey (8)
AE = |E, — E,_4| 9)
Foutput =F - Efinal (10)

1.2.2. Sting Interference

In general, traditional aerodynamic testing of 3D models requires the addition of some
sort of support system. Magnetic suspension, vertical tunnels, and ballistic testing were discussed
in the background as three major exceptions. Any mechanical support will influence the
measured forces, and a significant effort has been made to quantify these effects. Barlow
establishes three categories to describe the support influences: the added aerodynamic forces
acting on the support, the flow changes around the model caused by the support, and the flow
changes around the support caused by the model [8]. The latter categories make isolated
measurement of the first impossible. Classical interference tests involve various configurations
of dummy and true supports, such that the support interference can be isolated from the multiple

force measurements.

Sting supports, which support the model at the end of a long rod, are often used as a
method of minimizing support interference on the greater portion of the model. In supersonic
wind tunnels, sting supports are nearly exclusively used, because other support methods can

cause extreme flow blockages due to shock interference [8, pp. 285]. Sting supports can increase



or decrease drag, depending on model and support configuration [10]. Formulae exist to estimate
the effect of sting interference on axisymmetric models or to design a sting support that will
minimize interference. Models that have aerodynamically significant, or models that do not have
axisymmetric, aft sections, such as submarines and aircraft, will often require specific
investigation into sting interference [11, 12]. Under some circumstances, support interference
can change, measured drag, by more than 100%; in other circumstances support interference is

extremely small [12, 13].

A benefit of a magnetic suspension wind tunnel is the complete removal of support
interference. This saves significant time and effort and allows for rapid changes in model
geometries and configurations without necessitating a reevaluation of support effects. However,
it is important to understand support interference effects in order to accurately categorize

magnetic suspension data within the realm of traditionally collected reference data.

1.2.3. Magnetic Balance

Electromagnets are utilized pervasively in the modern world. The speakers in a car, the
junkyard scrap-metal crane, MRIs, VCRs, and so on all utilize electromagnets. With proper
control, electromagnets can be used to suspend or to levitate an object without any physical
contact. Applications include Maglev systems and magnetic bearings [14]. Aerodynamic models

may be magnetically suspended in wind tunnels in a conceptually similar manner.

The core component of a magnetic suspension wind tunnel is the Magnetic Suspension
and Balance System (MSBS). The MSBS is a combination of electromagnets that work in
concert to overcome gravity and that counteract the aerodynamic forces acting on a model during
testing. The MSBS consists of a number of electromagnets in a variety of geometric

configurations. Some systems completely decouple control of each aerodynamic force, while



others may use the same electromagnets for multiple axes [15]. No matter the configuration, all
MSBS require a method of position sensing and control. Position sensors can be optical or
electromagnetic, with various advantages and disadvantages to each. Optical position sensors
may rely on specific lighting conditions that may preclude certain forms of flow visualization.
Electromagnetic position sensors can be difficult to isolate from electromagnetic interference.

Figure 3 shows the electromagnetic coil and position sensor configuration for the 6-inch MSBS.

HELMHOLTZ
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SIDE & LIFT FORCE

POSITION
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8 TIE RODS
P o
WIND
® AXIS
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o 6 [1=
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1z - axis SADDLE COILS

SUPPORT PADS

Figure 3: Electromagnetic coil and position sensor configuration for the 6-inch MSBS [4].

The recovery of aerodynamic forces during suspension is another problem with many
solutions. During testing, the aerodynamic forces acting on a model are balanced with the
electromagnetic forces produced by the MSBS coils. If the model is in equilibrium, and the

electromagnetic forces are known, the aerodynamic forces can be determined [15]. The force
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produced by an electromagnet is largely linearly related to coil current via a simple scaling
constant. Traditionally, this constant is determined by suspending a model that is attached via
string to a pulley and a weight hanger, as shown in Figure 4, and then successively adding more
mass to the hanger. The pulley uses dual precision ball bearings and has an approximate moment
of inertia of 1.86*10 kg*m?. Figure 5 shows the assumed free-body diagram during calibration;
tension is assumed to be equal to the weight of the string, hanger, and added masses. When
applied forces and coil currents are known, a relationship may be determined, and the MSBS
may be used in the same manner as a traditional force balance [15-17]. Larger models may
facilitate the inclusion of an internal force balance between a suspended magnetic element and
the surrounding aerodynamic shell. This force balance is powered by a battery and can either

transmit the recovered signals or store data locally for later retrieval [13,18].

—Suspended model
b —Pulley
\
Y Hanger/Weight pan
g
1IN

Figure 4: Electromagnetic drag force calibration via pulley and weights.
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Figure 5: Basic 2D free-body diagram representative of drag force calibration.

There are several benefits to magnetic suspension wind tunnels, the primary of which is
the complete removal of all physical supports and accompanying interference. Dynamic testing
can be performed with larger ranges of motion than with a traditional dynamic test.
Disadvantages can include limited access to the test section, facility cost, and a reduced dynamic

pressure compared to a traditional support system.

1.2.4. Pressure Measurement and Corrections

Historical Dynamic Pressure Determination

Use of a pitot probe to determine test section dynamic pressure is usually not possible
during model testing. The probe would interfere with the model and position sensor, and the
model’s wake would influence the pressure reading. To solve this problem, the following
methodology was used by MIT to determine the dynamic pressure in the test section [19]. The
flow is assumed to be steady, incompressible, and inviscid. Figure 6 represents the inlet of the

wind tunnel. Location 1 represents a static tap in the settling chamber, location 2 represents a



static tap where the area is approximately one tenth of the area at location 1, and location T

represents the test section.

12

Figure 6: Representation of inlet static pressure locations.

Equation (11) begins with an application of a simplified form of the Bernoulli equation with an

added error term. Equation (12) isolates the two measurements, P1 and P-.
Pi+q =P, —Kiq2 +q
Pp—P, =-Kiqx +q; — q1
Equation (13) is a simplified form of the continuity equation for incompressible flow.
AV, = A,V

Square Equation (13) and multiply by one half of the air density to return Equation (14):

(11)

(12)

(13)
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21‘1121712 = gAZZVZZ (14)

Substituting the definition of dynamic pressure, Equation (15), and a new constant ratio,
Equation (16), into Equation (14) produces Equation (17), which relates the dynamic pressures at

the two static tap locations.

g="2vz (15)
2
A”
K, =— 16
2 A12 ( )
q1 = Kzq; (17)

Equations (18) and (19) are produced by substituting Equation (17) into Equation (12) and

simplifying. Now, g2 must be related to .
P, — P, =—-Kiq; + q; — K2q; (18)
Pp=—P,=(1-Ki—-K)q (19)
Following the same steps as before, a third constant is defined in Equation (22), and g2 is related

to gr in Equation (23).

ArVr = AV, (20)
EATZVTZ = EAszzz (21)
2 2

Ap?
K, =— 22
3 Azz ( )
q2 = Ksqr (23)

With a final substitution of Equation (23) into Equation (19), the test section dynamic pressure is

related to the two static tap measurements in Equation (24). The three constants are combined
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into a single linear regression variable and the value is determined experimentally, as shown in
Equation (25) [19].
Py —P, =(1-K; —K;) Kzqr (24)

qr
P, —P,

=7.93 (25)

In the time between the original calibration and the experiments in this thesis, a third
static pressure tap was added immediately before the test section at a location with
approximately the same area as the test section. In this thesis, the differential pressure between
pressure tap 1 and 3 was used to determine test section dynamic pressure and the above
methodology was used to calibrate measurements. As described in Section 1.2.4, the addition of
a constant bias term was necessary, in order to provide the best fit over the desired dynamic
pressure range. Equation (26) is the determined linear regression that was used to determine

Qinterpolated in this thesis.

Qinterpolated = 0-9970(P1 - P3) + 7.0697 (26)

Blockage Corrections

The cross-sectional area ratio between the models and the test section used in this thesis
was approximately 0.074, which is near the maximum suggested value [8]. This means that,
while there were significant boundary effects, they were within the range of correctability using
standard formulae. In this thesis, solid blockage and wake blockage corrections were applied.
Other corrections exist, such as for horizontal buoyancy, downwash, streamline curvature, and
flow angularity, but these were disregarded as negligible.

Solid blockage is the result of a physical obstruction in the test section. A larger

obstruction creates a larger blockage effect. The effect of a solid blockage is functionally similar
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to fluid flow through a venturi. The blockage causes the air velocity, and thus dynamic pressure,
to increase locally as flow passes around a test model. This results in under-reporting dynamic

pressure and thus over-reporting coefficients that are normalized by dynamic pressure [8].

Wake blockage also causes flow to accelerate around a model and can result in an
increase in measured drag. It is similar in effect to the displacement thickness of the test section
boundary layer and functions as a displacement area. It is often modeled as a physical object
equal in size to the wake. The effect depends on the size of the wake produced; this generally
depends on model size and shape. Different shapes require different considerations; for example,
appropriate corrections for an airfoil may involve induced drag and flap area, while a body of
revolution may rely solely on area ratio and on measured drag.

Horizontal buoyancy is a result of a change in static pressure along the length of a wind
tunnel due to thickening of the boundary layer. The effect is smaller on shorter bodies and when
the test section has a downstream divergence [8]. Axial dynamic pressure variation was
measured with nine static taps evenly spaced along the test section and was found to be
approximately -22 Pa/m for the dynamic pressure range considered in this thesis [5]. Equation
(27) is the approximate buoyancy correction for a spherical model [8]. For the models used in
this thesis, the change in drag was approximately 0.0015 N (0.24% of the average drag forces

experienced during testing) and was neglected.

s dp

ADrag = — ZLmodef al (27)
Downwash corrections and other similar effects result in a change in effective angle of

attack due to changes in flow direction around a lifting body. These corrections generally apply

to lifting bodies and were disregarded as negligible for an axisymmetric blunt body, even while

at an angle of attack, because the lift force was small.
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A significant number of methodologies have arisen to correct for these effects, with
ongoing research from the early 20" century to the present. In this thesis, the corrections for
solid and wake blockages were taken from reference [8]. These equations were chosen due to
applicability, availability of input data, and prior MSBS laboratory convention. Equations (28-
31) describe the correction methodology. The solid blockage correction in Equation (28) is solely
based on the geometric properties of the model and tunnel. The uncorrected drag coefficient is
determined in Equation (29). The wake blockage correction in Equation (30) depends upon the
area ratio and on the uncorrected coefficient of drag. Equation (31) is the correction from
measured to true dynamic pressure. Equation (32) is a recalculation of the drag coefficient with

the corrected dynamic pressure.

_ Vmodel
Esolia = AT 3 (28)
Stunnelz
Drag
Cdu = S (29)
qinterpolated model
CduSmodel
= cwmece 30
Ewake 4Stunnel ( )
test = Qinterpolated(l + Esolia T Swake)z (31)
Dra
Co=—? (32)

qtestsmodel
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CHAPTER 2.
FACILITIES AND EQUIPMENT

2.1.  Wind Tunnel
Figure 7 is an overall diagram of the wind tunnel used in this thesis [4]. The test section

and the MSBS roughly encompass the area bounded by the dashed box.

T
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>

Figure 7: Wind tunnel configuration.

2.1.5. Inlet

The inlet is composed of a settling chamber and contraction cone. The contraction ratio
of the cone is 20:1 and there are three screens in the settling chamber to reduce turbulence. The
inlet is mounted on guiderails and slides forward to permit access to the test section. A foam-
rubber gasket prevents leakage between the inlet and the test section. The inlet is clamped to the
test section prior to testing to ensure a consistent seal. Three static pressure taps are installed
along the side of the inlet. The first tap is in the settling chamber, the second is located where the

cone area to test section area ratio is 2:1, and the third tap is near the end of the cone where the



18

area ratio is approximately 1:1. The pressure taps in the settling chamber and at the end of the

inlet were used to determine the dynamic pressure in the test section.

2.1.6. Pressure Transducer

A Mensor CPT 6100 high precision pressure transducer was used to measure the
differential pressure between static taps 1 and 2 on the inlet. Pressure was recorded at a rate of 2
Hz by vendor-supplied LabVIEW virtual instruments (VIs) which were embedded in the “Wind
Tunnel Controller” VI. The pressure range of the sensor was 0 to 6900 Pa with a full-scale error
limit of 0.010%. The pressure transducer was mounted vertically on the inlet to ensure that the

tubing would not interfere with the opening of the test section.

A Scanivalve DSA3017 16-channel pressure scanner was used to correlate the dynamic
pressure calculated using static taps 1 and 2 on the inlet, and the dynamic pressure determined
via a traditional pitot probe. Both measurements were recorded simultaneously, with the same
sensor, in order to isolate the effect of the tunnel geometry. The Scanivalve was also used to
record the cavity pressure during the second set of dummy sting tests. The DSA 3017 recorded a

differential pressure of up to +/- 2490 Pa (+/- 10 water) with a full-scale error of +/- 0.2%.

2.1.7. Test Section

A new test section was fabricated with 12.7 mm (1/4 in) thick clear acrylic sheets. It was
approximately 914 mm (36 in) long and was octagonal in cross-section. It had an entrance width
of 161.9 mm (6 3/8 in) between the flats, and there was a designed divergence of 3.2 mm (1/8 in)
fore to aft. This divergence was included in the original wind tunnel design to account for
boundary layer growth and to maintain a constant velocity over the entire length of the test

section [5]. The aft end of the test section fit into an octagonal seat in the diffuser flange plate; a
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foam-rubber gasket ensured that there would be no leakage between the test section and diffuser.

The forward end was secured with friction created by tightening four lateral “stops.”

2.1.8. Diffuser
The diffuser was 3.785 m (149 in) long with a 5° wall-to-wall divergence. It had three
access panels along its length so that lost models might be retrieved. The diffuser consisted of

two pieces that could be separated in order to remove the diffuser without shifting the MSBS.

2.1.9. Fan

A Chicago Blower Corporation airfoil centrifugal fan with a diameter of 50.8 cm (20 in)
provided the required pressure differential. The fan, fan motor, and motor drive were mounted on
a steel platform. A steel wire mesh screen with an open area of 79% was secured immediately
forward of the fan in order to protect both the fan and any lost models from damage. A flexible

coupling directly connected the fan shaft to motor shaft.

2.1.10. Motor
The fan was driven by a Century E-plus 3 14.9 kW (20 HP) AC motor. This motor

replaced the original DC motor. It had a maximum operating speed of 3535 RPM.

2.1.11. Controller

The AC motor was powered by a Cerus Industrial Titan S Series CL-020-S4 variable
frequency motor drive. Fan speed was commanded via a remote voltage signal sent from a
MCCDAQ USB-231 data acquisition device. The DAQ was controlled by a PC running the

“Wind Tunnel Controller” LabVIEW VI.
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2.1.12. Exit Duct
A square duct with multiple turning vanes routed air from the blower exit. The duct was
designed to minimize pressure loss and to prevent the surging experienced in the original MIT

installation, where air exhausted downwards.

2.1.13. Thermocouple

An Omega type J thermocouple and a UTC-USB thermocouple connector were used to
measure ambient temperature. The thermocouple had a stated error of +/- 2.2 degrees Celsius. In
addition, only whole numbers were reported by the thermocouple; with the inclusion of rounding
error, total uncertainty was taken to be +/- 2.7 degrees Celsius. When this temperature range was
propagated through to a final velocity or Reynolds number value, it created an uncertainty range

of +/-0.51% for either value.

2.1.14. Pitot Probe

A United Sensor pitot-static probe, serial number USNH-a-157 9738, was used for
recording dynamic pressure in the test section. It was 6.35 mm (0.25 in) in diameter and 254 mm
(10 in) long (excluding the protruding tubes). The static tap was approximately 101.6 mm (4 in)
from the tip of the probe. Brass tubes were fixed to the existing pressure tubes to extend the total

length of the probe by 76.2 mm (3 in).

2.1.15. Camera
An Edgertronic SC1 high speed camera was used to capture images and video of
aerodynamic tests. It was fixed to an external aluminum frame and was triggered remotely via

ethernet. The camera could be configured to record only a subset of pixels, in order to reduce file
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size, and it was configured to record only via the test section side window. It was also used in

real time to monitor the test section during the dummy sting aerodynamic tests.

2.2.  Magnetic Suspension and Balance System

2.2.1. Colil Configuration

The MSBS is an extensively decoupled system of magnetic coils, as previously shown in
Figure 3. Each aerodynamic axis is controlled by a separate group of coils. The drag axis is
controlled by a Helmholtz coil pair, shown in Figure 8, where two identical magnetic coils
(referred to as drag coils) are used to produce a quasi-uniform magnetic field. The lift axis is
controlled by four electromagnets (referred to as lift coils). The side axis is also controlled by
four electromagnets (referred to as side coils). The lift and side coils, shown in Figure 9, work in
concert to produce somewhat uniform magnetic fields over the length of the test section. The
magnetization coils are co-wound with the drag coils and serve two purposes, depending on the
type of core to be suspended. When suspending a ferrous element, these coils serve to magnetize
it so that the forcing coils may more easily interact with it. When suspending a permanent
magnet, these coils serve to orient the magnet, similarly to the way in which a compass orients to
Earth’s magnetic field. The magnetization coils are shown in Figure 8. Finally, the MSBS is
equipped with saddle coils to control model attitude, but these coils were not operative during the

tests presented in this thesis.
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2.2.2. Electromagnetic Position Sensor System
The Electromagnetic Position Sensor System (EPS) is a set of copper windings that just
surround the test section. Their inner diameter limits the test section size. The measured signal

differential between the coils determines where the ferrous or permanent magnet core is located
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in three-dimensional space. The analog voltages were demodulated and filtered before being
digitized. Before they could be used as a state for the controller, the voltages must be correlated
to a physical distance. This was done by traversing a core through a known distance and
comparing the signal change in each axis. The system was zeroed by placing a core at the desired
zero location and adjusting potentiometers so that the measured signal would reach a minimum

point.

2.2.3. Cooling System
All of the magnetic coils on the MSBS use hollow square tube windings to allow for
adequate cooling and are serviced by the primary cooling loop. Distilled water is circulated
through the windings by an external heat exchanger. From the intake, water branches six ways.
The two primary branches service the drag and the magnetization coils. The four secondary
branches each cool two lift or side coils in series. Each winding layer receives cooling in parallel.
A secondary cooling loop was attached to the heat exchanger as a heatsink. A submerged

pump circulated tap water from a 400 liter reservoir through a filter into the heat exchanger.

The coils are theoretically operable until 100 degrees Celsius, where boiling would cause
inconsistent cooling and hot spots. Operation is typically ceased at 50 degrees Celsius to prevent

any possible insulation degradation.

2.2.4. Power Amplifiers

Primary power was provided by a Magna-Power MS Series DC power supply. This
power supply powered four Performance Controls Inc. GA 301 single axis precision gradient
amplifiers. Each amplifier was capable of producing 300 volts with a continuous current of 60
amps. The drag coil was powered by two amplifiers in a parallel configuration. The lift and side

coils were powered by a single amplifier each.
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Secondary power was provided by two TDK-Lambda Genesys 250-60 DC power supplies in a
master/slave (parallel) configuration. Each TDK was rated to 15 kW with an output of up to 250

V or 60 A. The TDKSs powered the magnetization coil.

2.2.5. Data Acquisition

The primary data collected from the MSBS were the currents running through the four
coils. Each of the four output cables from the power amplifiers ran through a separate DaniSense
DS200ID 200-amp high precision current transducer. The transducers were flux gate sensors.
From DC-10Hz, they exhibited a total accuracy of 22 PPM. They exhibited an error of +/- 0.01%

from 10Hz-5kHz, +/- 1.00% from 5kHz-100kHz, and +/- 20% from 100kHz-1000kHz.

2.2.6. Controller

A Speedgoat 109100 performance real-time target machine ran a PID controller in a
Simulink instance. The Simulink controller received state information from the EPS, current
information from the DaniSense, one coil temperature from a type J thermocouple, and dynamic
pressure from the “Wind Tunnel Controller” V1. The Speedgoat recorded this data at a rate of
1kHz. The controller also estimated the current states, based on past inputs, in order to increase
responsiveness. A separate controller mode and gain table were used for each core material,
which could then be switched between different stiffnesses. In this context, stiffness refers to the
relative cost weighting given to control response and model position, and generally results in
changes in proportional gain. A stiffer controller would use larger control inputs in order to
minimize model motion (a higher ‘spring stiffness”). All levitated tests in this thesis were
completed with the stiffest controller mode for magnetic cores, in order to best replicate a static

test condition.
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The Speedgoat was interfaced via a physical switchboard and through MATLAB
commands from a host PC over ethernet. The front switch panel initialized the amplifiers, set the
controller mode, started and stopped levitation, applied offsets to the EPS signals to allow for
manual model positioning, and commanded data collection. The MATLAB functions were
required to pull data from the Speedgoat logs and could also be used to command data collection
and to control the wind tunnel speed. Figure 10 is a schematic of the various pieces of equipment

used in operation of the MSBS.
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Figure 10: Schematic of MSBS configuration.
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2.3.  MS - 100 6-Component Strain-Gage balance

The MS-100 is an aluminum 6-component strain-gage force balance that was constructed
in the mid-1980s. The balance uses 5000 ohm strain gage bridges. It was initially calibrated in
1985 and was last inspected in 2016 [20]. The balance was recalibrated for this project, as

described in Section 3.2.2. An outline drawing of the MS-100 is included in Appendix A.2.

2.3.1. Data Acquisition

A NI cDAQ-9172 was used, in concert with two NI 9211 I/O modules, to record the
output signal from each strain gauge and the supply voltage. The NI 9211s have a measurement
range of +/- 80mV with a resolution of 24 bits. The NI 9211 is designed for use with
thermocouples, but it has the required range and the sensitivity to capture the strain gauge
outputs. The documentation for these devices list temperature error referenced to the type of
thermocouple attached. As such, it was appropriate to determine the total error of the balance and

DAQ through experimental measurements of known loads. This is discussed in Section 3.2.

2.3.2. Power Supply

A Datel Systems UMC-5/250 single output power supply provided continuous 5V source
voltage to power to the balance. To account for any drift, the source voltage was measured by the
NI-DAQ through a voltage divider where the recorded voltage was 0.010175914 multiplied by
the true voltage. This ratio was determined by comparing the recorded source voltage and the
true source voltage as measured by a digital multi-meter. The error inherent in this value was

captured in the total error term developed in Section 3.2.
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2.4.  Sting

It was necessary to fabricate a nonmagnetic sting to support the balance. The balance
drawings and an existing steel sting were referenced to design the new sting. To facilitate ease of
construction, the traditional key and keyway alignment mechanism was replaced. Instead, a pair
of set screws were machined to size in order to slot into the keyseat on the MS-100. The sting
was machined out of aluminum. The sting was hollow, and a threaded rod was inserted into the
aft end. This rod attached to a support strut. A brass tube was slid over the sting and MS-100 to
shield it from accidental contact. Aluminum standoffs were used to vary the axial position of the
model in the test section. Drawings of components are included in Appendix A. Figure 12 shows

the sting as configured during testing.
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Figure 12: Sting with MS-100, brass sleeve, threaded rod, and standoff installed.

2.5. Dummy Sting

The second phase of testing involved magnetically suspending models with sting
interference. The newly manufactured sting and MS-100 could not be used in this test. It was
highly likely that the sting and the balance would be impacted by the models through incidental
contact during alignment or by loss of control during the tests. In addition, the EPS reports the
centroid location of all metallic mass in the test section; a large aluminum rod in the test section
would render levitation impossible with the available controllers.

Instead, two dummy stings were fabricated out of nonmetallic materials. The first dummy
sting was turned down from a single phenolic resin rod to match the outer dimensions of the full
sting and MS-100 assembly. It had an overall length of 438 mm (17.25 in) and the tip sat just aft
of the test section center. As with the aluminum sting, a threaded rod was inserted into the aft

end of the dummy sting to attach to a support strut.
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With experience from the first dummy sting, a second composite dummy sting was
designed and fabricated. This dummy sting was constructed with a fiberglass rod and a phenolic
resin sleeve. A pressure tap was installed in the tip of the dummy sting to measure cavity
pressure. Drawings of both dummy stings are in Appendix A. Figure 13 shows the forward end

of the composite dummy sting and the cavity pressure tap.

Figure 13: Second dummy sting with cavity pressure tap.

2.6.  Wind Tunnel Extension

The MSBS was not designed to support conventional wind tunnel tests; therefore, there
was no location available to install a mount for the sting. A 63.5 mm (3.5 in) long octagonal test
section extension was designed to support a vertical strut that the sting would screw into. The
extension had a guideway for the vertical strut. The component parts were machined out of
aluminum. The extension was then assembled and installed between the MSBS and the diffuser.

Drawings of the components and the assembly are in Appendix A.4.
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2.7.  Vertical Support Strut

The vertical support strut was a compromise between flow interference, structural strength,
and machinability. The most important consideration was minimizing flexure of the support, so it
was designed to be thicker than would be necessary to support the expected static loads. A
traditional airfoil shape was rejected, in favor of simple shapes and flat faces to facilitate ease of
machining. The support is an irregular hexagonal prism with a width of 12.7 mm (0.5 in), a
length of 76.2 mm (3 in), and a height of 168.275 mm (6.625 in) was machined out of aluminum.
When the strut is installed, a 6.35 mm (0.25 in) hole runs axially along the centerline of the wind
tunnel. The threaded rod at the end of each sting slid into this hole and was secured with a nut.
The support structure is aft of the test section in order to minimize its impact on the flow
characteristics of the test section. The extension and the strut were in place for all tests to ensure
that all tests would be consistently influenced by any downstream obstruction. The drawing of
the support is in Appendix A.4. Figure 14 shows the support strut and wind tunnel extension as
installed during testing. Figure 15 is an example assembly of the tunnel extension, sting, balance,

and model, as configured during sting supported testing.



Figure 15: Assembly of extension, strut, sting, MS-100, sleeve, and model.
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2.8.  Magnetic Element

A permanent magnet core, rather than an iron core, was chosen for use in this thesis, for
two reasons. The use of a pre-magnetized core significantly reduced the required axial current.
This significantly reduced heat generation and increased total allowable suspension time. The
pre-magnetized core also exhibited extremely strong pitch and yaw stiffness. This allowed the
core to be oriented inside of a model, so that the model could be suspended at a consistent angle

of attack.

A cylindrical 19.05 mm by 19.05 mm (0.75 in by 0.75 in) Neodymium-Iron-Boron magnet
was inserted into the dummy sting and magnetically suspended models. The mass of the magnet
was 40.85 g. The same magnet was used in all tests, including force calibration. This was to

ensure that the magnetic moment of the core would remain constant throughout all of the tests.

2.9. Models

As previously mentioned, the models tested were of the same geometry as the Stardust
sample return capsule. They were 3D printed with a nominal maximum diameter of 44.45 mm
(1.75 in) and a nominal height of 28.37 mm (1.117 in). Exact model diameters are shown in
Appendix A.6. In this thesis, the models are referred to by their angle of attack and support

method.

2.9.1. Sting Supported

The sting supported models were single piece 3D prints. They were designed with a
cavity to match the end of the MS-100. They were secured to the MS-100 via a dowel pin. The
models were rotated about their centroid in order to mount them at the desired angle of attack.

The models are shown in Figure 16. Drawings of the models are in Appendix A.7.
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Figure 16: Fore and aft views of the sting supported models.

2.9.2. Models for use with the Dummy Stings

The models for testing with the dummy sting were also single-piece. They were designed
to accept the 19.05 mm x 19.05 mm (0.75 in x 0.75 in) cylindrical magnetic core. The model has
a single open cavity that extends from the back face into the model, approximately 19.05 mm in
diameter and 23.7 mm in depth. The core was inserted into the cavity, and the remaining space
was used to dock the model on the dummy sting. The cavity was rotated about the centroid of the
model to reach the desired angle of attack. The models are shown in Figure 17. Drawings of each

model are in Appendix A.8.

Figure 17: Fore and aft views of dummy sting models.
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2.9.3. Magnetically Suspended

The magnetically suspended models were designed and printed in two pieces. The
geometry was divided at the centroid, orthogonally to the model centerline. The magnetic core
was inserted into the hollow center of the front piece, and the back piece was pressed onto the
protruding core. The halves were secured together with double-sided tape. The models are shown

in Figure 18. Drawings of all pieces are in Appendix A.9.

Figure 18: External and internal views of the magnetically suspended models.

2.9.4. Print Defects and Surface Discrepancies

After printing, the models had lines of extra material running axially along the outer and
inner surfaces. It was determined that these lines were the locations of the transitions between
print layers. A file was used to remove these lines from the models. Care was taken to ensure that
only the excess material was removed, and that the surface finish of the model was not

substantially altered.
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The surface finish was not the same on all models. The sting supported models were
printed with a layer height of 0.127 mm, and the models with magnetic cores were printed with a
layer height of 0.178 mm. The models with magnetic cores could not be printed at the smaller
layer height because they were damaging the print bed. Due to constraints on time and cost, the
sting supported tests were not repeated with new models. Instead, two additional sting supported
tests were completed for zero angle of attack orientation. One model was printed by an external
service with a layer height of 0.200 mm; the other model was printed by NASA with an
approximate layer height of 0.033 mm as a calibration print for a new selective laser sintering

(SLS) 3D printer. The effects of layer height on aerodynamic data are examined in Section 2.9.4.
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CHAPTER 3.
CALIBRATION

A comprehensive characterization of the MSBS and of accompanying instruments was not
attempted in this thesis for two reasons. The basic functionality of the wind tunnel had not yet
been verified, and so the level of examination presented in this thesis was sufficient to identify
hardware, software, or experimental methods that were in need of improvement. Furthermore,
the final configuration of the MSBS was not fixed. After the necessary data was collected for this
thesis, the coil configuration was altered to explore further avenues of model alignment. This
involved alternate configurations such as producing lift force with the drag coils, which would
invalidate the characterization of the lift coils producing lift force, and so forth. After a final

configuration is chosen, a complete characterization of the tunnel and MSBS will be performed.

3.1.  Dynamic Pressure Calibration

3.1.1. Methodology

A pitot-static probe was inserted into the vertical support strut where it was secured in
place. Due to the mounting constraints and probe length, the tip was approximately 15 cm behind
the center of the test section and the static tap was approximately 30 cm behind the center of the
test section. This was considered an acceptable location because the test section was designed to
maintain a constant dynamic pressure throughout its length. For the pressure ranges considered
in this thesis, the dynamic pressure variation between the entrance and the exit of the test section
was less than 1% [5].

This test required simultaneous measurement of four pressures. The Mensor CPT 6100

transducer was not used because it was only equipped with two pressure ports. Instead, the
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Scanivalve DSA 3017, with 16 pressure ports, was used to simultaneously measure the pressures
from the pitot probe and inlet static taps. The only variable was the aerodynamic source of the

dynamic pressure measurements.

Prior to the test, the Scanivalve was powered and left to reach a steady-state operational
temperature, and the inlet was clamped to the MSBS to ensure that the seal, and any tunnel leakage,

would remain constant between calibration and model testing.

Vendor-supplied LabVIEW Vs were used to control the Scanivalve, and the “Wind
Tunnel Controller” VI was used to control fan speed. The Scanivalve was zeroed, and a data set
was collected at zero velocity. The tunnel was stepped through seven fan speeds, and a data set
was collected at each speed once the dynamic pressure reached a steady value. After the tunnel
was powered down, a second zero point was collected. Between 80 and 100 individual

measurements were taken for each fan setting.

3.1.2. Results and Data Reduction

The Scanivalve appended all samples into a spreadsheet. Each sample consisted of an
identifier, the pressure at each of the 16 ports in psi, and the temperature of each transducer. A
MATLAB script (located in Appendix B.5) was written, to extract and manipulate the data of
interest. Table 1 contains the mean dynamic pressure and standard deviation at each tunnel
speed. The table also includes the percent error, according to Equation 33, taking the mean pitot

dynamic pressure as the true value.

Figure 19 is a graph of the discrepancy between the probe and the inlet pressures for each
individual sample represented as a percent error relative to the pitot probe pressure. The two
sources of dynamic pressure are almost equivalent, with the inlet slightly under-reporting for the

range of interest. The dynamic pressure range of interest for this thesis was between 150 and
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1400 Pa. At dynamic pressures below this range, sensor noise and other errors became a

significant portion of the signal. At dynamic pressures higher than this range, the magnetically

suspended models could not be controlled, and so there are no data points to compare.

Percent Error =

Experimental Value — True Value

* 100% (33)

True Value

Table 1: Comparison of dynamic pressures derived from pitot probe and inlet differential.

Pitot Probe Inlet Differential Mean Pressure
Mean Q (Pa) StDev (Pa) Mean Q (Pa) StDev (Pa) Discrepancy (Pa)

0.133 0.138 0.241 0.165 0.108

37.189 0.198 36.276 0.200 -0.914
170.706 0.668 165.684 0.579 -5.022
410.994 1.516 402.574 1.731 -8.421
755.212 3.496 751.325 3.829 -3.888
1208.561 5.314 1204.821 5.297 -3.740
1756.946 6.345 1755.204 6.656 -1.743
2403.900 10.758 2408.142 11.144 4.241

Inlet Pressure Measurement Discrepancy vs Inlet Pressure

Measurement Discrepancy, Percent Error Relative to Pitot (%)

500

1000

1500
Average Test Section Dynamic Presure, Measured at Inlet (Pa)

2500

Figure 19: Discrepancy between pressure measurements over range of dynamic pressures.
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A calibration constant or equation was necessary to reduce the systematic error at lower
dynamic pressures. A scaling constant k was determined in accordance with the methodology
presented in Section 1.2.4. This was functionally equivalent to a linear regression with a zero y-
intercept. It was apparent that a constant scale factor simply shifted the error to different
locations.

For this thesis, a linear regression with non-zero offset was chosen, in order to prevent
adding any non-existent behavior between the data points. To focus the linearization on the area
of interest, only data points between 150 and 1800 Pa were used. Unless otherwise stated, all of
the pressure data in this thesis were corrected according to the regression shown in Equation
(34), where P1-Ps is the raw pressure data. Figure 20 shows the chosen linear regression as
compared to raw experimental data. Figure 21 shows the new error distribution after the data has
been corrected. All data points within the range of interest fell between +/- 1.5% error. When
averaged, the random error was removed, and the systematic error fell between +/-1% error.

After correction, the root mean square error over the range of interest was 1.6647 Pa.

Qinterpolated = 0.9970(P, — P;) + 7.0697 (34)

Table 2: Comparison of error generated by linear regression.

Mean Tunnel Dynamic Pressure (Pa)

Tunnel Dynamic

Pressure (from pitot) 3719  170.71 410.99 755.21 1208.56 1756.95 2403.90

Mean Percent Error (%)
Uncorrected Data -2.45492 -2.94151 -2.04890 -0.51489 -0.30942 -0.09923 0.17641

Linear Regression 16.26782 0.91354 -0.61784 0.12761 -0.01869 0.00830 0.17483
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Figure 20: Pressure correction compared to experimental values.
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3.2. MS-100 Balance and Software Tests

3.2.1. Methodology

Prior to performing any measurements, it was necessary to determine the electrical zeros
of the balance setup. The electrical zeroes are, theoretically, the output voltages of the strain
gauges under zero load in zero gravity. In practice, the electrical zeroes are the average of two
measurements chosen to simulate these conditions. One measurement is recorded with gravity
acting along the positive axial direction, the other is recorded with gravity acting along the
negative axial direction. The electrical zeroes measured in this manner are specific to the test
setup; the values will be different if a different DAQ, with different null offsets, is used. In order
to compare the measured values to reference values, the electrical zeroes of the balance must be
separated from the offsets of the DAQ. As such, an additional zero measurement was recorded
with the balance installed, but unpowered and unloaded. Three measurements were taken and

averaged for each configuration.

In order to verify that the MS-100 and the reduction software would be able to produce
the correct loading conditions, a check loads test was performed. The balance was secured in
three different orientations: gravity acting along the negative direction of the axial channel,
gravity acting along the positive direction of the normal channel, and gravity acting along the
positive direction of the side channel. The three loading configurations allowed for calibration of
axial force, normal force, side force, pitching moment, and yawing moment. In addition, with
gravity acting along the positive normal channel, an 80 mm moment arm was used to apply an

offset load, which caused a known rolling moment.

In each orientation, the balance was zeroed, and a data point was recorded at zero load.

Twenty samples were recorded and averaged by the “Balance Controller” VI at each data point.
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Using a mass and hanger set, item number ME-8979, six different masses were suspended by
string at the balance dowel pin hole. Due to moment arm flexure, only three different masses
were used to test the roll channel. The models were not expected to produce any appreciable
rolling moment, so the three loading cases were sufficient for software verification. The true
mass of the hanger and each brass cylinder were recorded with a separate scale to account for

any manufacturing defects.

3.2.2. Results and Data Reduction

Electrical Zeroes

In order to confirm the validity of the wiring and of the calculated zeroes, the zero of the
balance was isolated from the zero of the DAQ. The null offset of the DAQ was subtracted from
the powered measurements prior to normalization. Across all channels, the offset was
approximately 0.266 mV. The measurements were then normalized and averaged. Table 3
compares the calculated electrical zeroes to reference measurements [20]. The reference
measurements were normalized, assuming a nominal 5 V source voltage. The calculated values
largely agree with the reference values; the balance was wired correctly and was in working
order. Any error in these electrical zeroes was captured by the balance and software calibration.
The combined electrical zeroes of the MS-100 and DAQ were determined by normalizing the
powered measurements without removing the null-offset of the DAQ. These values are shown in

Table 4 and were utilized in this thesis to tare the signal voltage prior to balance reduction.
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Table 3: Comparison of electrical zeroes to reference values.

Source of Electrical Zeroes

Component

Experimental VValues

2016 Inspection

1998 Inspection

Normal (mV/V) 2.46425E-01 2.45200E-01 2.42000E-01
Axial (mV/V) -9.73701E-02 -9.84000E-02 -8.66000E-02
Pitch (mV/V) 3.20008E-01 3.17800E-01 3.25000E-01
Roll (mV/V) 1.79755E-01 1.80600E-01 1.81200E-01
Side (mV/V) 3.70508E-01 3.69800E-01 3.75200E-01
Yaw (mV/V) -1.61501E-01 -1.60200E-01 -1.60200E-01

Table 4: Combined electrical zeroes of DAQ and MS-100.

Normal (mV/V) Axial (mV/V) Pitch (mV/V) Roll (mV/V) Side (mV/V) Yaw (mV/V)
0.299301512 -0.044560128 0.373019414 0.232742971 0.423863518 -0.108458815

Axial Channel

During this test, the balance was oriented so that gravity would act forward along the
axial channel. The tare reading, in mV/V, was input into balance reduction software to convert it
into forces and moments. The samples were normalized by the source voltage and were
averaged. The mean signal and the tare were input into the balance reduction software. The
combined magnitude of the calculated forces was compared to the magnitude of the known load,
rather than to the force along the axial channel, in order to account for any errors in balance

orientation. This comparison is shown in Table 5. Error is within +/-0.0072 N for the considered

loading range.
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Table 5: Axial channel check loads.

Mass (g) Applied Force (N) Measured Force (N) Load error (N)
0.00 0.000E+00 2.906E-03 2.906E-03
4.96 4.864E-02 4.619E-02 -2.448E-03
55.17 5.410E-01 5.374E-01 -3.612E-03

105.24 1.032E+00 1.029E+00 -2.851E-03
155.36 1.524E+00 1.524E+00 3.456E-04
255.54 2.506E+00 2.505E+00 -5.226E-04
355.73 3.489E+00 3.496E+00 7.158E-03

Normal Force and Pitching Moment Channels

During this test, the balance was oriented so that gravity acted along the positive lift axis.

The tare reading, in mV/V, was input into balance reduction software to convert it into forces

and moments. The samples were normalized by the source voltage and were averaged. The mean

signal and the tare were input into the balance reduction software. The combined magnitude of

the calculated forces was compared to the magnitude of the known applied load, rather than to

the force along the lift channel, in order to account for any errors in balance orientation. The

measured force and applied force are compared in Table 6. The value of the applied force was

simply the weight of the mass added. The error was within +/- 0.012 N for the considered

loading range.

Table 6: Normal channel check loads.

Mass (g) Applied Force (N) Measured Force (N) Load Error (N)
0.00 0.000E+00 5.034E-03 4.930E-03
4.96 4.864E-02 5.075E-02 2.397E-03
55.17 5.410E-01 5.420E-01 1.184E-03

105.24 1.032E+00 1.035E+00 2.781E-03
155.36 1.524E+00 1.532E+00 9.185E-03
255.54 2.506E+00 2.515E+00 9.333E-03
355.73 3.489E+00 3.500E+00 1.172E-02
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Two comparisons were necessary for the pitching moment channel. The first was
performed without a moment center correction, in order to ensure that the sensor measurement
was correctly measuring the applied load. The measured pitching moment was compared to the
theoretically applied pitching moment, as calculated by Equation 35. These values are
shown in Table 7 The error was within +/- 0.00046 Nm for the considered loading range.

The second comparison was necessary because, during aerodynamic testing, the lift
generated by the model would not act through the balance’s moment center and would influence
the pitching moment value. Therefore, it was necessary to perform a moment transfer correction
and to remove the effect of lift on the pitching moment measurement. To ensure proper moment
transfer, the methodology was verified during calibration. In this check loads test, the distance
between the MS-100 moment center and the location of the applied load was 41.76 mm. The
moment caused by the applied load was removed from the measurement according to Equation
(36). The corrected pitching moment is also shown in Table 7. After correction, the measured

moment was functionally zero, confirming the validity of the correction.

Mappiiea = mass * 0.0417576 = g (35)

M = Mmeasured - Liftmeasured *0.0417576 (36)

Table 7: Pitching moment channel check loads.

Mass Applied Moment Measured Moment Load Error Corrected Moment

(9) (Nm) (Nm) (Nm) (Nm)

0.00 0.000E+00 -1.496E-05 -1.496E-05 1.733E-04
4.96 2.031E-03 2.156E-03 1.249E-04 6.766E-05
55.17 2.259E-02 2.268E-02 8.777E-05 8.977E-05
105.24 4.310E-02 4.323E-02 1.340E-04 7.823E-05
155.36 6.362E-02 6.402E-02 3.997E-04 7.830E-05
255.54 1.046E-01 1.051E-01 4.558E-04 1.844E-04
355.73 1.457E-01 1.461E-01 4.278E-04 -1.651E-06
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Side Force and Yawing Moment Channels

During this test, the balance was oriented so that gravity would act along the positive side
axis. The tare reading, in mV/V, was input into balance reduction software to convert it into
forces and moments. The samples were normalized by the source voltage and were averaged.
The mean signal and the tare were input into the balance reduction software. The combined
magnitude of the calculated forces was compared to the magnitude of the known applied load,
rather than to the force along the side channel, in order to account for any errors in balance
orientation. The value of the applied force was simply the weight of the mass added. The
measured force and the applied force are compared in Table 8. The error was within +/- 0.01 N

for the considered loading range.

Table 8: Side channel check loads.

Mass (g) Applied Force (N) Measured Force (N) Load Error (N)
0.00 0.000E+00 2.449E-03 2.449E-03
4.96 4.864E-02 5.192E-02 3.281E-03
55.17 5.410E-01 5.416E-01 5.553E-04

105.24 1.032E+00 1.036E+00 4.415E-03
155.36 1.524E+00 1.528E+00 4.059E-03
255.54 2.506E+00 2.513E+00 7.378E-03
355.73 3.489E+00 3.499E+00 1.006E-02

Just as with the pitching moment channel, the yawing moment channel also required two
separate verifications. The first examined the measured value, and the second confirmed the
validity of the moment transfer correction. Table 9 compares the measured moment to the known
moment, which was calculated according to Equation 37. The error was within +/- 0.00026 Nm

for the considered loading range.
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Mappiiea = mass * 0.0417576 = g (37)

As with the pitch channel, the MS-100 also reported the yawing moment as calculated
around its moment center. It was necessary to perform a moment transfer correction and remove
the effect of side force on the yawing moment measurement during aerodynamic tests due to
model placement. To ensure proper moment transfer, the methodology was verified during
calibration. In this check loads test, the distance between the MS-100 moment center and the
location of the applied load was 41.76 mm. The moment caused by the applied load was
removed from the measurement, according to Equation 38. The corrected pitching moment is
also shown in Table 9. After correction, the measured moment was functionally zero, confirming

the validity of the correction.

M = Mmeasured - Sidemeasured *0.0417576 (38)

Table 9: Yawing moment channel check loads.

Mass Applied Moment Measured Moment Load Error Corrected Moment

(9) (Nm) (Nm) (Nm) (Nm)

0.00 0.000E+00 3.702E-05 3.70E-05 -9.909E-05
4.96 2.031E-03 2.094E-03 6.29E-05 -1.173E-04
55.17 2.259E-02 2.254E-02 -5.22E-05 -1.042E-04
105.24 4.310E-02 4.321E-02 1.14E-04 -8.177E-05
155.36 6.362E-02 6.370E-02 7.97E-05 -7.822E-05
255.54 1.046E-01 1.049E-01 2.56E-04 -4.531E-05
355.73 1.457E-01 1.459E-01 2.28E-04 -1.395E-04

Rolling Moment Channel

During this test, the balance was oriented so that gravity would be acting along the

positive side axis. The load was applied to induce a negative rolling moment. The tare reading, in

mV/V, was input into balance reduction software in order to convert it into forces and moments.
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The samples were normalized by the source voltage and were averaged. The mean signal and the
tare were input into the balance reduction software. To verify the loading condition, both side
force and rolling moment were examined.

The combined magnitude of all of the measured forces was compared to the magnitude of
the known applied load, rather than to the force along the side channel, in order to account for
any errors in balance orientation. The value of the known applied force was simply the weight of
the mass added. The measured force and applied force are compared in Table 10. The error was

within +/- 0.0023 N for the considered loading range.

Table 10: Applied load verification during rolling moment channel check load.

Mass (g) Applied Force (N) Measured Force (N) Load Error (N)
0.00 0.000E+00 1.574E-03 1.574E-03
4.96 4.864E-02 5.000E-02 1.364E-03
55.17 5.410E-01 5.433E-01 2.264E-03

105.24 1.032E+00 1.033E+00 1.399E-03

In this test, the load was applied with a moment arm of 80mm. Table 11 compares the
measured moment to the applied moment, which was calculated according to Equation 39. The
error was within +/- 0.001 Nm. The measurement error on this channel was higher than that of
prior moment channels. This was most probably due to an error in moment arm measurement.
Regardless of the source, the higher error was acceptable because the tested models were axially

symmetric and produced negligible rolling moment.

Mapplied = mass x 0.08 x g (39)
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Table 11: Rolling moment channel check load.

Mass (g) Applied Moment (Nm) Measured Moment (Nm) Percent error (%)
0.00 0.000E+00 6.911E-05 6.911E-05
4.96 -3.892E-03 -3.622E-03 2.697E-04
55.17 -4.329E-02 -4.111E-02 2.181E-03

105.24 -8.257E-02 -8.157E-02 1.001E-03

Sensor Uncertainty

The test loading results showed that the balance and the software were configured
properly. The balance and the software recovered the test load with low error, and there was no
unexpected coupling. However, the performed tests did not constitute a full balance calibration
and, therefore, did not fully capture sensor uncertainty. The 1985 MS-100 calibration file has a
stated 0.5% full scale error range on all channels. The absolute be the full-scale error multiplied

by the full-scale output. Table 12 shows the absolute uncertainty present on each channel.

Table 12: MS-100 measurement uncertainty on each channel, 1985 calibration.

Normal (N)  Axial (N)  Pitch (Nm) Roll (Nm)  Yaw (Nm)  Side (N)
+/-3.34E-01 +/-L11E-01 +-848E-03 +/-5.65E-03 +/-5.65E-03 +/-1.11E-01

During later uncertainty analysis, as discussed in Section 4.5.1, it was found that these
uncertainties caused extremely large error bars. The MS-100 was re-calibrated by NASA. Figure
22 shows the balance as configured for one combination of loads. The new calibration produced
significantly smaller error bars. The check loads were calculated with the 1985 calibration, while
aerodynamic data used the new calibration. A comparison of the two calibration shows that they
produced forces and moments that were within 0.5% of each other. Table 13 shows the new

uncertainty ranges.
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Figure 22: Calibration Setup for Combined Normal, Axial, and Pitch loading.

Table 13: MS-100 measurement uncertainty on each channel, 2019 calibration.

Normal (N)  Axial (N)  Pitch(Nm) Roll (Nm) Yaw (Nm) Side (N)
+/- 2.67E-02 +/-2.56E-02 +/-1.95E-03 +/-1.47E-03 +/-6.22E-04 +/-2.89E-02

3.3.  Magnetic Balance Force Calibration

3.3.1. Methodology

To ensure that the MSBS was functioning properly during the aerodynamic tests, it was
necessary to recalculate the calibration constants that correlate coil current and generated force.
These take the form of Newtons/Amp scaling constants. The values determined from a previous

calibration are shown in Table 14.
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Table 14: Reference calibration constants.

ks (NJA)  ks(N/A) ki (N/A)
0.037889 0.028653 0.028653

To correlate the recorded magnetic currents to the applied magnetic forces, several
known loads were applied to the suspended magnetic core. To apply drag and side forces, a
string was tied to the magnetic element. A pulley was used to suspend the PLASCO hanger and
masses from the string. To apply lift forces, different masses of plastic were attached to the
element prior to suspension. Eight different drag forces, seven different side forces, and three

different lift forces were applied.

For the drag and side force calibration tests, the magnet was inserted into the test section
resting on the launch platform. The string was threaded over the pulley and the hanger was
added. The magnet was then suspended and the launch platform was removed. The pulley stand
and the magnet were maneuvered to ensure that the string would be as level as possible and
would not be in contact with the test section. Masses were then added to the hanger, and the
controller was allowed to reach a steady state before data collection. The magnetic currents were
recorded at 1kHz for 10 seconds for each applied load. Figure 23 is a picture of the pulley
configuration during the drag loading test. Figure 24 is a picture of the suspended permanent

magnet under applied load during the drag loading test.

For the lift tests, the plastic mass was attached to the magnet prior to insertion into the
test section. The magnet and mass were suspended. The magnetic currents were allowed to reach
a steady state, and then were recorded at 1kHz for 10 seconds. The launch platform was
reinserted into the test section, and the magnet and mass were dropped. The magnet was then

removed from the test section, and the attached mass was changed.



Figure 24:Permanent magnet core under applied load during drag loading test.
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3.3.2. Results and Data Reduction

In accordance with reference documents presented in Section 1.2.3, it was assumed that
each component was largely decoupled, and that generated force was linearly related to coil
current. Any off-axis response during the loading tests was therefore assumed to be an error in
loading directionality (pulley misalignment). The 5g loading case was taken to be the zero point
for the drag and side loading tests. For the lift loading test, the bare magnet suspension case
(40.85g) was taken to be the zero point. The lift coils were assumed to be equivalent to the side

coils due to symmetry. The lift loading test was used as confirmation of this assumption.

The alignment imperfection was estimated for the drag loading test, in order to determine
the best data reduction method. There was no measurable misalignment in the drag-side plane.
There was some misalignment in the drag-lift plane. The misalignment angle was estimated via
Equation (40), using the reference calibration constants as shown in Table 14. The pulley was
misaligned in the drag-lift plane by approximately 0.8°; however, the effect on the drag loading

calculations was neglected, due to small angle assumptions.

k churrent )

y = tan"I( (40)

KaDcurrent
With negligible misalignment, the drag calibration constant could be determined directly
via a linear regression between applied force and drag current. Four data points were used to
generate the fit. Three data points were used to check the fit. The calculated kq value was
0.03792 N/A, and the drag force would be calculated from the drag current via Equation (41).
Figure 25 is a comparison of the drag force as calculated via Equation (41) to the known
experimental loading data. Table 15 shows the values determined from Equation (41) and
compares them to the experimental data. The error was within +/- 0.00365 N for the considered

loading range. The three data points with stated upper and lower prediction bounds were used to
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check the drag force fit. The data points fall within the 95% prediction interval of the fit. The

root mean square error of the fit was 0.0023 N. This was taken to be the systematic error.

Drag = 0.03792 * Dyrrent (41)

Drag Force vs. Coil Current
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Figure 25: Comparison of drag force regression to experimental data.
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Table 15: Comparison of measured load to known load for the drag force loading test.

Lower Upper
Applied Drag Force (N) Measured Drag Force (N) Load Error (N) Prediction Prediction
Bound (N) Bound (N
0.19613 0.19978 0.00365
0.39226 0.39590 0.00364 0.388473 0.403325
0.58839 0.58933 0.00094
0.78452 0.78546 0.00094 0.777554 0.793383
0.98065 0.98091 0.00026
1.17678 1.17674 -0.00004 1.168083 1.185419
1.37291 1.37176 -0.00115

The alignment imperfection was determined for the side loading test. The pulley was
misaligned in the side-lift plane by approximately 0.82°, and the effect on side loading was
neglected due to small angle assumptions. The misalignment in the drag-side plane was variable,
from about 0.8 to 3.7°, depending on the loading condition. This misalignment also fell within
the range of acceptable small angle approximations and was neglected.

The side calibration constant could be determined directly via a linear regression between
applied force and side current. The calculated ks value was 0.028904 N/A, and side force would
be calculated from side current via Equation (42). Table 17 shows the values determined from
Equation (42) and compares them to the experimental data. Figure 26 is a comparison of the side
force as calculated via Equation (42) to the known experimental loading data. The error was
within +/- 0.0141 N for the considered loading range. This higher error was acceptable because
side force was not examined in the magnetically suspended tests. The root mean square error of
the fit was 0.00447 N. The three data points with upper and lower prediction bounds were used

to check the side force fit. The data points fit fall within the 95% prediction interval of the fit.
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Side = 0.028904 * Scyrrent (42)

Table 17: Comparison of calculated load to known load for the side force loading test.

Applied Side Measured Side Load Error ~ Lower Prediction Upper Prediction

Force (N) Force (N) (N) Bound (N) Bound
0.19613 0.19364 -0.00249

0.39226 0.38789 -0.00437 0.36762 0.40814
0.58839 0.58363 -0.00476

0.78452 0.78148 -0.00304 0.75830 0.80463
0.98065 0.98398 0.00333

1.17678 1.19088 0.01410 1.16333 1.21840

Side Force vs. Coil Current
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Figure 26: Comparison of side force regression to experimental data.
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For the lift loading test, the misalignment of applied loads would theoretically be due to
the misalignment of the MSBS to world coordinates. There was no measurable misalignment in
the lift-side plane. The misalignment in the lift-drag plane varied between 0 and 5.8°, with an
average misalignment of 3.08°. This higher variability was likely due to how the test was
performed; each lift data point was a separate suspension, whereas the drag and side tests were
performed with a single continuous suspension across the measurements. When the model was
removed and reinserted during the lift tests, it was likely suspended at slightly different locations

with slightly different interactions.

The lift calibration constant, ki, was assumed to be 0.028904 N/A. Lift force would be
calculated from the lift current via Equation (43). Figure 27 is a comparison of the lift force as
calculated via Equation (43) to the known experimental loading data. Table 16 shows the values
determined from Equation (43) and compares them to the experimental data. The error was
within +/- 0.027 N for the considered loading range. The root mean squared error of the fit was
0.0096 N. The majority of points fell within the 95% prediction interval of the fit. The largest
load was not within the prediction interval. This is an acceptable fit because the lift current
during aerodynamic testing did not exceed 14 amps and because the lift force was not examined
during the magnetically suspended tests. Further lift coil characterization should be performed

with more granular application of force.

Lift = 0.028904 * Leyrrent (43)



Table 16: Comparison of calculated load to known load for the lift loading test.
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Applied Lift Lower Upper
Ifgrce (N) Measured Lift Force (N) Load Error (N) Prediction Prediction
Bound (N) Bound (N)
0.10777 0.10887 0.00110 0.08957 0.12817
0.10866 0.11038 0.00172 0.09107 0.12968
0.10895 0.10937 0.00042 0.09007 0.12867
0.10934 0.10968 0.00033 0.09037 0.12898
0.10797 0.10782 -0.00015 0.08852 0.12711
0.10562 0.10625 0.00064 0.08696 0.12555
0.10611 0.10659 0.00048 0.08729 0.12588
0.09532 0.09240 -0.00292 0.07313 0.11168
0.08914 0.08848 -0.00066 0.06921 0.10775
0.17662 0.17953 0.00292 0.16009 0.19897
0.36068 0.37952 0.01884 0.35930 0.39973
0.53642 0.56339 0.02697 0.54202 0.58474
06 Lift Force vs. Coil Current
RMSE = 0.009596
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Figure 27: Comparison of lift force regression to experimental data.
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To verify the assumptions of linear and decoupled magnetic forces, a final comparison
was made. The magnitude of the applied load was compared to the combined magnitude of the
three calculated magnetic forces for each loading condition, as calculated via Equation (44). This
was to ensure that these assumptions were not adversely affecting the total magnitude of

measured force. This comparison is shown in Table 17.

|F| = /D% + L% + 52 (44)

Table 17: Comparison of magnetic force magnitude to the magnitude of applied load.

Magnetic Force  Applied Load  Load Error

Magnitude (N) (N) (N)
- 0.199713 0.19613 0.003583
- 0.395746 0.39226 0.003486
2 0.58915 0.58839 0.00076
8 0.785214 0.78452 0.000694
2 0.98059 0.98065 -6E-05
S 1.176331 1.17678 -0.00045
0 1.371298 1.37291 -0.00161
- 0.192974 0.19613 -0.00316
1S 0.386617 0.39226 -0.00564
8w 0581886 0.58839 -0.0065
= F  0.779416 0.78452 -0.0051
= 0.981836 0.98065 0.001186
1.189198 1.17678 0.012418
0.085169 0.089141 -0.00397
0.088871 0.095319 -0.00645
0.102021 0.105616 -0.0036
B 0.102354 0.106106 -0.00375
it 0.104645 0.107773 -0.00313
£ 0.103558 0.10797 -0.00441
g 0.105963 0.108656 -0.00269
p 0.105023 0.10895 -0.00393
3 0.105309 0.109342 -0.00403
0.172769 0.176615 -0.00385
0.366069 0.360683 0.005386

0.543544 0.536416 0.007128
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Finally, the determined calibration constants were compared to the reference constants as
a ratio of Netwons/Amp. This is shown in Table 18. The experimental calibration and the
reference calibration placed primary importance on the drag constant; the repeatability of
calibration supports its validity. The side constant largely remained the same; any discrepancy
here likely resulted from loading misalignment. The lift constant showed the largest change
between the two calibrations. The reference calibration assumed symmetry between the lift and
side coils and did not perform a separate test on the lift channel, so this change was not

unexpected.

Table 18: Comparison to experimental calibration constants to reference constants.

ka (N/A)  ks(N/A)  ki(N/A)
Reference Values  0.037889 0.028653 0.028653
Experimental Values 0.037920 0.028904 0.028904
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CHAPTER 4.
AERODYNAMIC TESTS

4.1.  Sting Supported Tests

¢  Flow

Restoring
[oment

S -

Moment

Lift

Figure 28: Top-view diagram of positive sign convention used during sting supported tests.

4.1.1. Methodology

Figure 28 is a top view of the experimental configuration during sting supported tests.
The models were yawed, rather than pitched, relative to the balance. The sign convention was
therefore taken from that of the axial force and the side force channels. The moment convention
was chosen to correspond to the standard coefficient of moment sign convention used in

reference documents (negative moment representing a restoring moment).

The diffuser was removed from the wind tunnel in order to access the wind tunnel
extension. The MS-100 was installed onto the sting and was held in place with the keyway set
screws and push on/push off set screws. The sting was then inserted into the vertical support strut
and was secured in place with a nut. The vertical support strut was inserted into the extension

and secured. The MS-100 signal and power wires were threaded through a hole in one of the
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diffuser access doors, and the diffuser was reinstalled. The balance was connected to the NI-
DAQ and to the power brick. The inlet was opened in order to access the test section. A model
was attached to the MS-100 and was secured with a dowel pin. The inlet was closed and clamped
in place to ensure a complete seal. Figure 29 and Figure 30 show the mounting configuration of

the 45° model.

The “Balance Controller” LabVIEW VI was used to interface with the balance. The
LabVIEW VI had inbuilt balance reduction capabilities, but it was only used to record raw data
and to convert the tare voltages into mV/V. A tare was taken before each trial. Each trial began
with a zero point and progressed through seven wind tunnel fan speed settings. At each data
point, the tunnel was allowed to reach a steady state velocity before data collection. Twenty
samples were recorded at each data point. Three trials were completed for each model. Ambient
air density was calculated at the time of testing using Equation (45). It was assumed that the

conditioned air was dry and that it behaved ideally.

(45)



Figure 29: Top view of the 45° sting supported model (Flow is directed upwards in picture).

Figure 30: Front view of the 45° sting supported model.
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4.1.2. Results and Data Reduction

The output of the “Balance Controller” VI contained the measured dynamic pressure, the
tare for each trial, and the raw voltages for each sample taken at each data point. Internally, the
VI converted the tare voltages into mV/V values, according to Equation (46). Then, each

measurement was converted into mV/V, according to Equation (47).

mV
(Taregwy = 1000 T)

are (mTV) Source Voltage lectrical Zeros
mV
Sample my, = P o) * 00D rical 2 (47)
amp e(mTV) = Source Voltage ectrical Zeros

MATLAB functions and scripts were created to sort through the raw data. These scripts
are located in Appendix B.5. First, the normalized tare values were input into the balance
reduction functions. The balance reduction functions performed according to the algorithm in
Section 1.2.1. The calibration constants and sensitivity constants were originally created in
English units and therefore, the algorithm output the tare value for each channel in Ibs. or in-Ibs.

The tare was converted into N and N-m.

The normalized measurements then were input into the same balance reduction software
to determine the force or the moment acting on each channel. These outputs were converted into
N and N-m, and the tare was subtracted. The dynamic pressure was corrected according to
Equation (34). Wall interference corrections were applied according to Section 1.2.4. In general,
these corrections reduced the measured aerodynamic coefficients by 3-4%. The moment center
was transferred to the model’s geometric center in the same manner as in Section 3.3.2. At this
stage, the measured forces and moments were known for each of the 20 samples taken at each

data point. The Reynolds number was then calculated for each data point, according to Equation
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(48), with the velocity calculated using Equation (49). The 20 samples were then averaged, and

the standard deviation was determined.

*U* [
Re = p . model (48)

w = 2q¢est (49)
p

In the following figures, only data points taken at a dynamic pressure of 150 Pa or greater

were used, due to the high uncertainty at very low dynamic pressures. All of the trendlines were
second order and were created with MATLAB’s polyfit function. Figure 31 shows the mean
coefficient of drag values plotted versus the associated Reynolds number with selected 2c error
bars. The repeated trials were relatively consistent. As angle of attack increased the measured
coefficent of drag decreases. The rate of change of CD per degree increased at larger angles of
attack. As wind tunnel dynamic pressure increased, the measured CD also increased. The
trendlines suggest that CD may then decrease at dynamic pressures above the range tested.
Figure 32 shows the fitted CD and CL values for each mounting angle at a Reynolds number of
120,000 with 26 error bars. The coefficent of lift values were not corrected in any manner
beyond the use of the blockage corrected dynamic pressure and are shown purely as a point of
comparison. The general trend remained the same; drag coefficent decreased at a rate that
increased at larger angles of attack. Figure 32 also compares experimental CD value to reference
values taken at a Reynolds number of around 900,000. The reference axial and normal coeffients
were transformed into experimental coordinates and are shown in Table 61 [21]. The
experimental data and reference data cannot generally be directly compared due to the large
Reynolds number discrepancy; however, the behavior of experimental data closely matches that

of reference data.
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Sting Supported CD vs Reynolds Number
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Figure 31: Comparison of drag coefficients for sting supported models at different angles of
attack.

Sting Supported CD and CL vs Angle of Attack
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Figure 32: Comparison of CD and CL for sting supported models to reference data.
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To further ensure that the embedded moment center transfer correction functioned
properly, the sign and magnitude of moment was examined. Moment was negative and therefore
restorative in nature. Conventionally, the coefficient of moment is determined using the cross-
sectional area, Smodel, and the diameter, Lmogel, fOr re-entry capsules. For each angle of attack, the
coefficient of moment was averaged across the data points that were taken at Reynolds numbers
higher than 100,000. These values were compared to the reference data in Figure 33. The
experimental moment center was transferred to the reference moment center. Both sources of
data show the restorative moment across the range of angles of attack. The reference data was
taken at a Reynolds number of 900,000 and is not directly comparable to experimental data;

however, both data sources are similar in trend and magnitude.

Sting Supported Cm vs Cm Reference Data
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Figure 33: Comparison of experimental Cm to reference Cm data.
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4.2. Dummy Sting Tests

Model

Dummy Sting

N

]/ i

Figure 34: Diagram of dummy sting test configuration.

4.2.1. Methodology

Figure 34 shows a conceptual representation of how the models interacted with the
dummy sting during testing. All of the models had an open back cavity that would be docked
with the dummy sting. Prior to any dummy sting tests, a depth marker was drawn onto the
dummy sting to indicate when the model was resting against the sting; if the marker was visible,

the model was not in contact with the sting.

Before each test, the EPS was powered and left to reach a steady state, and then was
dialed to produce the cleanest signal. The three position channels were zeroed, with nothing in
the test section. The DaniSense system was powered before application of any coil currents. The
Speedgoat was powered and tested to ensure communication between the controller PC, the
Speedgoat, and the “Wind Tunnel Controller” VI. The Magna-Power DC supply was adjusted to
275 Volts. A model was inserted into the test section with the launch platform and was

positioned at the desired axial zero location. The x-channel of the EPS was then zeroed at this
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location. The master TDK-Lambda supply was set to 10 amps, which was matched by the slave,
for a combined 20 amps of magnetization current. The Performance Control amplifiers were

initialized, and the controller was commanded to levitate the model.

Using top view and side view cameras, the model was docked onto the tip of the dummy
sting by inserting voltage offsets into states read by the controller. The model was positioned so
that the tip of the dummy sting was inside the back cavity, the depth marker was visible, and the
model was able to roll freely. Figure 35 is a picture of the 0° model while it was docked on the
dummy sting. Figure 36 shows a typical side view from the Edgertronic camera that was used

during docking and testing to ensure that the depth marker was visible.

The tunnel was then sealed and the Mensor pressure transducer was zeroed. A zero point
was taken, and then the tunnel was stepped through several dynamic pressures. When increasing
fan speed, the models drifted back onto the sting. During large jumps in dynamic pressure, the
models drifted into contact with the sting. At each test point, data collection was delayed until
the tunnel reached a steady state dynamic pressure and the error integrator pulled the model back
into its desired location. Data was then taken at 1kHz for 10s. A separate trial was completed
with the 0-degree dummy sting model, but with the dummy sting removed from the wind tunnel,
to ensure that the addition of the back cavity was not having a significant effect on the
aerodynamic data. Ambient air density was calculated at the time of testing, via Equation (45).

When using the second dummy sting to measure cavity pressure, pressures were recorded
by the Scanivalve. After the tunnel and the model had reached desired conditions, the Speedgoat
and the Scanivalve data collection were started simultaneously. At least 50 samples were

recorded by the Scanivalve at each data point.
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Figure 35: Picture of dummy sting experimental configuration with 0° model.

Figure 36: Typical high-speed camera view during dummy sting testing.

4.2.2. Results and Data Reduction

Original Dummy Sting
The output from the Speedgoat consisted of all the raw data collected over the test period.
This included coil currents, model position, and dynamic pressure samples collected at 1kHz

over the entire test period. The initial reduction was performed by the Speedgoat itself. Each data
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collection point was stored separately as an event, and consisted of start and stop time indices
and the average of all values of interest over that time period. The mean coil currents were
converted into forces with the calibration constants that were determined in Section 3.2. The raw
dynamic pressure was calibrated by Equation (34) and then was corrected for wall interference,
as described in Section 1.2.4. The Reynolds number was calculated using Equations (48) and
(49).

Figure 37 shows the coefficient of drag values plotted versus the associated Reynolds
number for all models tested with the dummy sting with selected 2c error bars. The dispersion
between measurements increases as the angle of attack increases. As expected, CD decreased at
an increasing rate as the angle of attack increased. A consequence of increasing the angle of
attack was that the model had greater dynamic behavior in the lift-side plane. As a result, the
high angle of attack models could not be reliably suspended at the desired location at the end of
the dummy sting at larger dynamic pressures. Figure 38 shows the fitted CD and CL values for
each mounting angle at a Reynolds number of 120,000 with 2c error bars compared to reference

data.
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Dummy Sting CD vs Reynolds Number
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Figure 37: Comparison of drag coefficients of different models tested with the dummy sting.
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Dummy Sting with Pressure Tap

Unfortunately, the output of the Mensor pressure transducer was not recorded during the
repeated trials 6-8 of the zero angle of attack model. However, the test section static pressure, as
referenced to atmospheric pressure, was recorded. Therefore, the differential pressure between
the test section static tap and atmospheric pressure was used to determine dynamic pressure. This
required a separate calibration in the same manner as Section 0.

Following the same assumptions and selection criteria as the inlet differential regression,
Equation (50) is the linear regression that was best for the single tap measurement. Table 19
compares the corrected inlet measurements to the corrected single tap measurements. The two
methods of determining test section dynamic pressure produce similar levels of error; therefore,
the use of this data source is acceptable. The RMSE of the single tap measurements was
marginally lower than that of the inlet measurements, +/- 1.29 Pa vs. 1.665 Pa. The
measurements that were recorded with this dummy sting were reduced in the same manner as the

original dummy sting and were included in Figure 37 and Figure 38.

Qinterpolated = 0-97597(QTaw) + 3.8385 (50)

Table 19: Comparison of inlet differential pressure calibration to the calibration using the single

static tap.
Pitot Q (Pa) Inlet Q (Pa) Single Tap Q (Pa) Inlet Error (Pa) Single Tap Error (Pa)

37.19 43.24 40.98 5.902 3.786

170.71 172.26 171.46 1.514 0.753

410.99 408.44 408.75 -2.487 -2.244
755.21 756.14 756.79 0.959 1.577
1208.56 1208.28 1208.81 -0.225 0.245
1756.95 1757.01 1756.53 0.146 -0.420

2403.90 2407.99 2405.85 4.210 1.950
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4.3.  Magnetically Suspended Tests

4.3.1. Methodology

As with the dummy sting tests, the process began with the powering and zeroing of the
EPS. The functionality of the Speedgoat, the DaniSense system, the controller PC, and the
“Wind Tunnel Controller” VI was verified. A model was inserted into the test section with the
launch platform and was positioned at the desired zero location, and the axial EPS channel was
zeroed. The Magna-Power DC supply was set to 275 Volts. The TDK-Lambda master supply
was dialed to 10 amps, for a combined 20 amps of magnetization current. Finally, the
Performance Control amplifiers were enabled, and the model was levitated. Figure 39 is a frontal
view of the 45° model while it was magnetically suspended, prior to testing. Figure 40 is a side
view of the same model during aerodynamic testing.

After taking a zero point, the tunnel was swept through a range of dynamic pressures.
Data collection was delayed until the tunnel reached a steady state dynamic pressure. The tunnel
and MSBS states were then recorded at 1kHz for 10 seconds. Ambient air density was calculated

at the time of testing, using Equation (45).



Figure 40: Side view of the 45° model during testing.
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4.3.2. Results and Data Reduction

The output from the Speedgoat was the mean dynamic pressure and coil currents for each
of the data collection points. The coil currents were multiplied by the respective calibration
constant to produce mean forces. The dynamic pressure was calibrated according to Section 0
and then wall interference corrections were applied, as described in Section 1.2.4. It was not
possible to recover side and lift forces due to the oscillatory nature of the angled models. The

Reynolds number was calculated using Equations (48) and (49).

Figure 41 is a graph of the coefficient of the drag values plotted versus the associated
Reynolds number for all of the free-flying models tested with selected 2c error bars. The
concavity of the fitted curves changed across the different angles of attack. This could be due to
differing trends at different angles of attack or, more simply, to an effect of noise that could be
removed with further data collection. The repeated trials for the high angle of attack models were
less consistent than the dummy sting or the sting supported tests. This was likely due to the wider
freedom of motion available during these tests. As was the case in the dummy sting tests, as the
angle of attack increased, the dynamic behavior and dispersion between the repeated trials

increased.

Figure 42 compares the inteference-free drag results with the reference data from prior
Stardust testing that was presented in 4.1.2. The large difference in Reynolds number generally
precluded direct comparison. Figure 43 shows the fitted CD and CL values for each mounting
angle at a Reynolds number of 120,000 with 2c error bars. Experimental and reference data had
similar response behavior to angle of attack. Further comparisons to reference data are made in

Section 4.5.
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Figure 43: Average free-flying CD at angle of attack compared to reference data.

Cavity Pressure

The cavity pressure was measured during the second set of dummy sting tests. The output

was a differential pressure measured relative to test section static pressure. A coefficient of

cavity pressure was generated according to Equations (51) and (52). The calculated coefficients

were rather consistent for each angle of attack and are shown in Table 20. Cavity pressure data

corresponding to dynamic pressures of 150 Pa or greater was used to generate this table. The

cavity pressure coefficients were significantly higher in magnitude than base pressure coefficient
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reference data for other bodies of revolution [13, 22]. Table 21 shows the sting supported data

that was corrected according to Equations (53)-(57).

These equations were created under the assumption that the cavity pressure added a

component of drag to the dummy sting tests that was not present in the sting supported tests. The

area where the cavity pressure would act was instead in physical contact with the sting. Some of

the discrepancies between the sting and the dummy sting tests would be reduced by adding this

component of drag to the sting supported data. A single comparison was completed for mean CD

values at a Reynolds number of approximately 70,000. A clear trend was not established; the

correction appeared to be too large at small angles of attack and too small at high angles of

attack.

ADrag = (Peay — poo)SStiTlg

Cpcav — (pcav - pOO)

qcav

ADrag = Cpcay qtestssting

Drag.q., = Drag — ADrag

Drag — ADrag
Cdeay =
qtestsmodel
Cdcau = Cd — CpcavqtestSsting
qtestSmodel
Ssting

Cdegy = Cd — CPrgy ——
Smodel

(51)

(52)

(53)

(54)

(55)

(56)

(57)
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Table 20: Coefficient of pressure for the back cavity of the models used with the dummy sting.

AoA (degrees) Mean Cpcav  Cpcav Standard Deviation

0 -0.6264 0.0131
10 -0.6517 0.0114
25 -0.6755 0.0350
45 -0.5415 0.0268

Table 21: Comparison of corrected sting supported drag data to other support methods.

AOA (degrees) Sting CD Sting Cdcay  Dummy Sting CD  Magnetically Suspended CD

0 1.006 1.071 1.000 1.005
10 0.984 1.052 1.011 0.983
25 0.834 0.904 0.918 0.868
45 0.503 0.560 0.625 0.621

4,5. Comparisons Between Support Methods
A full range of general uncertainty bounds is not provided in this section, in order to allow
for trend analysis. Some figures have error bars that encompass two standard deviations from the

mean. A general uncertainty analysis is presented in Section 4.5.1.

Figure 44 is a comparison of the various support methods at an angle of attack of zero
degrees. The dummy sting test showed a reduced drag when compared to the magnetically
suspended test. The sting supported test began as the lowest drag case, but it rapidly increased in
drag coefficient as dynamic pressure increased. Figure 45 shows the same comparison at 10
degrees. The sting supported data followed a similar trend, starting with less drag and then
overtaking the other tests at higher dynamic pressures. At this angle, the dummy sting test
exhibited increased drag over the magnetically suspended tests. The magnetically suspended data

was relatively noisy when compared to the other support methods. Figure 46 shows the 25-
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degree support method comparison. The dummy sting test showed a slightly higher coefficient of
drag than the magnetically suspended test, at this angle. Unlike the previous two angles, the sting
supported data remained the least drag case over the entire range of dynamic pressures. Figure 47
shows the 45-degree support method comparison. The magnetically suspended and dummy sting
coefficients of drag were roughly equivalent at this angle. The sting supported coefficient of drag

was significantly lower than the other support methods at this angle.

Figure 48 attempts to combine all of the tests into one comparison. The data points were
taken from the CD versus Reynolds number trendlines at a Reynolds number of 120,000. This
range was chosen because roughly represented the overlap between the different support
methods at the highest possible dynamic pressure. The sting supported coefficients of drag were
generally lower than the other methods. The dummy sting and the magnetically suspended

coefficients of drag alternated in ranking over different angles of attack.

Figure 49 compares the previously averaged drag data to the Stardust reference data
presented in Section 4.1.2. Direct magnitude comparison was not possible, due to the significant
difference in Reynolds number; however, the experimental and reference data follow the same

general trend and begin to resemble each other at higher angles of attack.
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CD vs Angle of Attack for Different Support Methods

06 O Sting CD
X Dummy Sting CD
%  Magnetically Suspended CD
05 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Angle of Attack (Degrees)

Figure 48: Comparison of average CD between support methods at Re=120,000.
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Figure 49: Comparison of average CD between support methods to reference data.
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CL vs Angle of Attack Compared to Reference Data
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Figure 50: Comparison of average CL between support methods to reference data.

4.5.1. Print Height

As mentioned in Section 2.9.4, the sting supported and magnetically suspended models
were printed with different layer heights. This caused a difference in surface roughness. Two
additional sting supported models were tested, in order to examine this effect. Data was reduced
in the same manner as the other sting supported tests. Figure 51 is a direct comparison between
the three surfaces at an angle of attack of zero degrees with 2c error bars. The 0.127 mm layer
height model was the surface finish used in the sting supported tests. The 0.200 mm layer height
model approximated the surface finish of the magnetically suspended models. The 0.033 mm
layer height model was a comparatively smooth model used as a point of comparison. It

appeared that the 0.127 mm layer height model was at a local minimum; both increasing and
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decreasing surface roughness increased the coefficient of drag. There was an approximate 1%
decrease in the drag coefficients of the sting supported models, relative to the magnetically
supported models, due to the difference in surface roughness. As seen from the error bars, the
0.127 mm layer height and 0.200 mm layer height CD values lay within mutual uncertainty and
represent a negligible difference. Furthermore, as will be discussed in Section 4.6, the sensor
uncertainty of the MS-100 strain gage force balance was an order of magnitude larger than these
20 error bars and as such all data falls well within overall mutual uncertainty. Figure 52 shows
this data as compared to the other support methods. The difference in surface roughness was not

large enough to alter the overall trends between support methods.
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CD of Different Print Heights vs CD of Support Method
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Figure 52: The effect of sting supported model 3d print layer height compared to other support
methods for 0° models.

4.5.2. Model Alterations

A significant modification to the geometry of the Stardust capsule was made, in order to
accommodate the usage of the dummy sting. It was noted that two variables were changing
between the free flying and dummy sting tests: both a back cavity and a dummy sting were
added. In order to examine the effects of this alteration, the zero-degree dummy sting model was
tested with the dummy sting entirely removed from the test section (referred to as the back cavity
test). The data was taken and was reduced in the same manner as the other magnetically

supported or free flying tests. Figure 53 compares this data to that taken during the free flying
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and dummy sting tests with selected 2c error bars. When compared to the magnetically

suspended model without the back cavity, the addition of a back cavity slightly increased drag.

The difference in the zero-degree drag coefficient between the dummy sting and the
magnetically suspended tests was roughly 1%. Comparison of the dummy sting and back cavity
tests showed that the sting interference effect could, instead be as high as 3%. There is some
uncertainty overlap, and as will be presented in Section 4.6, the expanded uncertainty of MSBS
measurements overwhelms this CD discrepancy. It is possible that the effect of the back cavity
increases as angle of attack increases. As such, further efforts should be made into adapting the

model for use with the dummy sting with a less significant alteration in overall geometry.
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4.6. Combined Uncertainty Analysis

A general uncertainty analysis is presented in this section and a selection of graphs are
reproduced with these error bars. As previously mentioned, a full characterization of the MSBS
and of accompanying instruments was not attempted because this level of examination was
sufficient areas that were in need of improvement and because the final configuration of the

system was not fixed.

The Taylor Series Method with large-sample assumption was used to create a combined
uncertainty with a 95% level of confidence [23]. Equation (58) is the large-sample expanded
uncertainty approximation for a single measurement. It was used to combine the calibration error
with stated sensor uncertainty, and with an estimated random uncertainty from the standard
deviation of the mean. Equation (59) is the primary relationship governing uncertainty of a value
that was calculated from multiple measurements. In this equation, f is the function being
examined, X is the set of variables that may be uncertain, and U is the set of corresponding

expanded uncertainties for each variable as calculated from Equation (58).

(58)

J

=1

Equation (60) is the uncertainty of the coefficient of drag and was computed by inserting
Equation (32), the coefficient of drag, into Equation (59) and simplifying. The uncertainty of the

area of the model was disregarded as negligible.
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Upg = 2 [‘“E“ZUDZ + Dmgz’fqzr (60)
q=
‘ Smodelzqtest4
2 277 2 21 2 % (61)
U.. = Lmodel p(Ta Uq +Qte5t UTa )
" 2 * Qrese * PP * Ta2

Equation (61) is the uncertainty of the calculated Reynolds Number. It depends on
uncertainties in test section dynamic pressure and ambient temperature. The uncertainty of the
characteristic length was disregarded as negligible. Any uncertainties in atmospheric pressure
were unknown and were not considered in this analysis. Table 22 is a summary of the required
systematic uncertainty parameters required to add error bars to the coefficient of drag
comparisons. In this thesis, the impact of the standard deviation of the mean was generally
negligible when compared to systematic uncertainty due to the large number of samples that
were averaged. This may not be fully representative of the behavior of the system and may not
accurately capture the variation between repeated trials [23]. In addition, the data taken at 1 kHz
may not represent truly independent measurements. As such, a further investigation into the
comprehensive uncertainty of these systems should be performed once the final configuration of

the MSBS is determined.

Table 22: Systematic uncertainty source summary.

Parameter Systematic Uncertainty
Test Section Dynamic Pressure +/- 1.665 Pa
Drag (Magnetically Supported Tests) +/- 0.0023 N
Drag (Sting Supported Tests) +/- 0.0256 N

Ambient Temperature +/-2.7°C
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Figure 54 through Figure 58 are representations of the uncertainties present in the
coefficient of drag data for the different support methods. The trendlines are the same second
order polynomial fits as shown in previous sections. The uncertainties were calculated for each
of the zero-degree data points and were interpolated using the same methodology as the
trendlines. The interpolated coefficient of drag and uncertainty was calculated over a range of

Reynolds numbers and was graphed for each support method.

Predominantly, the uncertainty in the sting supported drag measurements increased
significantly at lower dynamic pressure. This effect has two compounding causes. First, the
uncertainty for force balances was provided as a percentage of the full-scale load and, therefore,
was constant in magnitude. Second, despite the new calibration over a smaller loading range, the
full-scale load was approximately triple the magnitude of the maximum loading conditions
experienced in this thesis. These factors combined to cause the uncertainty to overwhelm the
lighter loads and may not be a realistic representation of the range of possible drag coefficients.
As was shown in Section 413.2, the check loads were recovered with higher precision than might
have been expected with these stated uncertainties.

The uncertainty ranges overlapped until higher Reynolds numbers, which interfered with
the acute analysis of trends between support methods. This result remained similar for all angles
of attack. The data gathered from the different support methods should be compared with these
uncertainties in mind. The previously examined alternation of higher average CD between the

free flying and dummy sting tests may be explained by the uncertainty overlap.
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CD and Uncertainty Comparison for 0 Degree Models
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Figure 54: Comparison of CD and Uncertainties for all Support Methods for 0 Degree Models.
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Figure 55: Dummy Sting and Free Flying CD and Uncertainties for 0 Degree Models.
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CHAPTER 5.
DISCUSSION

Based on reference data, it was expected that the different support methods would
generate results that could be clearly differentiated from one another. It was expected that the
interference-free magnetically suspended tests would exhibit the highest drag coefficients and
that the sting supported tests would exhibit the lowest drag coefficients. The dummy sting tests
were expected to exhibit drag coefficients that were slightly higher than the sting supported tests.

The results shown in the previous section show that the trends are less clearly defined.

As was shown in Figure 48, the angled dummy sting CD values were larger than the free-
flying CD values. At 0° the dummy sting caused a reduction in drag compared to the free-flying
test. The dummy sting seemed to affect the models in different ways as angle of attack changed.
This may have been due to the addition of the back cavity. As was shown in Figure 53, the back
cavity caused an increase drag coefficient versus the unaltered model. When the 0° back cavity
model was interfered with by the dummy sting, the drag coefficient was lower than that of the
unaltered model. At higher angles of attack, it is possible that the effect of the back cavity on CD
outpaces the reduction in CD caused by support interference, which would result in the recorded

behavior.

The sting supported tests produced results that were largely as expected. Based on
reference data and on previous literature, support interference was likely to reduce the coefficient
of drag. Discrepancies between sting supported and the magnetically suspended tests increased
with increasing angle of attack. This is a behavior which matches known phenomena; the effect
of support interference increases in magnitude as more of the support is exposed to airflow [8].

The 0° test case was an outlier; the sting supported models exhibited higher drag than the other
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models. Isolated error, such as improper installation, is not likely to be the cause, due to the
consistent results shown in Section 4.5.1. Figure 52 contains drag data for three different sting
supported models that were tested on three separate days. These models consistently had higher
drag coefficients than models with other support methods. It is possible that an uncorrected
interference effect exists for this experimental setup that is localized to extremely low angles of
attack. Further repeated trials with other models mounted at angles of attack between 0°-5°

would help to diagnose this interference.

At low angles of attack, the drag data recovered from each test configuration very closely
match one another. In general, the results from a particular support method are within the
uncertainty range of the other two support methods. The presence of the sting in the model wake
did not significantly affect the airflow around the model for these angles of attack. This is the

desired result when designing a sting support apparatus for an experimental configuration.

The reference Stardust aerodynamic data was taken at a much higher Reynolds number
than was possible with this wind tunnel. Despite this, the behavior of the experimental data
broadly matched the reference data. Presumably, the discrepancies between the experimental and
the reference data were predominantly caused by Reynolds number differences. This conclusion,
when combined with the minimal differences between the support methods, confirms that the

MSBS data can be compared to other data taken at similar test conditions in other wind tunnels.
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CHAPTER 6.
CONCLUSIONS

The primary goal of this thesis was to validate the 6-inch MIT/NASA/ODU MSBS as a
reliable source of aerodynamic data. This objective was met via force calibration and
aerodynamic measurements. The force calibration showed that the MSBS and data collection
systems could recover known forces with relatively low uncertainty at high relative Reynolds
numbers. The aerodynamic measurements showed good repeatability at moderate angles of
attack, not only between tests completed consecutively, but also between tests completed on
different days. This verifies that the entire experimental procedure is repeatable and that the
MSBS and support equipment will remain consistent despite multiple power cycles and changing
ambient conditions.

The secondary goal of this thesis was to compare the MSBS to other support methods, in
order to quantify any potential differences between MSBS and traditionally collected reference
data. This objective was met by performing multiple aerodynamic tests with different support
methods. These tests showed that the MSBS data was not significantly different from data
collected with traditional support methods at low angles of attack for the chosen model
geometry. In general, the presence of sting in the wake reduced the coefficient of drag, with the
effect increasing as the angle of attack increased. There was no clear trend differentiating the
dummy sting and the free-flying tests. The agreement between sting supported and free-flying
tests further validates the MSBS force recovery methodology.

The tertiary goal of this thesis was to generate support interference free drag data for the
Stardust capsule geometry, in order to provide reference data for future NASA testing. This

objective was met by performing multiple magnetically suspended tests with the Stardust
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geometry at a wide range of angles of attack. The aerodynamic data followed the same trends as
the reference data, albeit with a magnitude shift caused by large Reynolds number discrepancies.

This data can be used as a reference for further research with the MSBS.



99

CHAPTER 7.
FUTURE WORK

In this thesis, magnetic cores were used because their high pitch and yaw stiffness
allowed for the steady orientation of models relative to the free stream. Unfortunately, the
models were free to roll about the axis of magnetization, and this interfered with the recovery of
certain aerodynamic forces. The core assumption was that, while the model was stationary, the
magnetic forces had to be equal to the aerodynamic forces. Since the free-flying models were
oscillating along the lift and side axes, lift and side forces could not be separated from controller
inputs. Further attempts should be made to address this problem. A significant mass imbalance
might prevent the rolling of a pitched model and might allow for simple static force recovery.
Instead, if the model can be prevented from translating, the lift and side forces could be
recovered by examining the magnitude and the phase of the coil currents. This may be
accomplished by increasing the axial current produced by the MSBS or by increasing controller

stiffness.

The model is mounted at an angle of attack relative to the magnetization axis of the core,
which creates a misalignment between the model’s and magnet’s roll axes. As the magnetic core
rotates around its magnetization axis, the model slews in orientation, and the direction of the lift
vector changes. The MSBS is equipped with saddle coils, which allow for pitch and yaw control
of suspended elements. If these saddle coils were activated, the model would no longer need to
be mounted at an angle relative to the core. Instead, the model and core would both be pitched
relative to the free stream. The model’s roll axis and the core’s roll axis would then be aligned,
and the direction of the lift vector would be constant, regardless of rolling behavior. This would

result in true static behavior and would allow for simple extraction of aerodynamic forces.
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With the components used and the results presented in this thesis, two distinct projects
may be pursued. The first project would expand upon the MSBS force calibration; the second

project would examine support interference on dynamic behavior.

In earlier sections, it was determined that the relationship between coil current and
applied force was overwhelmingly linear and decoupled. This linear relationship was then used
to determine aerodynamic forces acting on the suspended model. A future project should
examine the effect of nonlinearities, coupling, and position on magnetic force. To this end, the
sting and the MS-100 balance may be attached to a 3-axis traverse. A magnet would be attached
to the MS-100, and an automated program would position the magnet, sweep through extensive
combinations of currents, and record the loads applied by each combination. With sufficiently
diverse positioning and current combinations, a predictive model could be created that would
rival the complexity of a traditional force balance calibration. With this expanded relationship,
aerodynamic forces could be recovered with higher accuracy.

The ongoing refurbishment of the MSBS is driven by the desire to examine the dynamic
behavior of re-entry capsules. With minimal additional components, the sting supported tests can
be expanded to recover 1D dynamic behavior, such as aerodynamic pitch dampening. A 3D
printed hinge attached to the MS-100 would allow models to pitch freely, while simultaneously
recovering aerodynamic forces. Motion capture software would record the pitch history of the
model during the test, and the full behavior of the model could be examined. Data recovered
from this test could be compared with the current ongoing testing of the 1D dynamic behavior of
free flying models. The dummy sting could also be used in these free-flying tests, in order to

examine the effect of the sting support on dynamic behavior.
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APPENDIX A. SYSTEM DOCUMENTATION

A.1 Strain Gage Coefficients

3-20-1985 Calibration

Table 23: Sensitivity constants.

Normal Axial Pitch Roll Yaw Side
(Ib/mV/IV) (Ib/mV/V) (in-1b/mV/V) (in-Ib/mV/V)  (in-lb/mV/V)  (Ib/imV/V)
10.8313 5.0257 15.6478 8.6521 11.0390 7.7994

Table 24: First order interaction coefficients; so-called 6x6 matrix. Equivalent to C; transpose.
(For use with English units)

MS-100 Component
Normal Axial Pitch Roll Yaw Side
Effectof N 1.00E+00 5.37E-03 -1.89E-02 7.27E-04 -2.00E-03 8.00E-03
Effect of A 0.00E+00 1.00E+00 2.13E-03 0.00E+00 0.00E+00 0.00E+00
Effectof P 0.00E+00 -1.33E-03 1.00E+00 4.64E-03 6.34E-03 -1.63E-03
Effectof R -8.65E-02 9.86E-03 -8.89E-02 1.00E+00 -3.28E-02 1.11E-02
Effectof Y -3.30E-03 -1.00E-02 -1.05E-02 -2.32E-02 1.00E+00 4.37E-03
Effectof S -2.25E-02 -1.25E-02 3.53E-03 1.79E-02 -2.81E-03 1.00E+00

Table 25: Second order interaction coefficient matrix; so-called 21x6 matrix. Equivalent to C;
transpose. (For use with English units)

MS-100 Component
Normal Axial Pitch Roll Yaw Side
Effect of N*N -3.66E-05 -1.78E-04 0.00E+00 0.00E+00 -2.41E-05 -2.25E-05
Effect of N*A 4.04E-04 6.24E-04 -2.02E-04 0.00E+00 0.00E+00 0.00E+00
Effect of N*P 0.00E+00 1.95E-04 -5.77E-05 0.00E+00 0.00E+00 0.00E+00
Effect of N*R 0.00E+00 0.00E+00 0.00E+00 -5.20E-05 2.07E-04 7.48E-04
Effect of N*Y 0.00E+00 -2.37E-05 -6.37E-05 -5.94E-05 -3.79E-05 -3.84E-05
Effect of N*S 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Effect of A*A 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Effect of A*P -2.04E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Effect of A*R 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.05E-04
Effect of A*Y 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 1.27E-04 -2.91E-04
Effect of A*S 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.60E-04 2.21E-04
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Effect of P*P  0.00E+00 6.30E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Effect of PR 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.57E-04 4.38E-04
Effect of P*Y 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -3.94E-05 -2.54E-05
Effect of P*S 0.00E+00 0.00E+00 0.00E+00 1.01E-04 0.00E+00 4.02E-05
Effect of R*R 0.00E+00 5.28E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Effect of R*Y -4.43E-04 -7.78E-04 -4.39E-04 0.00E+00 0.00E+00 0.00E+00
Effect of R*S -6.23E-04 0.00E+00 -1.80E-04 -1.33E-04 1.07E-04 0.00E+00
Effect of Y*Y 0.00E+00 -6.81E-05 0.00E+00 0.00E+00 0.00E+00 -2.58E-05
Effect of Y*S 0.00E+00 3.06E-04 0.00E+00 0.00E+00 -1.24E-04 0.00E+00
Effect of S*S 0.00E+00 -1.58E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00

3-20-2019 Calibration

Table 26: Sensitivity constants.

Normal Axial Pitch Roll Yaw Side
(Ib/mV/V) (Ib/mV/V) (in-1Ib/mV/V) (in-Ib/mV/V)  (in-lb/mV/V)  (Ib/imV/V)
10.8236 4.9985 15.6383 8.5597 11.008 7.7849

Table 27: First order interaction coefficients; so-called 6x6 matrix. Equivalent to C; transpose.
(English units)

MS-100 Component

N A P R Y S
Effect of N 1 6.12E-03 -2.09E-02 1.95E-03 -2.11E-03 1.06E-02
Effect of A -4.45E-04 1 -1.40E-03 2.60E-05 1.69E-03 3.34E-05
Effectof P 5.46E-04 -1.29E-03 1 4.06E-03 8.90E-03 -1.43E-03

Effectof R -8.73E-02 9.84E-03 -8.95E-02 1.00E+00 -3.31E-02 1.15E-02
Effectof Y -3.05E-03 -9.88E-03 -1.32E-02 -2.25E-02 1.00E+00 4.34E-03
Effectof S -2.52E-02 -1.24E-02 3.26E-03 1.59E-02 -4.56E-03 1.00E+00

Table 28: Second order interaction coefficient matrix; so-called 21x6 matrix. Equivalent to C;
transpose. (English units)

MS-100 Component
N A P R Y S
Effect of N*N 2.60E-05 -1.97E-04 -2.66E-05 -3.80E-05 4.25E-06 -3.37E-05
Effect of N*A 2.97E-04 7.72E-04 2.48E-04 -9.72E-05 1.84E-05 -7.29E-05
Effect of N*P  1.91E-05 1.68E-04 -4.43E-06 -3.77E-05 -4.89E-06 -2.22E-05
Effect of N*R 5.11E-06 5.52E-06 -2.42E-04 -1.52E-05 2.25E-04 7.35E-04
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0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00
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Effect of N*S

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of A*A

-1.31E-04

-3.21E-04

-3.74E-04

2.08E-05

-2.38E-04

-6.46E-05

Effect of A*P

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of A*R

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of A*Y

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of A*S

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of P*P

4.61E-06

5.47E-05

2.46E-06

-4.84E-05

-9.92E-06

-2.75E-06

Effect of P*R

-3.15E-05

-1.06E-05

3.10E-06

-2.75E-05

7.10E-04

4.56E-04

Effect of P*Y

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of P*S

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of R*R

-9.31E-05

5.38E-04

-2.01E-04

-9.07E-06

2.08E-05

3.86E-06

Effect of R*Y

-4.79E-05

-7.84E-04

-5.97E-04

4.76E-05

-1.78E-05

-1.24E-05

Effect of R*S

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Effect of Y*Y

2.67E-05

-4.90E-05

2.93E-05

3.06E-05

3.91E-05

1.82E-05

Effect of Y*S

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0

Effect of S*S

2.09E-06

-1.77E-04

5.53E-05

-7.13E-06

-4.15E-04

5.84E-05



A.2 Strain Gauge Drawing
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Figure 59: Dummy sting drawing. Measurements in inches.
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A.4  Wind Tunnel Test Section Extension Drawings
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Figure 62: Wind tunnel extension slideway drawing. Two were manufactured and form the top
and bottom of the extension with a guideway for the support strut. Measurements in inches.
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Figure 63: Wind tunnel extension panel drawing. The six manufactured complete the octagonal
extension. Measurements in inches.
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Figure 64: Wind tunnel extension flange plates. Interior is a regular octagon. One flange
manufactured with threads, the other was manufactured with 5/16” thru holes. Measurements in
inches.

Figure 65: Diagram of wind tunnel test section extension assembly. The edges of each panel slot
into the octagonal groove in the extensions to ensure proper fit.
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A.5 Vertical Support Strut Drawing
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Figure 66: Vertical sting support strut. Dimensions in inches.



A.6  Model Characteristics

Table 29: Sting supported model diameters.

Angle of Attack (deg)

Diameter (mm)

0 44.39
0 Rough surface 44.25
0 Smooth surface 44.1
5 44.47
10 44.48
15 44.47
20 44.39
25 44.44
35 44.45
45 44.45

Table 30: Diameter and mass of models for use with dummy sting.

Angle of Attack (deg) Diameter (mm) Mass (g)
0 44.38 9.72
10 44.48 9.8
25 44.44 9.47
45 44.44 9.09

Table 31: Magnetically suspended model diameters and masses.

Angle of Attack (deg) Diameter (mm) Mass ()
0 44.42 10.99
5 44.41 11.08
10 44.41 11.11
15 44.42 11.15
20 44.44 11.09
25 44.43 11.01
35 44.46 10.77
45 44.45 10.82
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A.7 Sting Supported Model Drawings
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Figure 67: Drawing of 0° sting supported model. Dimensions in inches.
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Figure 68: Drawing of 45° model for use with sting and MS-100 balance. Dimensions in inches.
Same external geometry as the 0° model. The sting attachment point and dowel pin holes were
rotated about the model centroid by 45°. Models at other orientations have the attachment point
rotated about the centroid by the desired angle.
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A.8 Drawings of Magnetically Suspended Models with Back Cavity
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Figure 69: Drawing of 0° model for use with dummy sting. Dimensions in inches.
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Figure 70: Drawing of 45° model for use with dummy sting. Dimensions in inches. Same
external geometry as the 0° model; the internal cavity was rotated about the model centroid by
45°. Models at other orientations have a cavity rotated about the centroid by the desired angle.
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A.9 Magnetically Suspended Model Drawings

Model bisection line.
R.044

60.67°

Figure 71: Drawing of 0° magnetically suspended model. Dimensions in inches. Model is
bisected at the geometric center (denoted by horizontal line).
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Figure 72: Drawing of 45° magnetically suspended model. Same external geometry as the 45°

model. Bisected at geometric center. Dimensions in inches. The center cavity is rotated about the

model centroid by 45°. Other models at other orientations have internal cavities rotated by the
desired angle.



APPENDIX B.

B.1 Electrical Zeroes

Table 32: Measurements used to determine MS-100 electrical zeroes.

EXPERIMENTAL DATA
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Repeated Measurement (values in volts)

Component 1 2 3
Normal 1.50578E-03 1.50632E-03  1.50612E-03
Axial  -1.92318E-04 -1.91485E-04 -1.91129E-04
Pitth  1.87632E-03 1.87672E-03  1.87738E-03
Gravity acting along positive axial direction. Roll  1.17074E-03 117112E-03 1.17106E-03
(MS-100 pointing up)
Side 2.13246E-03  2.13176E-03  2.13175E-03
Yaw -5.45225E-04 -5.44980E-04 -5.46023E-04
Source 5.03003E+00 5.03024E+00 5.03011E+00
Component 1 2 2
Normal 1.50473E-03 1.50518E-03  1.50510E-03
Axial -2.56856E-04 -2.56742E-04 -2.56341E-04
Pitch 1.87576E-03  1.87597E-03  1.87597E-03
Gravity acting along negative axial direction Roll  1.17020E-03 117051E-03 1.17079E-03
(MS-100 pointing down)
Side 2.13207E-03  2.13313E-03  2.13147E-03
Yaw -5.45734E-04 -5.44647E-04 -5.46792E-04
Source 5.03028E+00 5.03035E+00 5.03005E+00
Component 1 2 3
Normal 2.65190E-04 2.66130E-04 2.66610E-04
Axial 2.65170E-04 2.66080E-04 2.65680E-04
Pitch 2.65780E-04 2.67220E-04 2.66970E-04
Null-offset bias of NIiDAQ. (MS-100 unpowered) Roll 2.65580E-04 2.67160E-04 2.66880E-04
Side 2.68570E-04 2.68060E-04 2.68540E-04
Yaw 2.66950E-04 2.66420E-04 2.67060E-04
Source 4.42600E-05 4.36800E-05 4.38100E-05



B.2 MS-100 Test Loads

Table 33: Raw voltages from MS-100 Test Loads
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Loading
Condition Load Voltages
Load.'f‘g Normal Axial Pitch Roll Yaw Side Source
Condition
f\lo(fr'rt:;f 1.49160E-03 -1.71030E-04 1.92036E-03  1.17295E-03  2.14666E-03 -5.47490E-04 500995
Og 1.49721E-03 -1.70700E-04 1.92638E-03 1.17339E-03 2.14704E-03  -5.47300E-04 5.00986
4.96¢ 1.54816E-03 -1.71720E-04 1.98376E-03 1.17360E-03 2.14932E-03 -5.45210E-04 5.00956
55.179 1.59941E-03 -1.73560E-04 2.04142E-03 1.17415E-03 2.15189E-03  -5.42950E-04 5.00985
105.24¢g 1.65100E-03  -1.74240E-04 2.09947E-03 1.17523E-03  2.15370E-03  -5.41430E-04 5.00951
155.369 1.75310E-03  -1.77030E-04 2.21465E-03 1.17558E-03  2.15805E-03 -5.37410E-04  5.00950
255.54g 1.85554E-03 -1.78700E-04  2.32941E-03 1.17599E-03 2.16338E-03 -5.32750E-04  5.00981
355.73g Normal Axial Pitch Roll Yaw Side Source
Positive
Side 1.47656E-03 -1.70820E-04 1.90882E-03 1.17301E-03 2.16411E-03 -5.26950E-04  5.00980
Og 1.47622E-03  -1.71500E-04  1.90854E-03 1.17236E-03 2.17221E-03  -5.19690E-04 5.00943
4.969 1.47291E-03  -1.76300E-04 1.90596E-03 1.16917E-03  2.25404E-03 -4.48540E-04  5.00905
55.17g 1.46981E-03  -1.81080E-04 1.90370E-03 1.16478E-03 2.33700E-03 -3.76690E-04  5.00910
105.24g 1.46650E-03  -1.86020E-04 1.90058E-03 1.15961E-03 2.41932E-03 -3.05420E-04  5.00929
155.369 1.46016E-03  -1.95710E-04 1.89568E-03 1.15161E-03 2.58444E-03 -1.62290E-04 5.00928
255.54g 1.45364E-03  -2.05230E-04 1.89019E-03  1.14399E-03 2.74895E-03 -1.92500E-05 5.00932
355.73g Normal Axial Pitch Roll Yaw Side Source
Negative
OFE)%IrIn 1.47835E-03  -1.71530E-04 1.91017E-03 1.17160E-03 2.16481E-03  -5.25950E-04 5.00939
offset
Og 1.48022E-03  -1.72060E-04 1.91191E-03 1.15256E-03 2.17402E-03  -5.19160E-04 5.00944
4.969 1.49557E-03 -1.79710E-04 1.92673E-03  9.59070E-04 2.26579E-03  -4.49880E-04 5.00925
55.17g 1.50528E-03 -1.88680E-04 1.93588E-03  7.50440E-04 2.35291E-03 -3.80990E-04  5.00925
105.24g Normal Axial Pitch Roll Yaw Side Source
Negative
Axial 1.47690E-03 -2.02750E-04 1.90867E-03  1.17219E-03 2.14703E-03  -5.47570E-04  5.00925
Og 1.47780E-03  -2.12940E-04  1.90939E-03 1.17307E-03 2.14751E-03  -5.47090E-04 5.00946
4.969 1.47753E-03  -3.23080E-04 1.90912E-03 1.17267E-03 2.14653E-03  -5.46850E-04 5.00915
55.179 1.47773E-03  -4.33300E-04 1.90827E-03  1.17337E-03  2.14853E-03  -5.46400E-04 5.00915
105.24g 1.47747E-03  -5.44140E-04 1.90660E-03 1.17277E-03 2.14759E-03  -5.46040E-04 5.00914
155.369 1.47770E-03  -7.64150E-04 1.90287E-03 1.17312E-03 2.15104E-03  -5.45130E-04 5.00925
255.54g 1.47741E-03  -9.85920E-04 1.90373E-03 1.17311E-03 2.14855E-03  -5.44030E-04 5.00887



Table 34: Tare values for MS-100 test loads.
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CLoona(;jiit?gn Tare Values (mV/V)
"D\Iog'rirt]iq\;f Normal Axial Pitch Roll Yaw Side
Og -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 4.59559E-03 -8.53240E-04
4.969 -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 459559E-03  -8.53240E-04
55.17g -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 4.59559E-03 -8.53240E-04
105.24g -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 4.59559E-03 -8.53240E-04
155.369 -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 459559E-03  -8.53240E-04
255.54¢g -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 4.59559E-03 -8.53240E-04
355.73g -1.49855E-03 1.05609E-02 1.02938E-02 1.45535E-03 459559E-03  -8.53240E-04
Pos_itive Normal Axial Pitch Roll Yaw Side
Side
(0]s] -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
4.969 -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
55.17g -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
105.24g -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
155.369 -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
255.54g -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
355.73g -4.55664E-03 1.04560E-02 8.06079E-03 1.39973E-03 8.08287E-03 3.25220E-03
Negative
Roll 0.08m Normal Axial Pitch Roll Yaw Side
offset
Og -4.18409E-03 1.03139E-02 8.28411E-03 1.10631E-03 8.34779E-03 3.47117E-03
4.969 -4.18409E-03 1.03139E-02 8.28411E-03 1.10631E-03 8.34779E-03 3.47117E-03
55.179 -4.18409E-03 1.03139E-02 8.28411E-03 1.10631E-03 8.34779E-03 3.47117E-03
105.249g -4.18409E-03 1.03139E-02 8.28411E-03 1.10631E-03 8.34779E-03 3.47117E-03
N?)Zg:/e Normal Axial Pitch Roll Yaw Side
(0]s] -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03  -7.88300E-04
4.969 -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03 -7.88300E-04
55.17g -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03 -7.88300E-04
105.24g -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03  -7.88300E-04
155.369 -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03 -7.88300E-04
255.54g -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03  -7.88300E-04
355.73g -4.40527E-03 4.13548E-03 8.07390E-03 1.26229E-03 4.79050E-03 -7.88300E-04



Table 35: MS-100 test loading outputs with moment center transfer.
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CLoona(?ilt?gn Calculated Loads (N and Nm as appropriate)
Positive Normal Axial Pitch Roll Yaw Side
Normal
0Og -3.61342E-03  -2.15607E-03 1.73297E-04 -3.22097E-05  -1.28671E-04 2.56972E-03
4.969 5.09126E-02 -8.64270E-04 6.76591E-05 4.86354E-05 -6.98376E-05 3.46530E-03
55.17¢g 5.41967E-01 -6.73440E-03 8.97734E-05 5.12738E-06 -5.90000E-05 1.50286E-02
105.24g 1.03432E+00 -1.62028E-02 7.82323E-05 3.21143E-07 -1.04438E-04 2.81895E-02
155.369 1.53219E+00 -2.08126E-02 7.83022E-05 1.26284E-04 -3.28011E-05 3.56886E-02
255.54g 2.51439E+00 -3.60758E-02 1.84395E-04 -4,09056E-06  -1.02564E-04 5.82164E-02
355.73g 3.49889E+00 -4.63040E-02 -1.65138E-06  -1.33616E-04  -1.52860E-04 8.53563E-02
Positive Side Normal Axial Pitch Roll Yaw Side
0Og -2.41421E-04 1.05295E-03 -6.35425E-05 4.16123E-05 -9.90871E-05 2.19836E-03
4.969 -1.37096E-03  -5.69224E-04  -5.65303E-05 -4.32355E-05 -1.17261E-04 5.19011E-02
55.17¢g -1.96594E-02  -7.69535E-03 -2.10530E-05  -3.94485E-04  -1.04233E-04 5.41177E-01
105.24g -3.78484E-02  -1.44386E-02 4.55257E-05 -9.96633E-04  -8.17746E-05 1.03568E+00
155.36g -5.91239E-02  -2.19574E-02 -9.90657E-05  -1.75824E-03  -7.82211E-05 1.52632E+00
255.54g -9.61805E-02  -3.63422E-02 -4.67349E-05  -2.80754E-03  -4.53146E-05 2.51127E+00
355.73g -1.34906E-01  -5.01482E-02 -1.35291E-04  -3.78687E-03  -1.39468E-04 3.49562E+00
’\(;égggvcff?s 2{' Normal Axial Pitch Roll Yaw Side
0Og 2.38891E-04 9.37084E-04 5.44609E-05 6.91124E-05 -1.71456E-04 1.24232E-03
4.969 6.86401E-03 1.43723E-03 7.82419E-05 -3.62208E-03  -1.84957E-05 4.95107E-02
55.17g 4.09312E-02 -4.23301E-03 7.74260E-04 -4.11068E-02 1.09526E-03 5.41737E-01
105.24g 9.36017E-03 -1.59554E-02 1.86514E-03 -8.15732E-02 9.72786E-04 1.03328E+00
Negative Axial Normal Axial Pitch Roll Yaw Side
0Og -2.77852E-03  -2.89771E-04 3.87847E-05 4.06304E-05 -6.09951E-05 -8.01934E-04
4.969 5.91549E-03 -4.57424E-02 -7.67747E-05 2.02226E-04 -9.91543E-05 2.53984E-03
55.17g 3.94961E-03 -5.37391E-01 -3.08608E-05 1.32980E-04 -3.74524E-04 4.03976E-03
105.24g 6.48480E-03 -1.02916E+00  -3.90709E-04 2.81024E-04 8.25192E-06 6.96145E-03
155.36g 3.60007E-03 -1.52387E+00  -8.46597E-04 1.60417E-04 -3.32113E-04 9.52162E-03
255.54g 6.01323E-03 -2.50541E+00 -2.20761E-03 2.46724E-04 2.73135E-04 1.56015E-02
355.73g 4.32617E-03 -3.49560E+00  -1.73734E-03 2.43231E-04 -6.20616E-04 2.30679E-02



B.3 MSBS Test Loads

Table 36: Test loads used to calibrate the MSBS coil coefficients.
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Loading Applied Applied Drag (amps) Lift (amps) Side (amps
Condition  Mass (g) Force (N)
4.96 0.0490325 -1.0670052 -13.897547 -0.036787837
25 0.2451625 -6.3354432 -13.977238 -0.015746707
45 0.4412925 -11.507279 -13.982649 -0.040593539
Drag 65 0.6374225 -16.608428 -14.18072 -0.02990115
Loading 85 0.8335525 -21.780626 -14.260626 -0.031827146
105 1.0296825 -26.934833 -14.320782 -0.041669033
125 1.2258125 -32.099146 -14.31002 0.03130119
145 1.4219425 -37.242236 -14.41722 -0.025987204
4.96 0.0490325 0.18914156 -13.946021 1.616696295
25 0.2451625 0.2561685 -14.023205 8.316283803
) 45 0.4412925 0.4204692 -14.11819 15.03664803
Losa:gieng 65 0.6374225 0.69067717 -14.221147 21.80885594
85 0.8335525 1.05618005 -14.325881 28.65362856
105 1.0296825 1.52944736 -14.440636 35.65976479
125 1.2258125 2.22376357 -14.540021 42.81805099
51.84 0.50836896 0.2762 -17.6513 -0.0496
51.93 0.509251545 0.156 -17.7034 -0.0324
51.96 0.50954574 0.0963 -17.6686 -0.0445
52 0.509938 0.1075 -17.6792 -0.0429
51.86 0.50856509 0.2243 -17.6149 -0.0445
_ 51.62 0.50621153 0.1401 -17.5608 -0.0487
LoI;:jfitng 51.67 0.506701855 0.1893 -17.5724 -0.0486
50.57 0.495914705 0.2827 -17.0816 -0.0355
49.94 0.48973661 0.298 -16.9459 -0.0533
40.85 0.400595525 0.14690752 -13.88468 0.056138593
58.86 0.57721059 0.4679 -20.096 -0.0694
77.63 0.761278595 1.11157424 -27.015016 0.101800809
95.55 0.937011075 1.60528774 -33.376409 -0.124503488



B.4 Sting Supported Data
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Figure 73: Sign convention for raw data. Taken from the balance convention for Side Force and
Yawing Moment.

Table 37: Experimental data for sting supported 0° model. Air density was 1.9591 kg/m”3 for all

tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.874E+00 1.044E+04 -4.826E-04 1.481E-03 -4.872E-05  -4.181E-02 1.216E-01 -8.976E-02
7.956E+00 1.049E+04 3.323E-03 5.604E-03 -2.347E-04  2.678E-01 4.543E-01 -4.278E-01
1.047E+01 1.203E+04 -2.422E-05 1.051E-03 -1.592E-04  -2.261E-03 6.492E-02 -2.212E-01
3.804E+01 2.294E+04 4.990E-02 3.771E-03 -1.955E-04  8.476E-01 6.399E-02 -7.465E-02
3.824E+01 2.300E+04 4.596E-02 2.081E-03 -1.260E-04  7.764E-01  3.521E-02 -4.809E-02
3.828E+01 2.301E+04 4.787E-02 2.021E-03 -7.766E-05 8.080E-01  3.414E-02 -2.947E-02
1.477E+02 4.519E+04 2.252E-01 7.152E-03 -3.918E-04  9.853E-01 3.129E-02 -3.862E-02
1.481E+02 4.526E+04 2.199E-01 1.201E-03 -1.349E-04  9.593E-01 5.241E-03 -1.325E-02
1.485E+02 4.532E+04 2.217E-01 2.779E-03 -2.285E-04  9.647E-01  1.208E-02 -2.240E-02
3.473E+02 6.930E+04 5.455E-01 1.180E-02 -6.759E-04  1.015E+00 2.194E-02 -2.831E-02
3.484E+02 6.942E+04 5.392E-01 -2.303E-03  -9.664E-05  1.000E+00 -4.294E-03 -4.014E-03
3.487E+02 6.945E+04 5.412E-01 -2.907E-03  -3.181E-04  1.003E+00 -5.390E-03 -1.329E-02
6.363E+02 9.381E+04 1.008E+00 -1.927E-03  -3.761E-05  1.023E+00 -1.955E-03 -8.414E-04
6.395E+02 9.404E+04 1.004E+00 2.501E-03 -3.433E-04  1.015E+00 2.517E-03 -7.810E-03
6.403E+02 9.410E+04 1.004E+00 -7.680E-03  -3.173E-04  1.013E+00 -7.737E-03 -7.231E-03
1.025E+03 1.191E+05 1.620E+00 1.091E-02 -1.070E-03  1.022E+00 6.898E-03 -1.521E-02
1.027E+03 1.192E+05 1.618E+00 -2.051E-03  -6.088E-04  1.018E+00 -1.286E-03 -8.636E-03
1.028E+03 1.193E+05 1.617E+00 -8.989E-03 -2.221E-04 1.016E+00 -5.650E-03 -3.139E-03
1.490E+03 1.436E+05 2.374E+00 4.480E-03 4.704E-05 1.029E+00 1.925E-03  4.750E-04
1.492E+03 1.436E+05 2.366E+00 -1.984E-02  -4.596E-04  1.025E+00 -8.594E-03 -4.487E-03
1.493E+03 1.437E+05 2.369E+00 -4.653E-03  -8.692E-04  1.026E+00 -1.995E-03 -8.482E-03
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2.049E+03 1.684E+05 3.273E+00 1.282E-02 -1.091E-03  1.032E+00 4.071E-03 -7.771E-03
2.052E+03 1.685E+05 3.274E+00 2.982E-03 -1.721E-03  1.031E+00 9.246E-04 -1.220E-02
2.053E+03 1.685E+05 3.270E+00 -1.946E-02  -8.386E-04  1.029E+00 -6.111E-03 -5.977E-03
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cm
7.821E-02 5.191E+01 3.176E-03  3.928E-03 1.979E-04 2.627E-01 3.220E-01  3.664E-01
8.145E-02 5.369E+01 2.922E-03  6.329E-03 2.226E-04 2.345E-01 5.139E-01  4.069E-01
5.836E-02 3.351E+01 2.721E-03  3.299E-03 2.084E-04 1.674E-01 2.040E-01  2.896E-01
1.057E-01 3.187E+01 2.714E-03  6.157E-03 3.247E-04 4517E-02 1.046E-01 1.242E-01
1.408E-01 4.234E+01 3.691E-03  5.893E-03 2.369E-04 6.022E-02  9.932E-02  9.009E-02
1.050E-01 3.157E+01 2.366E-03  6.685E-03 2.685E-04 3.843E-02 1.129E-01 1.022E-01
3.734E-01 5.714E+01 3.115E-03  5.417E-03 3.115E-04 1.338E-02 2.375E-02  3.071E-02
4.402E-01 6.725E+01 3.188E-03  8.068E-03 3.670E-04 1.472E-02 3.518E-02 3.607E-02
4.064E-01 6.201E+01 3.325E-03  5.597E-03 2.657E-04 1.423E-02 2.435E-02 2.601E-02
1.252E+00 1.249E+02 3.071E-03  9.647E-03 5.441E-04 6.760E-03  1.793E-02  2.278E-02
1.088E+00 1.084E+02 6.138E-03  1.369E-02 7.814E-04 9.911E-03 2.536E-02 3.263E-02
1.097E+00 1.093E+02 6.931E-03  8.030E-03 5.975E-04 1.204E-02 1.490E-02  2.495E-02
2.985E+00 2.202E+02 8.580E-03  1.505E-02 8.007E-04 1.013E-02 1.527E-02  1.834E-02
3.035E+00 2.232E+02 6.793E-03  1.629E-02 1.167E-03 7.830E-03  1.645E-02  2.653E-02
2.678E+00 1.968E+02 8.673E-03  1.509E-02 1.162E-03 7.705E-03 1.520E-02  2.641E-02
2.664E+00 1.547E+02 1.123E-02 2.273E-02 1.296E-03 7.393E-03  1.432E-02  1.843E-02
3.294E+00 1.911E+02 1.483E-02  2.203E-02 1.653E-03 7.999E-03 1.387E-02  2.345E-02
3.476E+00 2.015E+02 1.190E-02  2.032E-02 9.731E-04 7.410E-03 1.277E-02  1.377E-02
5.196E+00 2.502E+02 1.701E-02  3.282E-02 1.917E-03 8.306E-03  1.423E-02 1.874E-02
5.012E+00 2.413E+02 1.737E-02  2.714E-02 1.941E-03 8.402E-03 1.175E-02  1.893E-02
5.799E+00 2.793E+02 1.385E-02  3.363E-02 2.094E-03 5.752E-03  1.457E-02  2.041E-02
9.743E+00 4.000E+02 1.752E-02  3.853E-02 2.744E-03 6.394E-03 1.214E-02  1.946E-02
5.993E+00 2.461E+02 1.659E-02  4.186E-02 2.846E-03 6.492E-03 1.315E-02 2.017E-02
7.869E+00 3.230E+02 2.369E-02  4.490E-02 3.027E-03 7.668E-03 1.411E-02 2.143E-02

Table 38: Experimental data for sting supported 0° model with smooth surface. Air density was

1.2035 kg/m”3 for all tests.

Mean Values
Q (Pa) Re Drag (N) Lift (N)  Pitching (Nm) Co CL Cwm
7.831E+00 1.037E+04 -2.537E-03 3.361E-03 -3.409E-04 -2.134E-01 2.812E-01 -6.462E-01
7.834E+00 1.037E+04 -2.117E-03 -4.148E-03 4.044E-05 -1.787E-01 -3.468E-01 7.630E-02
7.864E+00 1.039E+04 -1.177E-03 -1.480E-03 -5.620E-05 -9.926E-02 -1.226E-01 -1.062E-01
7.958E+00 1.045E+04 2.550E-03  5.236E-03 -1.764E-04  2.073E-01  4.330E-01 -3.317E-01
3.672E+01 2.246E+04 4.211E-02 5.158E-03 -4.735E-04  7.508E-01 9.203E-02 -1.914E-01
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3.686E+01 2.250E+04 4.384E-02  5.350E-04 -8.903E-05  7.785E-01  9.591E-03 -3.602E-02
3.690E+01 2.251E+04 4.874E-02 3.203E-03 3.480E-06  8.646E-01 5.682E-02  1.475E-03
1.428E+02 4.429E+04 2.114E-01  5.099E-03 -3.473E-04  9.693E-01 2.338E-02 -3.610E-02
1.429E+02 4.430E+04 2.133E-01 -8.993E-04 -1.083E-04 9.774E-01 -4.124E-03 -1.123E-02
1.436E+02 4.442E+04 2.193E-01  5.158E-03 -1.306E-04  9.994E-01 2.350E-02 -1.344E-02
3.335E+02 6.768E+04 5.181E-01  6.233E-03 -4.153E-04 1.017E+00 1.224E-02 -1.847E-02
3.357E+02 6.791E+04 5.205E-01 -6.014E-03 -8.964E-05 1.015E+00 -1.170E-02 -4.039E-03
3.361E+02 6.795E+04 5.208E-01 1.732E-03 -2.977E-04 1.032E+00 3.351E-03 -1.313E-02
6.208E+02 9.234E+04  9.708E-01 -6.673E-03 -1.035E-04 1.024E+00 -6.968E-03 -2.646E-03
6.223E+02 9.246E+04 9.876E-01  2.862E-03 -4.116E-04 1.039E+00 3.017E-03 -9.786E-03
6.220E+02 9.250E+04  9.732E-01 -1.518E-02 1.715E-04 1.023E+00 -1.599E-02 4.158E-03
9.933E+02 1.168E+05 1.563E+00 -1.020E-02 4.344E-04 1.030E+00 -6.712E-03  6.468E-03
9.938E+02 1.168E+05 1.565E+00 -8.777E-03 6.401E-05 1.031E+00 -5.789E-03 9.800E-04
9.955E+02 1.169E+05 1.582E+00  3.003E-03 -2.301E-04 1.041E+00 1.970E-03 -3.410E-03
1.440E+03 1.406E+05 2.286E+00 -1.207E-02 7.823E-04 1.039E+00 -5.479E-03  8.055E-03
1.443E+03 1.408E+05 2.309E+00 -1.962E-03 -4.715E-04 1.048E+00 -8.928E-04 -4.832E-03
1.445E+03 1.409E+05 2.294E+00 -1.429E-02 9.624E-04 1.040E+00 -6.476E-03  9.878E-03
1.971E+03 1.645E+05 3.165E+00 -1.681E-02 2.621E-04 1.051E+00 -5.573E-03 1.951E-03
1.981E+03 1.650E+05 3.182E+00 -9.318E-03 8.183E-04 1.051E+00 -3.079E-03  6.145E-03
Standard Deviation

Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
6.327E-02 4.196E+01  2.454E-03  4.063E-03 2.044E-04 2.083E-01 3.391E-01 3.869E-01
6.836E-02 4.522E+01 2.944E-03  4.371E-03 1.811E-04 2.473E-01 3.645E-01 3.422E-01
6.181E-02 4.082E+01 2.383E-03  4.732E-03 2.027E-04  1.990E-01 3.935E-01 3.814E-01
9.628E-02 6.332E+01 2.975E-03  5.148E-03 2.141E-04 2.426E-01 4.267E-01  4.021E-01
1.478E-01 4.521E+01 3.301E-03 7.381E-03 4.383E-04 5.679E-02 1.316E-01 1.772E-01
7.136E-02 2.178E+01 2.722E-03  6.274E-03 3.988E-04 4.785E-02 1.114E-01 1.607E-01
1.238E-01 3.776E+01 2.906E-03  6.232E-03 4.196E-04 4.997E-02 1.106E-01  1.688E-01
2.375E-01 3.685E+01 3.680E-03 8.891E-03 6.133E-04 1.650E-02 4.077E-02  6.374E-02
1.075E-01 1.666E+01 4.375E-03  1.214E-02 8.309E-04 1.931E-02 5.563E-02 8.633E-02
3.936E-01 6.088E+01 4.042E-03 1.594E-02 1.147E-03 1.785E-02 7.264E-02 1.185E-01
9.904E-01 1.005E+02 6.153E-03  1.075E-02 1.174E-03  1.046E-02 2.110E-02  5.234E-02
1.464E+00 1.481E+02 5.796E-03  1.449E-02 1.172E-03 1.291E-02 2.824E-02  5.185E-02
1.091E+00 1.102E+02 6.340E-03  1.115E-02 8.621E-04 1.175E-02 2.172E-02  3.808E-02
2.838E+00 2.110E+02 9.454E-03  3.920E-02 3.309E-03 9.556E-03 4.137E-02  7.912E-02
3.657E+00 2.717E+02 1.101E-02 2.699E-02 2.211E-03 1.091E-02 2.842E-02  5.280E-02
3.576E+00 2.657E+02 9.012E-03 3.271E-02 2.930E-03 1.096E-02 3.437E-02 6.977E-02
1.899E+00 1.116E+02 1.287E-02  2.740E-02 2.560E-03 8.381E-03 1.807E-02  3.843E-02
3.087E+00 1.815E+02 9.954E-03  4.424E-02 3.441E-03 6.926E-03 2.913E-02 5.141E-02
2.881E+00 1.691E+02 1.478E-02 3.413E-02 3.409E-03 1.066E-02 2.243E-02  5.082E-02
4.323E+00 2.112E+02 1.322E-02 4.524E-02 4237E-03 5.548E-03 2.059E-02  4.368E-02
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4.563E+00 2.227E+02 1.788E-02  3.548E-02 2.924E-03  8.169E-03  1.608E-02  3.003E-02
5.318E+00 2.592E+02  1.596E-02  3.839E-02 3.045E-03  6.972E-03  1.741E-02  3.130E-02
5.494E+00 2.294E+02  1.654E-02  4.740E-02 3.302E-03  6.432E-03  1.573E-02  2.486E-02
6.048E+00 2.519E+02  2.345E-02  4.966E-02 5.066E-03  8.186E-03  1.642E-02  3.800E-02

Table 39: Experimental data for sting supported 0° model with rough surface. Air density was

1.2175 kg/m”3 for all tests.

Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.910E+00 1.052E+04 -1.266E-04 3.421E-04  -1.763E-04  -1.248E-02 2.703E-02 -3.267E-01
7.922E+00 1.053E+04 1.539E-03 8.706E-04  -1.540E-04 1.248E-01 7.291E-02 -2.875E-01
7.952E+00 1.055E+04 3.092E-03 2.386E-03  -1.748E-04  2.507E-01 1.951E-01 -3.231E-01
3.731E+01 2.285E+04 4.536E-02 3.201E-03  -1.913E-04  7.903E-01 5.604E-02 -7.555E-02
3.738E+01 2.287E+04 4.707E-02 5.924E-04  -1.813E-05  8.188E-01 1.029E-02 -7.083E-03
3.760E+01 2.294E+04 4.729E-02 4.200E-03  -2.577E-04  8.178E-01 7.255E-02 -1.008E-01
1.488E+02 4.562E+04 2.202E-01 -7.689E-04  -1508E-04  9.627E-01 -3.354E-03 -1.491E-02
1.489E+02 4.564E+04 2.232E-01 -1.525E-03  -5.569E-05  9.745E-01 -6.655E-03 -5.523E-03
1.491E+02 4.567E+04 2.261E-01 3.568E-03  -3.091E-04  9.859E-01 1.559E-02 -3.044E-02
3.464E+02 6.962E+04 5.461E-01 4.328E-03  -4.170E-04  1.025E+00 8.154E-03 -1.772E-02
3.514E+02 7.012E+04 5.477E-01 2.785E-03 -2.122E-04 1.014E+00 5.139E-03 -8.860E-03
3.519E+02 7.017E+04 5.450E-01 -1.791E-04 -1.356E-04  1.007E+00 -3.264E-04 -5.683E-03
6.453E+02 9.502E+04 1.021E+00 5.316E-03  -5.916E-04  1.029E+00 5.352E-03 -1.348E-02
6.512E+02 9.545E+04 1.028E+00 -2.691E-04  6.748E-05 1.026E+00 -2.777E-04 1.535E-03
6.516E+02 9.548E+04 1.021E+00 3.551E-03  -3.362E-04  1.019E+00 3.556E-03 -7.569E-03
1.035E+03 1.204E+05 1.642E+00 2.397E-03  -1.226E-04  1.031E+00 1.511E-03 -1.759E-03
1.044E+03 1.209E+05 1.641E+00 1.029E-02  -6.198E-04  1.022E+00 6.402E-03 -8.736E-03
1.044E+03 1.209E+05 1.649E+00 2.181E-03  -2.181E-04  1.027E+00 1.350E-03 -3.071E-03
1.509E+03 1.453E+05 2.416E+00 -9.474E-03  -7.120E-05  1.041E+00 -4.099E-03 -6.789E-04
1517E+03 1.457E+05 2.413E+00 -2.156E-02  -2.123E-04  1.034E+00 -9.259E-03 -2.043E-03
1.518E+03 1.457E+05 2.415E+00 3.676E-03 1.030E-05 1.034E+00 1.580E-03 1.033E-04
2.073E+03 1.703E+05 3.326E+00 -1.458E-02  7.650E-04 1.043E+00 -4.567E-03 5.414E-03
2.086E+03 1.708E+05 3.327E+00 -6.869E-03  2.463E-04 1.037E+00 -2.145E-03 1.736E-03
2.088E+03 1.709E+05 3.338E+00 -9.612E-03  -3.670E-05  1.039E+00 -2.986E-03 -2.695E-04
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.764E-02 5.159E+01 3.056E-03  3.221E-03 1.472E-04 2.504E-01 2.648E-01 2.727E-01
7.806E-02 5.201E+01 2.480E-03  5.360E-03 2.284E-04 2.050E-01 4.404E-01  4.250E-01
7.299E-02 4.848E+01 3.029E-03  5.237E-03 1.921E-04 2.470E-01 4.287E-01  3.547E-01
1.318E-01 4.036E+01 3.239E-03  7.975E-03 3.983E-04 5.411E-02 1.392E-01 1.568E-01
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1.357E-01 4.152E+01 3.171E-03  8.329E-03 4.412E-04 5.310E-02 1.452E-01 1.736E-01
8.454E-02 2.578E+01 3.339E-03  6.313E-03 2.837E-04 5.602E-02 1.092E-01 1.109E-01
3.989E-01 6.118E+01 4.035E-03  5.441E-03 4.121E-04 1.680E-02 2.377E-02 4.067E-02
3.675E-01 5.634E+01 3.768E-03  7.312E-03 3.149E-04 1.488E-02 3.197E-02  3.103E-02
5.014E-01 7.681E+01 3.437E-03 6.076E-03 3.063E-04 1.546E-02 2.655E-02  3.016E-02
1.433E+00 1.439E+02 6.803E-03  1.364E-02 5.714E-04 1.302E-02 2.561E-02  2.426E-02
1.380E+00 1.376E+02 7.353E-03 9.702E-03 5.999E-04 1.292E-02 1.796E-02  2.506E-02
1.309E+00 1.305E+02 6.421E-03 9.128E-03 5.451E-04 1.141E-02 1.689E-02  2.277E-02
3.667E+00 2.701E+02 5.938E-03  1.308E-02 7.421E-04 6.460E-03 1.323E-02  1.690E-02
3.064E+00 2.244E+02 8.522E-03 1.604E-02 9.907E-04 7.861E-03 1.602E-02 2.234E-02
3.056E+00 2.241E+02 7.633E-03  1.448E-02 1.070E-03 6.681E-03 1.449E-02 2.416E-02
3.510E+00 2.040E+02 9.790E-03 2.187E-02 1.307E-03 4.281E-03 1.372E-02  1.855E-02
3.123E+00 1.808E+02 1.033E-02 2.147E-02 1.651E-03 6.176E-03  1.337E-02  2.324E-02
3.609E+00 2.089E+02 1.093E-02 2.231E-02 1.334E-03 6.631E-03 1.388E-02  1.878E-02
4.042E+00 1.945E+02 1.478E-02 2.907E-02 1.972E-03 6.374E-03  1.252E-02 1.919E-02
3.997E+00 1.920E+02 2.154E-02 2.996E-02 2.116E-03 1.017E-02 1.285E-02  2.049E-02
3.569E+00 1.713E+02 2.027E-02 2.717E-02 1.867E-03 9.168E-03 1.165E-02 1.808E-02
7.008E+00 2.879E+02 2.056E-02 3.597E-02 2.449E-03 7.251E-03 1.127E-02  1.735E-02
7.716E+00 3.158E+02 2.888E-02 3.272E-02 2.717E-03 1.071E-02 1.021E-02 1.916E-02
6.499E+00 2.659E+02 2.483E-02  3.895E-02 2.511E-03 8.213E-03 1.213E-02 1.766E-02

Table 40: Experimental data for sting supported 5° model. Air density was 1.19591 kg/m”3 for

all tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.843E+00 1.043E+04 -2.480E-03 -9.569E-04  -7.120E-05 -2.058E-01 -7.868E-02 -1.316E-01
7.903E+00 1.047E+04 1.044E-03 2.133E-03 -1.540E-04 8.310E-02 1.741E-01 -2.822E-01
7.925E+00 1.049E+04 3.750E-05 -9.723E-04  -1.149E-04 1.963E-03 -7.881E-02 -2.100E-01
3.832E+01 2.306E+04 4.691E-02 4.377E-03 9.480E-06 7.882E-01 7.367E-02 3.534E-03
3.847E+01 2.311E+04 4.630E-02  7.449E-03 -1.930E-04 7.748E-01 1.246E-01 -7.275E-02
3.849E+01 2.311E+04 4.561E-02 3.002E-03 -7.640E-05 7.628E-01 5.026E-02 -2.884E-02
1.493E+02 4.553E+04 2.180E-01 1.691E-02 -4.610E-05 9.400E-01 7.288E-02 -4.469E-03
1.493E+02 4.553E+04 2.195E-01 1.875E-02 4.280E-05 9.464E-01 8.083E-02 4.166E-03
1.496E+02 4.557E+04 2.210E-01 2.045E-02 1.123E-04 9.496E-01 8.799E-02  1.086E-02
3.516E+02 6.986E+04 5.378E-01  4.709E-02 4.600E-05 9.849E-01 8.621E-02 1.920E-03
3.516E+02 6.986E+04 5.384E-01 4.137E-02 2.152E-04 9.860E-01 7.580E-02 8.812E-03
3.517E+02 6.987E+04 5.360E-01  4.153E-02 2.708E-04 9.813E-01 7.602E-02 1.116E-02
6.441E+02 9.455E+04 9.972E-01 8.113E-02 2.510E-04 9.969E-01 8.108E-02 5.651E-03
6.446E+02 9.459E+04 9.985E-01  8.179E-02 4.030E-04 9.974E-01 8.168E-02  9.098E-03
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6.480E+02 9.484E+04 1.002E+00 8.599E-02 3.174E-04 9.960E-01 8.545E-02  7.090E-03
1.035E+03 1.199E+05 1.608E+00 1.350E-01 4.328E-04 1.000E+00 8.398E-02  6.042E-03
1.037E+03 1.200E+05 1.612E+00 1.264E-01 1.025E-03 1.001E+00 7.845E-02  1.430E-02
1.038E+03 1.200E+05 1.618E+00 1.384E-01  -4.580E-05  1.004E+00 8.581E-02 -6.422E-04
1.508E+03 1.447E+05 2.366E+00 1.944E-01 6.639E-04 1.010E+00 8.300E-02  6.390E-03
1.510E+03 1.448E+05 2.367E+00 1.899E-01 1.230E-04 1.009E+00 8.096E-02  1.186E-03
1.512E+03 1.449E+05 2.374E+00 1.781E-01 9.090E-04 1.011E+00 7.583E-02 8.714E-03
2.071E+03 1.695E+05 3.258E+00 2.568E-01 1.050E-03 1.013E+00 7.984E-02  7.354E-03
2.072E+03 1.696E+05 3.259E+00 2.522E-01 1.860E-03 1.013E+00 7.836E-02  1.301E-02
2.074E+03 1.697E+05 3.264E+00 2.760E-01  -3.170E-04  1.013E+00 8.569E-02 -2.200E-03
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.433E-02 4.938E+01 3.068E-03  4.035E-03 1.853E-04 2.532E-01 3.299E-01  3.420E-01
7.419E-02 4.914E+01 3.099E-03 5.538E-03 1.950E-04 2.520E-01 4.502E-01 3.575E-01
6.170E-02 4.087E+01 2.297E-03  4.815E-03 2.218E-04 1.871E-01 3.910E-01 4.054E-01
1.303E-01 3.923E+01 2.516E-03 7.118E-03 2.408E-04 4.088E-02 1.198E-01  9.109E-02
1.242E-01 3.733E+01 3.379E-03  5.995E-03 2.992E-04 5.476E-02 1.001E-01 1.125E-01
1.076E-01 3.232E+01 3.407E-03  6.001E-03 2.642E-04 5.519E-02 1.006E-01  9.945E-02
3.756E-01 5.727E+01 3.351E-03 6.103E-03 3.661E-04 1.387E-02 2.626E-02  3.547E-02
3.904E-01 5.950E+01 3.418E-03 9.001E-03 3.234E-04 1512E-02 3.878E-02 3.137E-02
4.479E-01 6.822E+01 4.933E-03  7.213E-03 3.515E-04 2.041E-02 3.107E-02  3.404E-02
1.619E+00 1.608E+02 5.489E-03 1.261E-02 7.189E-04 9.799E-03  2.303E-02  2.966E-02
1.373E+00 1.364E+02 4.585E-03  1.132E-02 7.291E-04 9.428E-03 2.093E-02  3.003E-02
8.638E-01 8.581E+01 4.655E-03  1.004E-02 6.512E-04 7.844E-03 1.832E-02 2.681E-02
2.850E+00 2.093E+02 7.288E-03  1.461E-02 9.040E-04 7.385E-03  1.452E-02  2.029E-02
3.509E+00 2.574E+02 9.626E-03  1.372E-02 1.112E-03 1.079E-02 1.361E-02 2.510E-02
2.489E+00 1.824E+02 9.299E-03  1.748E-02 1.152E-03 8.975E-03 1.745E-02  2.576E-02
3.243E+00 1.878E+02 1.128E-02  2.065E-02 1.412E-03 6.718E-03 1.295E-02 1.976E-02
3.603E+00 2.085E+02 1.357E-02 2.061E-02 1.513E-03 8.878E-03 1.278E-02  2.110E-02
2.297E+00 1.328E+02 1.376E-02  2.220E-02 1.721E-03 8.932E-03 1.378E-02  2.401E-02
5.298E+00 2.542E+02 1.454E-02  3.332E-02 2.670E-03 6.203E-03  1.421E-02 2.563E-02
3.728E+00 1.788E+02 1.498E-02  3.189E-02 2.288E-03 7.146E-03  1.357E-02  2.191E-02
4.045E+00 1.937E+02 1.585E-02  3.384E-02 1.959E-03 6.844E-03  1.444E-02 1.877E-02
4.985E+00 2.042E+02 2.388E-02  3.950E-02 2.737E-03 7.528E-03 1.218E-02  1.915E-02
7.216E+00 2.954E+02 2.232E-02  3.379E-02 1.933E-03 6.489E-03  1.045E-02  1.354E-02
6.306E+00 2.581E+02 1.637E-02 4.337E-02 2.826E-03 5.461E-03 1.347E-02  1.973E-02
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Table 41: Experimental data for sting supported 10° model. Air density was 1.19591 kg/m”3 for

all tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N)  Pitching (Nm) Co CL Cwm
7.875E+00 1.046E+04 -1.586E-03 1.365E-03  -1.454E-04  -1.325E-01 1.119E-01 -2.678E-01
7.897E+00 1.047E+04 4.649E-04 3.818E-03  -1.142E-04  3.628E-02 3.115E-01 -2.096E-01
7.903E+00 1.048E+04 1.266E-04 9.454E-04  -8.560E-05  8.209E-03 7.579E-02 -1.564E-01
7.918E+00 1.052E+04 2.222E-03 4.767E-03  -1.630E-04 1.796E-01 3.883E-01 -2.978E-01
3.816E+01 2.302E+04 4.534E-02 1.110E-02  -1.763E-04  7.645E-01 1.872E-01 -6.678E-02
3.823E+01 2.304E+04 4.590E-02 7.919E-03  -1.483E-05 7.726E-01 1.334E-01 -5.714E-03
3.830E+01 2.306E+04 4.710E-02 9.460E-03  9.802E-05 7.914E-01 1.590E-01 3.712E-02
1.484E+02 4.539E+04 2.154E-01 3.677E-02  4.343E-05 9.340E-01 1.595E-01 4.270E-03
1.485E+02 4.541E+04 2.146E-01 3.977E-02  -2.142E-04  9.299E-01 1.724E-01 -2.089E-02
1.491E+02 4.550E+04 2.173E-01 3.508E-02  2.243E-04 9.383E-01 1.515E-01 2.175E-02
3.396E+02 6.889E+04 5.292E-01 9.245E-02  2.077E-04 1.003E+00 1.752E-01 8.820E-03
3.493E+02 6.964E+04 5.263E-01 8.987E-02  4.035E-05 9.697E-01 1.656E-01 1.660E-03
3.498E+02 6.969E+04 5.327E-01 8.591E-02  4.363E-04 9.800E-01 1.581E-01 1.806E-02
6.401E+02 9.428E+04 9.807E-01 1.648E-01  6.258E-04 9.860E-01 1.657E-01 1.413E-02
6.404E+02 9.430E+04 9.814E-01 1.659E-01  6.899E-04 9.863E-01 1.667E-01 1.554E-02
6.414E+02 9.437E+04 9.864E-01 1.593E-01  8.642E-04 9.898E-01 1.599E-01 1.946E-02
1.029E+03 1.196E+05 1.584E+00 2.697E-01 1.208E-03 9.905E-01 1.686E-01 1.700E-02
1.030E+03 1.196E+05 1.589E+00 2.639E-01 1.660E-03 9.926E-01 1.648E-01 2.332E-02
1.031E+03 1.196E+05 1.595E+00 2.702E-01 1.340E-03 9.954E-01 1.687E-01 1.881E-02
1.497E+03 1.442E+05 2.337E+00 3.717E-01  3.377E-03 1.005E+00 1.598E-01 3.263E-02
1.499E+03 1.443E+05 2.340E+00 3.805E-01  2.922E-03 1.005E+00 1.634E-01 2.821E-02
1.499E+03 1.443E+05 2.333E+00 3.817E-01  3.089E-03 1.001E+00 1.638E-01 2.980E-02
2.056E+03 1.690E+05 3.225E+00 5.280E-01  2.533E-03 1.009E+00 1.653E-01 1.780E-02
2.056E+03 1.690E+05 3.227E+00 5.436E-01  2.952E-03 1.010E+00 1.702E-01 2.077E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N)  Pitching (Nm) Co CL Cwm
9.040E-02 5.994E+01 3.432E-03 4.565E-03  2.177E-04 2.814E-01 3.724E-01 3.999E-01
7.610E-02 5.036E+01 2.446E-03 4.178E-03  2.042E-04 1.975E-01 3.406E-01 3.755E-01
7.945E-02 5.268E+01 2.941E-03 4.549E-03 1.883E-04 2.397E-01 3.690E-01 3.447E-01
6.334E-02 4.203E+01 2.205E-03 3.541E-03  2.079E-04 1.779E-01 2.887E-01 3.795E-01
1.275E-01 3.845E+01 3.456E-03 6.195E-03  3.052E-04 5.643E-02 1.044E-01 1.158E-01
1.027E-01 3.095E+01 2.618E-03 1.084E-02 4.079E-04 4.294E-02 1.827E-01 1.545E-01
1.186E-01 3.571E+01 3.638E-03 7.702E-03  3.298E-04 5.932E-02 1.294E-01 1.246E-01
7.139E-01 1.091E+02 3.847E-03 7.758E-03  4.559E-04 1.454E-02 3.343E-02  4.449E-02
3.542E-01 5.416E+01 3.456E-03 7.838E-03  4.046E-04 1.452E-02 3.414E-02 3.943E-02
4,076E-01 6.221E+01 2.746E-03 9.698E-03  4.732E-04 1.193E-02 4.192E-02 4.591E-02
1.075E+00 1.091E+02 6.430E-03 1.632E-02  8.202E-04 1.291E-02 3.088E-02 3.489E-02
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1.248E+00 1.243E+02 4.927E-03 1.167E-02 8.239E-04 8.413E-03 2.140E-02 3.412E-02
1.019E+00 1.015E+02 4.919E-03 1.404E-02 6.820E-04 9.180E-03 2.576E-02 2.821E-02
2.754E+00 2.029E+02 5.924E-03 1.862E-02 1.259E-03 5.043E-03 1.887E-02 2.844E-02
3.274E+00 2.412E+02 6.224E-03 1.973E-02 1.439E-03 6.923E-03 2.017E-02 3.247E-02
2.829E+00 2.080E+02 6.683E-03 1.832E-02 1.025E-03 7.380E-03 1.877E-02 2.309E-02
3.273E+00 1.900E+02 1.309E-02 3.311E-02 2.302E-03 7.538E-03 2.053E-02 3.238E-02
3.567E+00 2.070E+02 1.182E-02 2.561E-02 1.411E-03 7.697E-03 1.599E-02 1.983E-02
3.025E+00 1.755E+02 1.119E-02 2.869E-02 1.517E-03 7.036E-03 1.773E-02 2.126E-02
3.261E+00 1.570E+02 1.014E-02 4.599E-02 2.734E-03 4.898E-03 1.979E-02 2.645E-02
2.540E+00 1.223E+02 1.335E-02 2.773E-02 2.595E-03 6.192E-03 1.196E-02 2.507E-02
3.612E+00 1.738E+02 1.677E-02 3.555E-02 2.821E-03 6.726E-03 1.517E-02 2.722E-02
7.799E+00 3.205E+02 1.808E-02 4.834E-02 2.614E-03 6.862E-03 1.554E-02 1.836E-02
5.683E+00 2.333E+02 1.960E-02 5.833E-02 4.155E-03 6.645E-03 1.828E-02 2.922E-02

Table 42: Experimental data for sting supported 15° model. Air density was 1.19591 kg/m”3 for
all tests. This model was incorrectly mounted at -15°, and so the raw data exhibits a sign

reversal.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.897E+00 1.047E+04 1.853E-04 -5.831E-04 7.986E-05 1.297E-02 -4.749E-02 1.469E-01
7.927E+00 1.049E+04 8.075E-04 2.672E-03 -1.421E-04  6.378E-02 2.159E-01 -2.589E-01
7.977E+00 1.052E+04 3.487E-03 4.059E-03 -7.536E-05  2.799E-01 3.290E-01 -1.380E-01
3.820E+01 2.303E+04 4.448E-02 -9.401E-03 -1.824E-04  7.495E-01 -1.584E-01 -6.920E-02
3.825E+01 2.304E+04 4.315E-02 -1.029E-02 -1.149E-04  7.262E-01 -1.733E-01 -4.339E-02
3.842E+01 2.309E+04 4.940E-02 -6.725E-03 -1.364E-04 8.279E-01 -1.127E-01 -5.137E-02
1.485E+02 4.540E+04 2.082E-01 -5.127E-02 -3.884E-04  9.028E-01 -2.223E-01 -3.784E-02
1.488E+02 4.544E+04 2.087E-01 -4.912E-02 -3.500E-04  9.031E-01 -2.126E-01 -3.407E-02
1.488E+02 4.545E+04 2.138E-01 -4.798E-02 -2.854E-04  9.248E-01 -2.075E-01 -2.776E-02
3.478E+02 6.948E+04 5.063E-01 -1.195E-01 -9.481E-04  9.372E-01 -2.211E-01 -3.945E-02
3.483E+02 6.953E+04 5.136E-01 -1.187E-01 -1.083E-03 9.494E-01 -2.194E-01 -4.501E-02
3.485E+02 6.955E+04 5.055E-01 -1.172E-01 -8.620E-04  9.341E-01 -2.166E-01 -3.580E-02
6.353E+02 9.391E+04 9.414E-01 -2.313E-01 -1.410E-03 9.540E-01 -2.344E-01 -3.211E-02
6.404E+02 9.428E+04 9.477E-01 -2.202E-01 -1.661E-03 9.529E-01 -2.214E-01 -3.752E-02
6.406E+02 9.430E+04 9.463E-01 -2.282E-01 -1.669E-03 9.511E-01 -2.294E-01 -3.770E-02
1.022E+03 1.191E+05 1.519E+00 -3.789E-01 -2.564E-03 9.567E-01 -2.386E-01 -3.632E-02
1.023E+03 1.191E+05 1.518E+00 -3.624E-01 -2.763E-03 9.558E-01 -2.282E-01 -3.906E-02
1.025E+03 1.193E+05 1.530E+00 -3.792E-01 -2.069E-03 9.608E-01 -2.380E-01 -2.921E-02
1.482E+03 1.434E+05 2.231E+00 -5.511E-01 -3.242E-03 9.691E-01 -2.394E-01 -3.164E-02
1.489E+03 1.437E+05 2.228E+00 -5.607E-01 -2.932E-03 9.635E-01 -2.425E-01 -2.851E-02



129

1.491E+03 1.438E+05 2.232E+00 -5.433E-01  -3.295E-03  9.642E-01 -2.347E-01 -3.199E-02
2.037E+03 1.682E+05 3.062E+00 -7.520E-01  -5.254E-03  9.676E-01 -2.377E-01 -3.733E-02
2.040E+03 1.683E+05 3.075E+00 -7.577E-01  -3.985E-03  9.702E-01 -2.391E-01 -2.828E-02
2.044E+03 1.685E+05 3.084E+00 -7.568E-01  -4.895E-03  9.712E-01 -2.383E-01 -3.466E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cm
7.875E-02 5.214E+01 3.094E-03 4.601E-03 1.518E-04  2.513E-01 3.759E-01 2.802E-01
7.669E-02 5.068E+01 2.770E-03  3.646E-03 1.368E-04  2.233E-01 2.962E-01 2.498E-01
7.239E-02 4.779E+01 2.651E-03 4.777E-03 2.059E-04  2.121E-01 3.890E-01 3.751E-01
1.169E-01 3.524E+01 3.383E-03 5.532E-03 2.911E-04  5567E-02 9.334E-02 1.103E-01
1.081E-01 3.254E+01 2.622E-03  4.780E-03 2.586E-04  4.266E-02 8.037E-02 9.774E-02
1.112E-01 3.343E+01 3.162E-03 5.149E-03 2.181E-04  5.175E-02 8.628E-02 8.218E-02
5.025E-01 7.681E+01 2.819E-03 7.234E-03 3.967E-04 1.232E-02 3.163E-02 3.867E-02
6.111E-01 9.331E+01 3.972E-03 8.647E-03 4.965E-04 1.636E-02 3.750E-02  4.833E-02
4.494E-01 6.860E+01 4.272E-03 6.815E-03 3.842E-04 1.751E-02 2.958E-02  3.737E-02
1.181E+00 1.179E+02 6.251E-03 9.789E-03 5.275E-04 1.175E-02 1.835E-02 2.192E-02
1.258E+00 1.255E+02 5.731E-03 1.156E-02 6.795E-04 1.158E-02 2.164E-02 2.831E-02
1.822E+00 1.818E+02 6.924E-03  8.948E-03 5.683E-04 1.275E-02 1.680E-02  2.360E-02
3.883E+00 2.870E+02 9.266E-03  1.888E-02 1.379E-03  9.046E-03 1.902E-02  3.140E-02
3.999E+00 2.947E+02 9.140E-03  2.255E-02 1.058E-03  9.033E-03 2.275E-02  2.390E-02
3.323E+00 2.446E+02 1.212E-02 1.910E-02 1.118E-03 1.326E-02 1.927E-02 2.522E-02
3.118E+00 1.817E+02 9.852E-03 2.664E-02 1.628E-03  5.430E-03 1.658E-02 2.306E-02
4.774E+00 2.783E+02 1.277E-02 2.117E-02 1.745E-03 5.602E-03 1.372E-02 2.461E-02
3.920E+00 2.279E+02 1.089E-02 2.456E-02 1.485E-03  7.834E-03 1.535E-02 2.093E-02
6.376E+00 3.085E+02 1.957E-02  3.138E-02 2.162E-03  8.454E-03 1.390E-02 2.111E-02
4.748E+00 2.292E+02 1.907E-02 2.232E-02 1.415E-03  8.372E-03 9.549E-03  1.374E-02
4.756E+00 2.294E+02 1.538E-02 2.925E-02 2.398E-03  5.799E-03 1.277E-02 2.329E-02
9.580E+00 3.953E+02 1.944E-02 2.648E-02 1.919E-03  5.551E-03 8.270E-03  1.359E-02
9.137E+00 3.765E+02 1.938E-02 3.578E-02 3.130E-03  6.936E-03 1.119E-02 2.223E-02
8.091E+00 3.334E+02 1.923E-02 3.900E-02 2.485E-03  7.042E-03 1.246E-02 1.758E-02

Table 43: Experimental data for sting supported 20° model. Air density was 1.19591 kg/m”3 for

most tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.879E+00 1.044E+04 -8.301E-04 -4.567E-03 1.754E-05 -7.003E-02 -3.751E-01 3.257E-02
7.885E+00 1.044E+04 -4.444E-04 1.959E-03 -8.433E-05  -3.879E-02 1.604E-01 -1.560E-01
7.910E+00 1.046E+04 2.845E-05 2.156E-03 -2.039E-04  -9.297E-04 1.770E-01 -3.760E-01
3.839E+01 2.304E+04 4.215E-02 1.644E-02 -1.581E-04 7.092E-01 2.767E-01 -5.987E-02



130

3.850E+01 2.307E+04 4.428E-02 1.639E-02  -1.098E-05  7.431E-01 2.751E-01 -4.200E-03
3.890E+01 2.319E+04 4.394E-02  1.025E-02 9.974E-05 7.299E-01 1.703E-01  3.729E-02
1.488E+02 4.537E+04 2.018E-01 6.768E-02 2.729E-04 8.760E-01  2.938E-01  2.670E-02
1.491E+02 4.540E+04 2.015E-01  6.355E-02 3.707E-04 8.735E-01  2.755E-01  3.618E-02
1.516E+02 4.577E+04 2.029E-01 6.421E-02 2.837E-04 8.654E-01 2.739E-01  2.727E-02
3.509E+02 6.967E+04 4.977E-01  1.630E-01 5.264E-04 9.164E-01  3.001E-01 2.184E-02
3.511E+02 6.968E+04 4.900E-01 1.612E-01 5.845E-04 9.019E-01 2.968E-01  2.424E-02
3.560E+02 7.017E+04 4.966E-01 1.561E-01 8.385E-04 9.012E-01  2.833E-01  3.429E-02
6.407E+02 9.413E+04 9.079E-01  2.956E-01 1.522E-03 9.156E-01 2.981E-01  3.460E-02
6.452E+02 9.446E+04 9.244E-01  2.974E-01 1.614E-03 9.259E-01  2.978E-01  3.650E-02
6.489E+02 9.473E+04 9.213E-01  2.883E-01 1.741E-03 9.175E-01 2.871E-01 3.911E-02
1.032E+03 1.195E+05 1.477E+00 4.875E-01 2.087E-03 9.242E-01  3.051E-01  2.943E-02
1.033E+03 1.195E+05 1.489E+00 4.953E-01 1.991E-03 9.312E-01  3.097E-01  2.804E-02
1.045E+03 1.202E+05 1.487E+00 4.818E-01 2.194E-03 9.197E-01  2.979E-01  3.054E-02
1.501E+03 1.441E+05 2.183E+00 7.210E-01 3.456E-03 9.395E-01 3.103E-01  3.348E-02
1.504E+03 1.442E+05 2.178E+00 7.119E-01 3.532E-03 9.358E-01  3.059E-01  3.419E-02
1.520E+03 1.450E+05 2.184E+00 7.097E-01 3.528E-03 9.280E-01  3.016E-01  3.377E-02
2.065E+03 1.690E+05 3.013E+00 9.860E-01 5.077E-03 9.428E-01  3.085E-01  3.577E-02
2.068E+03 1.691E+05 3.004E+00 1.018E+00 4.407E-03 9.386E-01  3.182E-01  3.103E-02
2.090E+03 1.700E+05 3.012E+00 9.897E-01 4.220E-03 9.315E-01  3.060E-01  2.938E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.150E-02 4.743E+01 2.949E-03  4.610E-03 2.234E-04 2.427E-01  3.798E-01  4.136E-01
8.065E-02 5.352E+01 3.156E-03 3.487E-03 1.277E-04 2.614E-01 2.854E-01 2.357E-01
9.485E-02 6.274E+01 3.585E-03  3.917E-03 1.901E-04 2.940E-01 3.178E-01  3.485E-01
1.154E-01 3.458E+01 3.863E-03  4.898E-03 2.612E-04 6.364E-02  8.200E-02  9.886E-02
1.293E-01 3.877E+01 2.521E-03 3.548E-03 2.168E-04 4.075E-02 5.963E-02  8.195E-02
1.093E-01 3.258E+01 2.965E-03  5.472E-03 2.168E-04 4.878E-02 9.096E-02  8.107E-02
5.234E-01 7.982E+01 3.666E-03  5.942E-03 3.657E-04 1.474E-02  2.559E-02  3.580E-02
5.374E-01 8.190E+01 3.658E-03 6.414E-03 4.485E-04 1.465E-02 2.767E-02  4.379E-02
3.264E-01 4.930E+01 3.271E-03  8.088E-03 3.839E-04 1.361E-02  3.456E-02  3.689E-02
1.303E+00 1.294E+02 5.867E-03  9.356E-03 6.133E-04 1.040E-02 1.713E-02  2.546E-02
1.328E+00 1.318E+02 4.648E-03  1.133E-02 5.678E-04 9.014E-03 2.101E-02  2.354E-02
1.103E+00 1.088E+02 3.722E-03  1.098E-02 6.778E-04 7.602E-03  1.995E-02  2.772E-02
4.533E+00 3.329E+02 5.359E-03  1.663E-02 1.270E-03 5.694E-03 1.678E-02  2.883E-02
3.504E+00 2.562E+02 6.132E-03  2.061E-02 1.336E-03 8.990E-03  2.010E-02  3.022E-02
3.903E+00 2.850E+02 7.474E-03  1.255E-02 8.512E-04 8.360E-03 1.214E-02  1.921E-02
3.079E+00 1.782E+02 8.943E-03  2.498E-02 1.716E-03 5.781E-03 1.576E-02  2.419E-02
3.127E+00 1.808E+02 9.768E-03  2.431E-02 1.279E-03 5.830E-03 1.519E-02  1.803E-02
3.168E+00 1.822E+02 9.945E-03  2.789E-02 1.693E-03 6.027E-03  1.727E-02  2.351E-02
6.975E+00 3.343E+02 1.192E-02  3.233E-02 2.034E-03 5.207E-03  1.439E-02  1.966E-02
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4.620E+00 2.216E+02 1.081E-02  3.596E-02 2.217E-03 5.673E-03 1.551E-02  2.148E-02
4.138E+00 1.973E+02 1.135E-02  2.889E-02 1.778E-03 3.655E-03  1.215E-02  1.701E-02
9.686E+00 3.963E+02 1.696E-02  4.694E-02 2.299E-03 5.525E-03  1.482E-02 1.615E-02
5.770E+00 2.360E+02 1.956E-02  3.964E-02 2.542E-03 6.458E-03  1.237E-02  1.790E-02
6.997E+00 2.846E+02 1.815E-02  2.875E-02 1.867E-03 6.704E-03  9.025E-03  1.296E-02

Table 44: Experimental data for sting supported 25° model. Air density was 1.19591 kg/m”3 for

most tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.870E+00 1.044E+04 -1.803E-03 2.196E-03  -1.468E-04  -1.491E-01 1.803E-01 -2.713E-01
7.894E+00 1.046E+04 -7.732E-05 1.252E-04  -1.728E-05  -8.420E-03 1.043E-02 -3.222E-02
7.915E+00 1.047E+04 -1.106E-04 3.709E-04  -6.826E-05  -1.085E-02 3.176E-02 -1.266E-01
3.877E+01 2.318E+04 4.020E-02 1.597E-02  -2.429E-05 6.685E-01 2.657E-01 -9.120E-03
3.880E+01 2.319E+04 3.940E-02 1.615E-02 4.114E-06 6.546E-01 2.684E-01 1.575E-03
3.887E+01 2.321E+04 3.959E-02 1.564E-02  -3.964E-05 6.566E-01 2.595E-01 -1.492E-02
1.508E+02 4.572E+04 1.876E-01 7.528E-02 2.840E-04 8.019E-01 3.218E-01 2.732E-02
1511E+02 4.576E+04 1.855E-01 7.453E-02 3.066E-04 7.916E-01 3.181E-01 2.947E-02
1.516E+02 4.584E+04 1.865E-01 7.290E-02 4.204E-04 7.933E-01 3.101E-01 4.023E-02
3.540E+02 7.005E+04 4.578E-01 1.854E-01 8.051E-04 8.338E-01 3.377E-01 3.298E-02
3.547E+02 7.012E+04 4.595E-01 1.830E-01 9.986E-04 8.352E-01 3.327E-01 4.088E-02
3.562E+02 7.027E+04 4.597E-01 1.837E-01 8.502E-04 8.321E-01 3.325E-01 3.462E-02
6.507E+02 9.497E+04 8.557E-01 3.464E-01 1.692E-03 8.478E-01 3.432E-01 3.774E-02
6.514E+02 9.503E+04 8.539E-01  3.406E-01 1.715E-03 8.451E-01 3.371E-01 3.820E-02
6.520E+02 9.507E+04 8.612E-01 3.472E-01 1.629E-03 8.515E-01 3.433E-01 3.623E-02
1.046E+03 1.204E+05 1.378E+00 5.550E-01 2.720E-03 8.496E-01 3.422E-01 3.773E-02
1.047E+03 1.205E+05 1.384E+00 5.596E-01 2.968E-03 8.523E-01 3.445E-01 4.114E-02
1.049E+03 1.206E+05 1.389E+00 5.613E-01 2.837E-03 8.533E-01 3.449E-01 3.923E-02
1.524E+03 1.454E+05 2.037E+00 8.188E-01 3.980E-03 8.618E-01 3.464E-01 3.787E-02
1.527E+03 1.455E+05 2.042E+00 8.374E-01 3.567E-03 8.622E-01 3.535E-01 3.390E-02
1.530E+03 1.456E+05 2.052E+00 8.213E-01 4.909E-03 8.646E-01 3.461E-01 4.657E-02
2.095E+03 1.704E+05 2.813E+00 1.133E+00 6.422E-03 8.657E-01 3.488E-01 4.445E-02
2.098E+03 1.705E+05 2.824E+00 1.126E+00 6.453E-03 8.680E-01 3.462E-01 4.462E-02
2.098E+03 1.705E+05 2.833E+00 1.155E+00 6.513E-03 8.704E-01 3.549E-01 4.504E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N)  Pitching (Nm) Co CL Cm
7.362E-02 4.881E+01 2.075E-03 3.800E-03 1.832E-04 1.704E-01 3.125E-01 3.386E-01
8.327E-02 5.524E+01 2.685E-03 4.232E-03 1.972E-04 2.199E-01 3.461E-01 3.626E-01
7.081E-02 4.687E+01 2.790E-03 5.978E-03 2.722E-04 2.277E-01 4.877E-01 4.986E-01
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9.387E-02 2.805E+01 2.763E-03  5.892E-03 2.217E-04 4.499E-02 9.811E-02 8.298E-02
1.070E-01 3.197E+01 3.672E-03  7.188E-03 2.974E-04 5.996E-02 1.193E-01 1.112E-01
1.480E-01 4.417E+01 2.431E-03  4.985E-03 2.674E-04 3.947E-02  8.303E-02  9.993E-02
4.322E-01 6.554E+01 3.081E-03  5.719E-03 3.530E-04 1.301E-02 2.413E-02 3.395E-02
4.652E-01 7.049E+01 3.166E-03  5.516E-03 2.491E-04 1.369E-02 2.315E-02  2.396E-02
4.636E-01 7.010E+01 3.825E-03  6.262E-03 2.362E-04 1.642E-02 2.680E-02 2.259E-02
1.922E+00 1.901E+02 5.894E-03 8.931E-03 5.941E-04 1.020E-02 1.642E-02  2.423E-02
2.315E+00 2.287E+02 4.058E-03  9.264E-03 5.178E-04 7.678E-03 1.686E-02 2.121E-02
1.747E+00 1.723E+02 5.080E-03 8.077E-03 5.415E-04 7.019E-03  1.494E-02 2.204E-02
4.369E+00 3.189E+02 1.140E-02  1.394E-02 7.302E-04 1.054E-02 1.384E-02 1.633E-02
4.256E+00 3.104E+02 8.358E-03  1.420E-02 5.195E-04 8.894E-03 1.407E-02 1.160E-02
3.305E+00 2.411E+02 5.566E-03 1.051E-02 8.006E-04 7.465E-03  1.093E-02 1.776E-02
3.802E+00 2.188E+02 1.156E-02  1.991E-02 1.078E-03 7.420E-03  1.249E-02 1.492E-02
4.211E+00 2.423E+02 7.451E-03 1.773E-02 1.258E-03 5.654E-03 1.101E-02 1.751E-02
3.716E+00 2.135E+02 9.668E-03  1.854E-02 7.633E-04 7.192E-03  1.149E-02 1.056E-02
6.653E+00 3.171E+02 1.156E-02  2.383E-02 1.685E-03 6.049E-03  1.040E-02 1.601E-02
3.398E+00 1.619E+02 8.882E-03  2.138E-02 1.402E-03 3.977E-03 8.811E-03 1.335E-02
5.130E+00 2.441E+02 1.354E-02  3.064E-02 2.158E-03 6.195E-03 1.265E-02 2.052E-02
6.128E+00 2.491E+02 1.283E-02  2.929E-02 1.645E-03 4.407E-03  9.471E-03  1.133E-02
5.946E+00 2.417E+02 1.716E-02  3.458E-02 2.370E-03 5.205E-03 1.088E-02 1.638E-02
8.243E+00 3.349E+02 1.586E-02  3.339E-02 2.242E-03 4.785E-03 1.015E-02  1.555E-02

Table 45: Experimental data for sting supported 35° model. Air density was 1.19591 kg/m”3 for

most tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm

7.893E+00 1.046E+04 -2.263E-04 5.685E-04 -1.210E-04  -2.232E-02 4.583E-02 -2.239E-01
7.900E+00 1.047E+04 4.822E-04  1.433E-03 -1.249E-04 3.765E-02 1.176E-01 -2.303E-01
7.941E+00 1.049E+04 1.159E-03 -2.910E-04  -1.343E-04 9.265E-02 -2.296E-02 -2.448E-01
3.917E+01 2.331E+04 3.421E-02 1.797E-02 -1.721E-05 5.628E-01  2.955E-01 -6.250E-03
3.918E+01 2.331E+04 3.315E-02 1.870E-02 4.786E-06 5.451E-01 3.076E-01  1.757E-03
3.928E+01 2.334E+04 3.443E-02 2.177E-02 -1.845E-05 5.648E-01 3.572E-01 -6.763E-03
1.530E+02 4.606E+04 1.576E-01  8.646E-02 4.256E-04 6.639E-01 3.642E-01  4.031E-02
1.530E+02 4.606E+04 1.567E-01  8.458E-02 4.665E-04 6.599E-01 3.562E-01  4.419E-02
1.535E+02 4.614E+04 1.577E-01 8.536E-02 4.304E-04 6.620E-01  3.584E-01  4.066E-02
3.592E+02 7.057E+04 3.839E-01  2.044E-01 1.234E-03 6.889E-01 3.668E-01  4.979E-02
3.600E+02 7.066E+04 3.830E-01 2.073E-01 1.233E-03 6.856E-01 3.711E-01 4.962E-02
3.605E+02 7.071E+04 3.835E-01 2.071E-01 1.322E-03 6.856E-01 3.702E-01  5.318E-02
6.606E+02 9.571E+04 7.107E-01 3.797E-01 2.434E-03 6.933E-01 3.704E-01  5.340E-02
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6.614E+02 9.577E+04 7.115E-01 3.833E-01 2.284E-03 6.932E-01 3.735E-01  5.008E-02
6.632E+02 9.590E+04 7.183E-01  3.869E-01 2.605E-03 6.980E-01 3.760E-01  5.695E-02
1.064E+03 1.215E+05 1.154E+00 6.208E-01 3.832E-03 6.991E-01 3.761E-01  5.222E-02
1.066E+03 1.216E+05 1.157E+00 6.233E-01 4.195E-03 6.992E-01 3.767E-01  5.702E-02
1.068E+03 1.217E+05 1.163E+00 6.243E-01 4.464E-03 7.017E-01 3.766E-01  6.058E-02
1.550E+03 1.466E+05 1.698E+00 9.130E-01 6.048E-03 7.056E-01 3.795E-01  5.654E-02
1.554E+03 1.468E+05 1.705E+00 9.275E-01 5.906E-03 7.071E-01 3.847E-01 5.510E-02
1.554E+03 1.468E+05 1.708E+00 9.236E-01 6.269E-03 7.080E-01 3.829E-01 5.848E-02
2.133E+03 1.720E+05 2.354E+00 1.269E+00 8.422E-03 7.112E-01 3.832E-01  5.723E-02
2.137E+03 1.721E+05 2.360E+00 1.280E+00 7.964E-03 7.117E-01 3.859E-01  5.404E-02
2.140E+03 1.723E+05 2.363E+00 1.277E+00 8.301E-03 7.116E-01  3.845E-01  5.623E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
1.011E-01 6.711E+01 4.087E-03 4.515E-03 2.065E-04 3.357E-01 3.680E-01  3.808E-01
6.958E-02 4.613E+01 2.791E-03  4.123E-03 1.367E-04 2.278E-01 3.362E-01  2.529E-01
7.580E-02 5.004E+01 2.164E-03  4.491E-03 1.852E-04 1.745E-01  3.622E-01  3.365E-01
1.428E-01 4.251E+01 3.383E-03  5.059E-03 2.386E-04 5.433E-02 8.295E-02  8.834E-02
1.119E-01 3.330E+01 2.835E-03 5.910E-03 2.151E-04 4541E-02 9.730E-02  7.974E-02
1.126E-01 3.346E+01 2.632E-03  4.359E-03 1.578E-04 4223E-02 7.141E-02 5.826E-02
7.216E-01 1.087E+02 2.321E-03  5.150E-03 2.307E-04 1.061E-02 2.222E-02  2.184E-02
6.155E-01 9.266E+01 3.079E-03  5.953E-03 2.324E-04 1.223E-02 2.486E-02  2.201E-02
6.196E-01 9.306E+01 3.133E-03  5.938E-03 2.768E-04 1.346E-02  2.494E-02 2.614E-02
1.832E+00 1.799E+02 4.413E-03 7.876E-03 3.815E-04 7.777E-03  1.438E-02 1.538E-02
2.048E+00 2.011E+02 3.893E-03  5.284E-03 3.214E-04 7.279E-03  9.315E-03  1.291E-02
1.634E+00 1.602E+02 3.417E-03 9.023E-03 4.112E-04 7.351E-03 1.595E-02  1.656E-02
3.585E+00 2.600E+02 4.323E-03  1.132E-02 5.488E-04 4.370E-03  1.155E-02  1.195E-02
4.830E+00 3.496E+02 6.597E-03 8.886E-03 5.945E-04 8.304E-03  8.892E-03  1.307E-02
3.017E+00 2.180E+02 3.479E-03  1.217E-02 6.823E-04 4.438E-03 1.146E-02  1.496E-02
3.555E+00 2.030E+02 6.471E-03  1.337E-02 6.990E-04 4.424E-03  8.439E-03  9.467E-03
3.248E+00 1.852E+02 9.381E-03  2.026E-02 8.439E-04 4554E-03 1.235E-02 1.143E-02
3.245E+00 1.849E+02 6.621E-03  1.515E-02 5.586E-04 4.002E-03  9.329E-03  7.546E-03
4.859E+00 2.298E+02 1.137E-02  2.455E-02 1.020E-03 4.832E-03 1.080E-02 9.428E-03
3.872E+00 1.828E+02 1.130E-02 2.127E-02 1.222E-03 4.180E-03  9.234E-03  1.133E-02
4.098E+00 1.935E+02 1.072E-02 2.456E-02 1.282E-03 4.663E-03 1.005E-02  1.200E-02
8.442E+00 3.401E+02 1.031E-02 2.505E-02 1.272E-03 3.956E-03  7.935E-03  8.599E-03
5.535E+00 2.228E+02 1.724E-02  2.987E-02 1.523E-03 5.424E-03  8.836E-03  1.033E-02
6.409E+00 2.581E+02 1.445E-02 2.280E-02 1.807E-03 4.258E-03  6.427E-03  1.224E-02
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Table 46: Experimental data for sting supported 45° model. Air density was 1.19591 kg/m”3 for

most tests.
Mean Values
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
7.878E+00 1.045E+04 -1.145E-03 -1.138E-04  -6.526E-05  -9.737E-02 -9.120E-03 -1.193E-01
7.910E+00 1.047E+04 1.039E-03 2.415E-03  -1.298E-04  8.272E-02 1.972E-01 -2.378E-01
7.912E+00 1.047E+04 8.337E-04 -1.566E-03  -3.203E-05  6.555E-02 -1.283E-01 -5.828E-02
3.967E+01 2.345E+04 2.495E-02  1.489E-02 1.674E-04 4.053E-01 2.418E-01 6.117E-02
3.978E+01 2.349E+04 2.616E-02 1.416E-02 1.135E-04 4.238E-01  2.295E-01  4.130E-02
3.991E+01 2.353E+04 2.788E-02  1.789E-02 9.909E-05 4501E-01 2.889E-01  3.587E-02
1.557E+02 4.647E+04 1.168E-01  7.981E-02 6.991E-04 4.834E-01  3.302E-01  6.508E-02
1.562E+02 4.654E+04 1.201E-01 8.422E-02 6.466E-04 4.953E-01 3.474E-01  6.001E-02
1.565E+02 4.659E+04 1.205E-01 8.115E-02 8.477E-04 4.961E-01 3.341E-01 7.849E-02
3.660E+02 7.125E+04 2.843E-01  1.996E-01 1.761E-03 5.006E-01  3.515E-01  6.973E-02
3.664E+02 7.128E+04 2.896E-01 2.030E-01 1.886E-03 5.094E-01 3.571E-01 7.463E-02
3.670E+02 7.134E+04 2.849E-01 2.011E-01 1.776E-03 5.003E-01  3.531E-01  7.016E-02
6.759E+02 9.682E+04 5.278E-01  3.629E-01 3.508E-03 5.032E-01  3.460E-01  7.524E-02
6.766E+02 9.686E+04 5.288E-01  3.706E-01 3.058E-03 5.037E-01  3.530E-01  6.554E-02
6.786E+02 9.701E+04 5.375E-01  3.675E-01 3.446E-03 5.105E-01 3.491E-01  7.358E-02
1.084E+03 1.226E+05 8.480E-01 5.867E-01 5.498E-03 5.043E-01  3.489E-01  7.358E-02
1.091E+03 1.230E+05 8.601E-01 5.999E-01 5.403E-03 5.081E-01 3.544E-01  7.182E-02
1.093E+03 1.231E+05 8.718E-01 6.235E-01 5.235E-03 5.138E-01 3.675E-01  6.941E-02
1.593E+03 1.486E+05 1.267E+00 8.922E-01 8.676E-03 5.126E-01  3.610E-01  7.897E-02
1.593E+03 1.487E+05 1.274E+00 8.932E-01 8.628E-03 5.151E-01 3.613E-01  7.850E-02
1.595E+03 1.487E+05 1.272E+00 9.095E-01 8.214E-03 5.141E-01 3.675E-01 7.466E-02
2.178E+03 1.738E+05 1.751E+00 1.225E+00 1.135E-02 5.179E-01 3.623E-01  7.556E-02
2.184E+03 1.740E+05 1.745E+00 1.230E+00 1.118E-02 5.148E-01 3.628E-01  7.424E-02
2.188E+03 1.742E+05 1.742E+00 1.223E+00 1.110E-02 5.130E-01  3.602E-01  7.356E-02
Standard Deviation
Q (Pa) Re Drag (N) Lift (N) Pitching (Nm) Co CL Cwm
1.039E-01 6.871E+01 3.836E-03 4.826E-03 2.380E-04 3.125E-01  3.918E-01  4.356E-01
7.829E-02 5.185E+01 2.873E-03  4.909E-03 2.441E-04 2.338E-01  4.002E-01  4.476E-01
8.464E-02 5.610E+01 3.056E-03 4.077E-03 1.908E-04 2.486E-01  3.320E-01  3.506E-01
8.058E-02 2.383E+01 3.204E-03  6.269E-03 2.343E-04 5.153E-02 1.018E-01  8.570E-02
1.227E-01 3.624E+01 2.833E-03  4.268E-03 1.570E-04 4.527E-02 6.958E-02  5.723E-02
1.269E-01 3.741E+01 2.606E-03 5.722E-03 2.296E-04 4.141E-02 9.286E-02  8.337E-02
5.298E-01 7.906E+01 2.849E-03 4.531E-03 2.604E-04 1.191E-02 1.881E-02 2.423E-02
8.206E-01 1.223E+02 2.246E-03  6.226E-03 2.518E-04 9.555E-03  2.562E-02  2.339E-02
7.084E-01 1.054E+02 3.672E-03  6.349E-03 2.685E-04 1.398E-02 2.652E-02  2.483E-02
1.726E+00 1.680E+02 3.454E-03 8.387E-03 4.447E-04 6.219E-03 1.530E-02  1.757E-02
1.896E+00 1.844E+02 3.481E-03 6.957E-03 3.138E-04 6.200E-03  1.268E-02  1.239E-02
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1.614E+00 1.570E+02 4.058E-03  5.918E-03 3.031E-04 6.403E-03  1.043E-02  1.196E-02
2.701E+00 1.935E+02 4.720E-03  1.312E-02 6.532E-04 4.295E-03  1.252E-02  1.409E-02
5.588E+00 4.005E+02 4.503E-03  1.189E-02 4.260E-04 5.307E-03  1.189E-02  9.182E-03
5.809E+00 4.154E+02 5.942E-03  1.506E-02 4.973E-04 5.786E-03  1.493E-02  1.030E-02
6.913E+00 3.910E+02 9.102E-03  1.955E-02 7.745E-04 4.770E-03  1.106E-02  1.059E-02
4.654E+00 2.625E+02 5.991E-03  1.725E-02 4.578E-04 3.702E-03  1.080E-02  6.044E-03
3.883E+00 2.187E+02 7.803E-03  1.770E-02 8.687E-04 4.118E-03  1.007E-02  1.153E-02
6.717E+00 3.132E+02 1.117E-02  2.084E-02 9.750E-04 5.699E-03  9.103E-03  8.765E-03
5.615E+00 2.620E+02 8.010E-03  2.214E-02 7.685E-04 3.764E-03  9.623E-03  6.941E-03
6.538E+00 3.049E+02 9.207E-03  1.554E-02 8.697E-04 3.951E-03  6.537E-03  7.891E-03
9.268E+00 3.698E+02 1.418E-02 2.488E-02 9.102E-04 4.370E-03 6.911E-03  6.082E-03
1.378E+01 5.490E+02 1.318E-02  3.082E-02 1.080E-03 3.578E-03  8.937E-03  7.172E-03
8.186E+00 3.260E+02 1.343E-02  3.330E-02 1.328E-03 3.736E-03  9.739E-03  8.764E-03

B.5 Dummy Sting Data

Table 47: Experimental data for 0° back cavity model with dummy sting. Mean values over each

data event.
Q raw (Pa) Drag Lift (amps)  Side (amps) Diameter Model Area Air Density
(amps) (m) (m?) (kg/m®)
-1.744E-02  3.403E-01 -1.706E+01 -4.685E-02 4.438E-02 1.547E-03 1.206E+00
-1.478E-03  2.804E-01 -1.708E+01 -5.107E-02  4.438E-02  1.547E-03 1.206E+00
5.796E-03  2.827E-01 -1.708E+01 -3.545E-02  4.438E-02  1.547E-03 1.206E+00
1.732E-02 2.615E-01 -1.713E+01 -4.738E-02 4.438E-02 1.547E-03 1.206E+00
7.734E+00  6.339E-01 -1.705E+01 -4.910E-02  4.438E-02  1.547E-03 1.206E+00
7.818E+00 6.549E-01 -1.706E+01 -4.505E-02  4.438E-02  1.547E-03 1.206E+00
7.897E+00 5.968E-01 -1.711E+01 -4.469E-02  4.438E-02  1.547E-03 1.206E+00
3.389E+01 1.734E+00 -1.704E+01 -2.796E-02 4.438E-02 1.547E-03 1.206E+00
3.390E+01 1.831E+00 -1.695E+01 -6.055E-02  4.438E-02  1.547E-03 1.206E+00
3.391E+01 1.785E+00 -1.695E+01 -3.017E-02  4.438E-02  1.547E-03 1.206E+00
3.403E+01 1.777E+00 -1.698E+01 -2.738E-02  4.438E-02  1.547E-03 1.206E+00
7.920E+01 3.784E+00 -1.675E+01 6.578E-03  4.438E-02  1.547E-03 1.206E+00
7.972E+01 3.787E+00 -1.681E+01 -3.832E-03  4.438E-02  1.547E-03 1.206E+00
7.983E+01 3.756E+00 -1.691E+01 -9.488E-03  4.438E-02  1.547E-03 1.206E+00
7.999E+01 3.812E+00 -1.681E+01 2.890E-03  4.438E-02  1.547E-03 1.206E+00
1.428E+02 6.609E+00 -1.649E+01 7.086E-02  4.438E-02  1.547E-03 1.206E+00
1.437E+02  6.590E+00 -1.672E+01 4.337E-02  4.438E-02  1.547E-03 1.206E+00
1.443E+02 6.665E+00 -1.661E+01 4.196E-02  4.438E-02  1.547E-03 1.206E+00
1.452E+02 6.671E+00 -1.661E+01 7.386E-02  4.438E-02  1.547E-03 1.206E+00



2.296E+02  1.041E+01 -1.610E+01 1.993E-01  4.438E-02 1.547E-03 1.206E+00
2.305E+02  1.049E+01 -1.620E+01 1.134E-01  4.438E-02 1.547E-03 1.206E+00
2.311E+02  1.046E+01 -1.652E+01 1.133E-01  4.438E-02 1.547E-03 1.206E+00
2.316E+02  1.047E+01 -1.632E+01 1.288E-01  4.438E-02 1.547E-03 1.206E+00
3.367E+02  1.525E+01 -1.607E+01 2.320E-01  4.438E-02 1.547E-03 1.206E+00
3.374E+02  1510E+01 -1.627E+01 2.217E-01  4.438E-02 1.547E-03 1.206E+00
3.378E+02  1.523E+01 -1.600E+01 2.987E-01  4.438E-02 1.547E-03 1.206E+00
3.383E+02  1517E+01 -1.611E+01 2.116E-01  4.438E-02 1.547E-03 1.206E+00
4.663E+02 2.083E+01 -1.570E+01 4.378E-01  4.438E-02 1.547E-03 1.206E+00
4.685E+02  2.094E+01 -1.570E+01 3.308E-01  4.438E-02 1.547E-03 1.206E+00
4.688E+02  2.097E+01 -1.592E+01 3.165E-01  4.438E-02 1.547E-03 1.206E+00
4.691E+02  2.095E+01 -1.567E+01 4.099E-01  4.438E-02 1.547E-03 1.206E+00
6.203E+02  2.723E+01 -1.474E+01 1.656E+00  4.438E-02 1.547E-03 1.206E+00
6.204E+02  2.744E+01 -1.569E+01 4.985E-01  4.438E-02 1.547E-03 1.206E+00
6.218E+02  2.746E+01 -1.540E+01  5.020E-01  4.438E-02 1.547E-03 1.206E+00
6.224E+02  2.747E+01 -1.574E+01  5.550E-01  4.438E-02 1.547E-03 1.206E+00
7.878E+02  3.423E+01 -1.590E+01 8.253E-01  4.438E-02 1.547E-03 1.206E+00
7.947E+02  3.465E+01 -1.501E+01 6.108E-01  4.438E-02 1.547E-03 1.206E+00
7.954E+02  3.469E+01 -1.563E+01 6.069E-01  4.438E-02 1.547E-03 1.206E+00
7.980E+02  3.481E+01 -1.564E+01 7.816E-01  4.438E-02 1.547E-03 1.206E+00
9.808E+02  4.249E+01 -1.523E+01  6.366E-01  4.438E-02 1.547E-03 1.206E+00
9.826E+02  4.296E+01 -1.583E+01 9.768E-01  4.438E-02 1.547E-03 1.206E+00
9.834E+02  4.272E+01 -1.616E+01 1.222E+00  4.438E-02 1.547E-03 1.206E+00
9.859E+02  4.285E+01 -1.605E+01 1.168E+00  4.438E-02 1.547E-03 1.206E+00
1.060E+03  4.616E+01 -1.621E+01 1.394E+00  4.438E-02 1.547E-03 1.206E+00
1.063E+03  4.620E+01 -1.621E+01 1.619E+00  4.438E-02 1.547E-03 1.206E+00
1.063E+03  4.610E+01 -1.598E+01 1.273E+00  4.438E-02 1.547E-03 1.206E+00
1.143E+03  4.974E+01 -1.594E+01 1.462E+00  4.438E-02 1.547E-03 1.206E+00
1.143E+03  4.979E+01 -1.601E+01 1.538E+00  4.438E-02 1.547E-03 1.206E+00
1.149E+03  5.024E+01 -1.581E+01 2.403E-01  4.438E-02 1.547E-03 1.206E+00
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Table 48: Experimental data for 0° back cavity model with dummy sting with cavity pressure tap.
Mean values over each data event. Air density was 1.2151 kg/m”3 for all tets. Model diameter of

0.04438 m.
Qraw (Pa) Drag (amps) Lift (amps) Side (amps) Cavity Pressure (Pa)
-2.137E-01  3.595E-01 -1.707E+01 -4.552E-02 -7.249E-02
-1.205E-01 3.960E-01 -1.709E+01 -3.761E-02 1.970E-02
3.159E-02 3.712E-01 -1.713E+01 -3.605E-02 -6.128E-02
1.026E-01  3.289E-01 -1.713E+01 -4.026E-02 1.000E-01
6.674E+00 6.725E-01 -1.707E+01 -3.894E-02 -4 518E+00



6.919E+00 6.815E-01 -1.707E+01 -3.334E-02 -4.653E+00
6.966E+00 6.528E-01 -1.710E+01 -4.282E-02 -4.716E+00
6.96/E+00 6.205E-01 -1.712E+01 -4.192E-02 -4.658E+00
3.213E+01 1.737E+00 -1.700E+01 -1.732E-02 -2.132E+01
3.235E+01 1.745E+00 -1.700E+01 -2.625E-02 -2.144E+01
3.239E+01 1.708E+00 -1.706E+01 -3.379E-02 -2.186E+01
3.256E+01 1.677E+00 -1.703E+01 -5.617E-02 -2.162E+01
7.717E+01 3.623E+00 -1.699E+01 -2.039E-03 -5.220E+01
7.751E+01 3.605E+00 -1.692E+01 -3.277E-02 -5.200E+01
7.758E+01 3.666E+00 -1.680E+01 2.407E-02 -5.119E+01
7.777E+01 3.657E+00 -1.666E+01 1.198E-01 -5.122E+01
1.433E+02 6.478E+00 -1.692E+01 1.835E-02 -9.696E+01
1.436E+02 6.409E+00 -1.568E+01 5.871E-01 -9.458E+01
1.437E+02 6.569E+00 -1.686E+01 1.776E-02 -9.762E+01
1.440E+02 6.473E+00 -1.685E+01 -1.465E-03 -9.679E+01
2.295E+02 1.026E+01 -1.670E+01 7.725E-02 -1.566E+02
2.301E+02 1.021E+01 -1.687E+01 4.419E-01 -1.559E+02
2.301E+02 1.023E+01 -1.683E+01 7.770E-02 -1.570E+02
2.301E+02 1.018E+01 -1.661E+01 1.105E-01 -1.536E+02
3.404E+02 1.499E+01 -1.649E+01 2.031E-01 -2.282E+02
3.405E+02 1484E+01 -1577E+01 2.742E-01 -2.246E+02
3.458E+02 1.503E+01 -1.670E+01 1.895E-01 -2.348E+02
3.536E+02 1.501E+01 -1.657E+01 2.035E-01 -2.397E+02
4.711E+02 2.050E+01 -1.625E+01 3.751E-01 -3.109E+02
4.716E+02 2.044E+01 -1.609E+01 3.465E-01 -3.086E+02
4.749E+02 2.064E+01 -1.637E+01 3.732E-01 -3.133E+02
4.760E+02 2.062E+01 -1.659E+01 3.070E-01 -3.175E+02
6.239E+02 2.687E+01 -1.583E+01 5.912E-01 -4.036E+02
6.240E+02 2.690E+01 -1.638E+01 4.414E-01 -4.084E+02
6.280E+02 2.685E+01 -1.619E+01 5.255E-01 -4.043E+02
6.327E+02 2.709E+01 -1.659E+01 4.632E-01 -4.132E+02
8.020E+02 3.391E+01 -1.617E+01 6.453E-01 -5.073E+02
8.039E+02 3.402E+01 -1.602E+01 7.367E-01 -5.077E+02
8.043E+02 3.411E+01 -1.663E+01 7.282E-01 -5.174E+02
8.050E+02 3.424E+01 -1.623E+01 6.132E-01 -5.141E+02
9.968E+02 4.219E+01 -1.694E+01 1.082E+00 -6.432E+02
9.989E+02 4.218E+01 -1.622E+01 8.614E-01 -6.294E+02
9.992E+02 4.243E+01 -1.653E+01 1.017E+00 -6.395E+02
1.000E+03 4.239E+01 -1.628E+01 7.123E-01 -6.349E+02
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Table 49: Experimental data for 10° back cavity model with dummy sting. Mean values over
each data event.

Q raw (Pa) Drag Lift (amps)  Side (amps) Diameter ~ Model Area  Air Density
(amps) (m) (m?) (kg/m®)
-6.993E-03  3.412E-01 -1.712E+01 -6.759E-02  4.438E-02  1.547E-03 1.218E+00
-6.712E-03  3.187E-01 -1.718E+01 -5.439E-02  4.438E-02  1.547E-03 1.218E+00
6.500E-03  2.892E-01 -1.716E+01 -3.955E-02  4.438E-02  1.547E-03 1.206E+00
2.8561E+00 3.861E-01 -1.713E+01 -5.506E-02  4.438E-02  1.547E-03 1.211E+00
7.840E+00 6.188E-01 -1.720E+01 -7.917E-02  4.438E-02  1.547E-03 1.206E+00
9.509E+00 6.815E-01 -1.719E+01 -3.929E-02  4.438E-02  1.547E-03 1.211E+00
3.294E+01 1.767E+00 -1.733E+01 -1.423E-01  4.438E-02  1.547E-03 1.218E+00
3.316E+01 1.802E+00 -1.726E+01 -1.584E-01  4.438E-02  1.547E-03 1.218E+00
3.374E+01 1.744E+00 -1.734E+01 -1.379E-02 4.438E-02  1.547E-03 1.211E+00
3.382E+01 1.752E+00 -1.733E+01 -2.066E-01  4.438E-02  1.547E-03 1.206E+00
7.628E+01 3.712E+00 -1.742E+01 -2.498E-01 4.438E-02 1.547E-03 1.218E+00
7.725E+01 3.674E+00 -1.757E+01 3.061E-03  4.438E-02  1.547E-03 1.211E+00
7.838E+01 3.775E+00 -1.756E+01 -2.528E-01  4.438E-02  1.547E-03 1.218E+00
7.924E+01 3.750E+00 -1.756E+01 -3.945E-01 4.438E-02  1.547E-03 1.206E+00
1.407E+02  6.526E+00 -1.759E+01 -4.016E-01  4.438E-02  1.547E-03 1.218E+00
1411E+02 6.523E+00 -1.785E+01 -2.193E-02 4.438E-02 1.547E-03 1.211E+00
1.425E+02 6.543E+00 -1.792E+01 -6.114E-01  4.438E-02  1.547E-03 1.206E+00
1445E+02 6.670E+00 -1.789E+01 -4.281E-01 4.438E-02 1.547E-03 1.218E+00
2.097E+02 9.503E+00 -1.827E+01 -8.180E-01  4.438E-02  1.547E-03 1.206E+00
2.240E+02  9.986E+00 -1.804E+01 9.727E-02  4.438E-02  1.547E-03 1.211E+00
2.264E+02 1.033E+01 -1.788E+01 -5.431E-01  4.438E-02  1.547E-03 1.218E+00
2.311E+02 1.047E+01 -1.825E+01 -7.135E-01  4.438E-02  1.547E-03 1.218E+00
2.908E+02 1.303E+01 -1.871E+01 -1.085E+00 4.438E-02 1.547E-03 1.206E+00
3.297E+02  1.477E+01 -1.714E+01 -1.097E+00 4.438E-02  1.547E-03 1.211E+00
3.343E+02 1.503E+01 -1.811E+01 -4.631E-01 4.438E-02 1.547E-03 1.218E+00
3.389E+02  1.522E+01 -1.867E+01 -1.241E+00 4.438E-02  1.547E-03 1.218E+00
3.860E+02 1.720E+01 -1.923E+01 -1.295E+00 4.438E-02 1.547E-03 1.206E+00
4.636E+02 2.051E+01 -1.908E+01 -1.646E+00 4.438E-02 1.547E-03 1.218E+00
4.660E+02 2.063E+01 -1.780E+01 -7.029E-01  4.438E-02  1.547E-03 1.218E+00
4920E+02 2.178E+01 -1.977E+01 -1.449E+00 4.438E-02 1.547E-03 1.206E+00
6.130E+02  2.695E+01 -2.014E+01 -2.074E+00 4.438E-02  1.547E-03 1.206E+00
6.179E+02 2.705E+01 -1.936E+01 -2.381E+00 4.438E-02  1.547E-03 1.218E+00
6.216E+02 2.696E+01 -1.687E+01 -9.930E-01  4.438E-02  1.547E-03 1.218E+00
7.505E+02 3.261E+01 -2.066E+01 -2.668E+00 4.438E-02  1.547E-03 1.206E+00
7.618E+02 3.292E+01 -1.667E+01 -1.481E+00 4.438E-02  1.547E-03 1.218E+00
8.197E+02  3.547E+01 -2.069E+01 -3.059E+00 4.438E-02  1.547E-03 1.206E+00
8.939E+02  3.860E+01 -2.010E+01 -3.889E+00 4.438E-02  1.547E-03 1.206E+00



9.044E+02  3.950E+01 -2.090E+01 -2.986E+00  4.438E-02 1.547E-03 1.218E+00
-6.993E-03  3.412E-01 -1.712E+01 -6.759E-02  4.438E-02 1.547E-03 1.218E+00
-6.712E-03  3.187E-01 -1.718E+01 -5.439E-02  4.438E-02 1.547E-03 1.218E+00
6.500E-03  2.892E-01 -1.716E+01 -3.955E-02  4.438E-02 1.547E-03 1.206E+00
2.851E+00 3.861E-01 -1.713E+01 -5.506E-02  4.438E-02 1.547E-03 1.211E+00
7.840E+00  6.188E-01 -1.720E+01 -7.917E-02  4.438E-02 1.547E-03 1.206E+00
9.509E+00  6.815E-01 -1.719E+01 -3.929E-02  4.438E-02 1.547E-03 1.211E+00
3.294E+01 1.767E+00 -1.733E+01 -1.423E-01  4.438E-02 1.547E-03 1.218E+00
3.315E+01  1.802E+00 -1.726E+01 -1.584E-01  4.438E-02 1.547E-03 1.218E+00
3.374E+01  1.744E+00 -1.734E+01 -1.379E-02  4.438E-02 1.547E-03 1.211E+00
3.382E+01  1.752E+00 -1.733E+01 -2.066E-01  4.438E-02 1.547E-03 1.206E+00
7.628E+01  3.712E+00 -1.742E+01 -2.498E-01  4.438E-02 1.547E-03 1.218E+00
7.725E+01  3.674E+00 -1.757E+01  3.061E-03 4.438E-02 1.547E-03 1.211E+00
7.838E+01  3.775E+00 -1.756E+01 -2.528E-01  4.438E-02 1.547E-03 1.218E+00
7.924E+01  3.750E+00 -1.756E+01 -3.945E-01  4.438E-02 1.547E-03 1.206E+00
1.407E+02 6.526E+00 -1.759E+01 -4.016E-01  4.438E-02 1.547E-03 1.218E+00
1.411E+02  6.523E+00 -1.785E+01 -2.193E-02  4.438E-02 1.547E-03 1.211E+00
1.425E+02 6.543E+00 -1.792E+01 -6.114E-01  4.438E-02 1.547E-03 1.206E+00
1.445E+02  6.670E+00 -1.789E+01 -4.281E-01  4.438E-02 1.547E-03 1.218E+00
2.097E+02  9.503E+00 -1.827E+01 -8.180E-01  4.438E-02 1.547E-03 1.206E+00
2.240E+02  9.986E+00 -1.804E+01  9.727E-02 4.438E-02 1.547E-03 1.211E+00
2.264E+02  1.033E+01 -1.788E+01 -5.431E-01  4.438E-02 1.547E-03 1.218E+00
2.311E+02  1.047E+01 -1.825E+01 -7.135E-01  4.438E-02 1.547E-03 1.218E+00
2.908E+02 1.303E+01 -1.871E+01 -1.085E+00  4.438E-02 1.547E-03 1.206E+00
3.297E+02  1477E+01 -1.714E+01 -1.097E+00  4.438E-02 1.547E-03 1.211E+00
3.343E+02  1503E+01 -1.811E+01 -4.631E-01  4.438E-02 1.547E-03 1.218E+00
3.389E+02  1.522E+01 -1.867E+01 -1.241E+00  4.438E-02 1.547E-03 1.218E+00
3.860E+02  1.720E+01 -1.923E+01 -1.295E+00  4.438E-02 1.547E-03 1.206E+00
4.636E+02  2.051E+01 -1.908E+01 -1.646E+00  4.438E-02 1.547E-03 1.218E+00
4.660E+02 2.063E+01 -1.780E+01 -7.029E-01  4.438E-02 1.547E-03 1.218E+00
4.920E+02  2.178E+01 -1.977E+01 -1.449E+00 4.438E-02 1.547E-03 1.206E+00
6.130E+02  2.695E+01 -2.014E+01 -2.074E+00  4.438E-02 1.547E-03 1.206E+00
6.179E+02  2.705E+01 -1.936E+01 -2.381E+00  4.438E-02 1.547E-03 1.218E+00
6.216E+02  2.696E+01 -1.687E+01 -9.930E-01  4.438E-02 1.547E-03 1.218E+00
7.505E+02  3.261E+01 -2.066E+01 -2.668E+00  4.438E-02 1.547E-03 1.206E+00
7.618E+02 3.292E+01 -1.667E+01 -1.481E+00  4.438E-02 1.547E-03 1.218E+00
8.197E+02  3.547E+01 -2.069E+01 -3.059E+00  4.438E-02 1.547E-03 1.206E+00
8.939E+02  3.860E+01 -2.010E+01 -3.889E+00  4.438E-02 1.547E-03 1.206E+00
9.044E+02  3.950E+01 -2.090E+01 -2.986E+00  4.438E-02 1.547E-03 1.218E+00
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Table 50: Experimental data for 25° back cavity model with dummy sting. Mean values over
each data event.

Q raw (Pa) Drag Lift (amps)  Side (amps) Diameter ~ Model Area  Air Density
(amps) (m) (m?) (kg/m®)
-2.341E-02  3.965E-01 -1.710E+01 -4.418E-02  4.444E-02  1.551E-03 1.211E+00
-2.298E-02  2.823E-01 -1.707E+01 5.498E-02  4.444E-02  1.551E-03 1.206E+00
-1.897E-02  2.784E-01 -1.701E+01 -4.839E-02  4.444E-02  1.551E-03 1.206E+00
4.938E+00  5.114E-01 -1.713E+01 7.832E-03  4.444E-02  1.551E-03 1.206E+00
6.691E+00 6.693E-01 -1.720E+01 -3.650E-02  4.444E-02  1.551E-03 1.211E+00
2.125E+01  1.149E+00 -1.741E+01 3.993E-02  4.444E-02  1.551E-03 1.206E+00
3.133E+01 1.656E+00 -1.761E+01 -3.988E-02  4.444E-02  1.551E-03 1.211E+00
3.396E+01 1.581E+00 -1.760E+01 -5.104E-02  4.444E-02  1.551E-03 1.206E+00
4,993E+01 2.244E+00 -1.790E+01 1.281E-01  4.444E-02  1.551E-03 1.206E+00
7.552E+01 3.427E+00 -1.832E+01 -1.465E-02 4.444E-02  1.551E-03 1.211E+00
7.859E+01 3.308E+00 -1.839E+01 -1.190E-02 4.444E-02 1.551E-03 1.206E+00
9.054E+01 3.813E+00 -1.859E+01 2.454E-01  4.444E-02  1.551E-03 1.206E+00
1.400E+02 6.044E+00 -1.923E+01 -1.301E-01 4.444E-02 1.551E-03 1.211E+00
1.428E+02 5.850E+00 -1.945E+01 3.111E-01  4.444E-02  1.551E-03 1.206E+00
1434E+02 5.866E+00 -1.953E+01  1.280E-01 4.444E-02 1.551E-03 1.206E+00
2.093E+02 8.472E+00 -2.058E+01 4.763E-01 4.444E-02 1.551E-03 1.206E+00
2.248E+02 9.484E+00 -2.002E+01 -5.134E-01  4.444E-02  1.551E-03 1.211E+00
2.306E+02  9.281E+00 -2.102E+01 2.319E-01  4.444E-02  1.551E-03 1.206E+00
2.505E+02 1.008E+01 -2.125E+01 6.156E-01  4.444E-02  1.551E-03 1.206E+00
2.919E+02 1.170E+01 -2.195E+01 7.220E-01 4.444E-02 1.551E-03 1.206E+00
3.318E+02 1.380E+01 -2.067E+01 -8.178E-01  4.444E-02  1.551E-03 1.211E+00
3.366E+02 1.351E+01 -2.280E+01 7.149E-01  4.444E-02  1.551E-03 1.206E+00
3.374E+02  1.355E+01 -2.271E+01 8.077E-01 4.444E-02 1.551E-03 1.206E+00
3.868E+02 1.547E+01 -2.348E+01 1.037E+00  4.444E-02  1.551E-03 1.206E+00
4.394E+02 1.757E+01 -2.437E+01 1.347E+00 4.444E-02 1.551E-03 1.206E+00
4.417E+02  1.765E+01 -2.447E+01 1.345E+00  4.444E-02  1.551E-03 1.206E+00
4580E+02 1.869E+01 -2.094E+01 -1.545E+00 4.444E-02 1.551E-03 1.211E+00
4.958E+02 1.976E+01 -2.535E+01 1.070E+00  4.444E-02  1.551E-03 1.206E+00
5.556E+02 2.214E+01 -2.642E+01 6.825E-01  4.444E-02  1.551E-03 1.206E+00
5561E+02 2.219E+01 -2.637E+01 1.615E+00 4.444E-02  1.551E-03 1.206E+00
6.164E+02 2.267E+01 -1.634E+01 1.029E-01  4.444E-02  1.551E-03 1.206E+00
6.186E+02  2.449E+01 -2.738E+01 4.933E-01  4.444E-02  1.551E-03 1.206E+00
6.212E+02 2.539E+01 -1.888E+01 2.182E+00  4.444E-02  1.551E-03 1.206E+00
6.231E+02 2.160E+01 -1.914E+01 -4.202E+00 4.444E-02  1.551E-03 1.211E+00
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Table 51: Experimental data for 45° back cavity model with dummy sting. Mean values over
each data event.
Q raw (Pa) Drag Lift (amps)  Side (amps) Diameter ~ Model Area  Air Density
(amps) (m) (m?) (kg/m®)
-5.052E-02  2.980E-01 -1.695E+01 -5.332E-02  4.444E-02  1.551E-03 1.206E+00
-3.359E-02  4.078E-01 -1.697E+01 -5.487E-02  4.444E-02  1.551E-03 1.211E+00
-2.200E-02  3.318E-01 -1.697E+01 -6.405E-02  4.444E-02  1.551E-03 1.218E+00
-7.103E-03  3.197E-01  -1.693E+01 -6.458E-02  4.444E-02  1.551E-03 1.218E+00
6.919E+00  5.853E-01 -1.709E+01 -5.255E-02  4.444E-02  1.551E-03 1.211E+00
8.450E+00  5.072E-01  -1.708E+01 -3.879E-02  4.444E-02  1.551E-03 1.206E+00
3.248E+01  1.269E+00 -1.756E+01 -3.975E-02  4.444E-02  1.551E-03 1.211E+00
3.450E+01  1.243E+00 -1.756E+01 -9.458E-02  4.444E-02  1.551E-03 1.218E+00
3.473E+01  1.243E+00 -1.762E+01 -1.436E-01  4.444E-02  1.551E-03 1.218E+00
3.632E+01  1.214E+00 -1.761E+01 -1.050E-04  4.444E-02  1.551E-03 1.206E+00
7.828E+01  2.440E+00 -1.856E+01 -2.844E-02  4.444E-02  1.551E-03 1.211E+00
7.873E+01  2.415E+00 -1.853E+01 -1.527E-01  4.444E-02  1.551E-03 1.218E+00
7.969E+01  2.425E+00 -1.863E+01 -3.502E-01  4.444E-02  1.551E-03 1.218E+00
8.497E+01  2.398E+00 -1.860E+01 1.021E-01  4.444E-02  1.551E-03 1.206E+00
1.459E+02  4.206E+00 -1.999E+01 -1.412E-01  4.444E-02  1.551E-03 1.211E+00
1.472E+02  4.225E+00 -1.999E+01 -2.261E-01  4.444E-02  1.551E-03 1.218E+00
1.480E+02  4.228E+00 -2.010E+01 -5.073E-01  4.444E-02  1.551E-03 1.218E+00
1.542E+02  4.139E+00 -2.003E+01 1.702E-01  4.444E-02  1.551E-03 1.206E+00
2.336E+02  6.604E+00 -2.194E+01 -4.373E-01  4.444E-02  1.551E-03 1.211E+00
2.375E+02  6.694E+00 -2.200E+01 -3.868E-01  4.444E-02  1.551E-03 1.218E+00
2.377E+02  6.683E+00 -2.206E+01 -1.353E+00  4.444E-02  1.551E-03 1.218E+00
2.478E+02  6.451E+00 -2.188E+01 -3.817E-01  4.444E-02  1.551E-03 1.206E+00
3.457E+02  9.779E+00 -2.415E+01 -3.788E-01  4.444E-02  1.551E-03 1.211E+00
3.502E+02  9.872E+00 -2.455E+01 -2.330E+00  4.444E-02  1.551E-03 1.218E+00
3.534E+02  9.895E+00 -2.457E+01 -5.546E-01  4.444E-02  1.551E-03 1.218E+00
3.609E+02  9.479E+00 -2.400E+01 -1.008E+00  4.444E-02  1.551E-03 1.206E+00
4.643E+02  1.036E+01 -1.892E+01 1.224E+00  4.444E-02  1.551E-03 1.206E+00
4.749E+02  1.298E+01 -2.690E+01 -8.236E-01  4.444E-02  1.551E-03 1.211E+00
4.883E+02  1.386E+01 -2.740E+01 -1.690E+00  4.444E-02  1.551E-03 1.218E+00
4.905E+02  1.393E+01 -2.722E+01 -4.956E+00  4.444E-02  1.551E-03 1.218E+00
6.533E+02  1.870E+01 -3.093E+01 -1.948E+00  4.444E-02  1.551E-03 1.218E+00
6.541E+02  1.894E+01 -3.275E+01 -5.978E+00 4.444E-02  1.551E-03 1.218E+00
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Table 52: Experimental data for 0° back cavity model without dummy sting. Mean values over
each data event.

Q raw (Pa) Drag Lift (amps)  Side (amps) Diameter ~ Model Area  Air Density
(amps) (m) (m?) (kg/m®)

-5.052E-02  2.980E-01  -1.695E+01 -5.332E-02  4.444E-02 1.551E-03 1.206E+00

-3.359E-02  4.078E-01 -1.697E+01 -5.487E-02  4.444E-02 1.551E-03 1.211E+00

-2.200E-02  3.318E-01 -1.697E+01 -6.405E-02  4.444E-02 1.551E-03 1.218E+00

-7.103E-03  3.197E-01  -1.693E+01 -6.458E-02  4.444E-02 1.551E-03 1.218E+00

6.919E+00  5.853E-01 -1.709E+01 -5.255E-02  4.444E-02 1.551E-03 1.211E+00

8.450E+00  5.072E-01 -1.708E+01 -3.879E-02  4.444E-02 1.551E-03 1.206E+00

3.248E+01  1.269E+00 -1.756E+01 -3.975E-02  4.444E-02 1.551E-03 1.211E+00

3.450E+01  1.243E+00 -1.756E+01 -9.458E-02  4.444E-02 1.551E-03 1.218E+00

3.473E+01  1.243E+00 -1.762E+01 -1.436E-01  4.444E-02 1.551E-03 1.218E+00

3.632E+01  1.214E+00 -1.761E+01 -1.050E-04  4.444E-02 1.551E-03 1.206E+00

7.828E+01  2.440E+00 -1.856E+01 -2.844E-02  4.444E-02 1.551E-03 1.211E+00

7.873E+01  2.415E+00 -1.853E+01 -1.527E-01  4.444E-02 1.551E-03 1.218E+00

7.969E+01 2.425E+00 -1.863E+01 -3.502E-01  4.444E-02 1.551E-03 1.218E+00

8.497E+01  2.398E+00 -1.860E+01 1.021E-01 4.444E-02 1.551E-03 1.206E+00

1.459E+02  4.206E+00 -1.999E+01 -1.412E-01  4.444E-02 1.551E-03 1.211E+00

1.472E+02  4.225E+00 -1.999E+01 -2.261E-01  4.444E-02 1.551E-03 1.218E+00

1.480E+02  4.228E+00 -2.010E+01 -5.073E-01  4.444E-02 1.551E-03 1.218E+00

1.542E+02  4.139E+00 -2.003E+01  1.702E-01 4.444E-02 1.551E-03 1.206E+00

2.336E+02  6.604E+00 -2.194E+01 -4.373E-01  4.444E-02 1.551E-03 1.211E+00

2.375E+02  6.694E+00 -2.200E+01 -3.868E-01  4.444E-02 1.551E-03 1.218E+00

2.377E+02  6.683E+00 -2.206E+01 -1.353E+00  4.444E-02 1.551E-03 1.218E+00

2478E+02  6.451E+00 -2.188E+01 -3.817E-01  4.444E-02 1.551E-03 1.206E+00

3.457E+02  9.779E+00 -2.415E+01 -3.788E-01  4.444E-02 1.551E-03 1.211E+00

3.502E+02  9.872E+00 -2.455E+01 -2.330E+00  4.444E-02 1.551E-03 1.218E+00

3.534E+02  9.895E+00 -2.457E+01 -5.546E-01  4.444E-02 1.551E-03 1.218E+00

3.609E+02  9.479E+00 -2.400E+01 -1.008E+00  4.444E-02 1.551E-03 1.206E+00

4.643E+02  1.036E+01 -1.892E+01 1.224E+00  4.444E-02 1.551E-03 1.206E+00

4.749E+02  1.298E+01 -2.690E+01 -8.236E-01  4.444E-02 1.551E-03 1.211E+00

4.883E+02  1.386E+01 -2.740E+01 -1.690E+00  4.444E-02 1.551E-03 1.218E+00

4.905E+02  1.393E+01 -2.722E+01 -4.956E+00  4.444E-02 1.551E-03 1.218E+00

6.533E+02  1.870E+01 -3.093E+01 -1.948E+00  4.444E-02 1.551E-03 1.218E+00

6.541E+02  1.894E+01 -3.275E+01 -5.978E+00  4.444E-02 1.551E-03 1.218E+00
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Table 53: Experimental data for 0° free-flying model. Mean values over each data event Model
diameter 0.04442 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m?®)
-2.416E-02 -2.713E-02 -1.765E+01 -6.604E-02 1.206E+00
-2.404E-02 6.940E-02 -1.766E+01 -3.365E-02 1.206E+00
7.538E-03 2.762E-01 -1.765E+01 -4.959E-02 1.197E+00
1.759E-02 1.543E-01 -1.759E+01 -4.945E-02 1.197E+00
1.622E+02 7.253E+00 -1.753E+01 -2.201E-01 1.206E+00
1.630E+02 7.403E+00 -1.757E+01 1.107E-02 1.206E+00
1.638E+02 7.455E+00 -1.730E+01 7.043E-02 1.197E+00
1.647E+02 7.621E+00 -1.723E+01 4.116E-02 1.197E+00
3.275E+02 1.465E+01 -1.740E+01 -4.320E-01 1.206E+00
3.290E+02 1.483E+01 -1.737E+01 1.261E-01 1.206E+00
3.313E+02 1.492E+01 -1.698E+01 1.817E-01 1.197E+00
3.331E+02 1.515E+01 -1.687E+01 1.624E-01 1.197E+00
4.977E+02 2.213E+01 -1.735E+01 -6.693E-01 1.206E+00
4.987E+02 2.233E+01 -1.714E+01 2.699E-01 1.206E+00
5.004E+02 2.244E+01 -1.658E+01 2.324E-01 1.197E+00
5.014E+02 2.238E+01 -1.671E+01 3.450E-01 1.197E+00
6.708E+02 2.970E+01 -1.651E+01 5.393E-01 1.197E+00
6.735E+02 2.973E+01 -1.723E+01 -8.976E-01 1.206E+00
6.745E+02 2.995E+01 -1.634E+01 4.479E-01 1.197E+00
6.758E+02 2.990E+01 -1.701E+01 3.679E-01 1.206E+00
8.460E+02 3.722E+01 -1.637E+01 7.320E-01 1.197E+00
8.473E+02 3.716E+01 -1.705E+01 -9.633E-01 1.206E+00
8.484E+02 3.745E+01 -1.612E+01 5.740E-01 1.197E+00
8.487E+02 3.737E+01 -1.696E+01 5.392E-01 1.206E+00
1.016E+03 4.461E+01 -1.633E+01 1.012E+00 1.197E+00
1.016E+03 4.470E+01 -1.722E+01 -1.170E+00 1.206E+00
1.018E+03 4.488E+01 -1.623E+01 8.414E-01 1.197E+00
1.019E+03 4.485E+01 -1.727E+01 8.355E-01 1.206E+00
1.184E+03 5.206E+01 -1.719E+01 -1.131E+00 1.206E+00
-2.416E-02 -2.713E-02 -1.765E+01 -6.604E-02 1.206E+00
-2.404E-02 6.940E-02 -1.766E+01 -3.365E-02 1.206E+00
7.538E-03 2.762E-01 -1.765E+01 -4.959E-02 1.197E+00
1.759E-02 1.543E-01 -1.759E+01 -4.945E-02 1.197E+00
1.622E+02 7.253E+00 -1.753E+01 -2.201E-01 1.206E+00
1.630E+02 7.403E+00 -1.757E+01 1.107E-02 1.206E+00
1.638E+02 7.455E+00 -1.730E+01 7.043E-02 1.197E+00
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1.647E+02 7.621E+00 -1.723E+01 4.116E-02 1.197E+00
3.275E+02 1.465E+01 -1.740E+01 -4.320E-01 1.206E+00
3.290E+02 1.483E+01 -1.737E+01 1.261E-01 1.206E+00
3.313E+02 1.492E+01 -1.698E+01 1.817E-01 1.197E+00
3.331E+02 1.515E+01 -1.687E+01 1.624E-01 1.197E+00
4.977E+02 2.213E+01 -1.735E+01 -6.693E-01 1.206E+00
4.987E+02 2.233E+01 -1.714E+01 2.699E-01 1.206E+00
5.004E+02 2.244E+01 -1.658E+01 2.324E-01 1.197E+00
5.014E+02 2.238E+01 -1.671E+01 3.450E-01 1.197E+00
6.708E+02 2.970E+01 -1.651E+01 5.393E-01 1.197E+00
6.735E+02 2.973E+01 -1.723E+01 -8.976E-01 1.206E+00
6.745E+02 2.995E+01 -1.634E+01 4.479E-01 1.197E+00
6.758E+02 2.990E+01 -1.701E+01 3.679E-01 1.206E+00

Table 54: Experimental data for 5° free-flying model. Mean values over each data event Model
diameter 0.04441 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m®)
-5.228E-03 6.346E-02 -1.765E+01 -3.830E-02 1.197E+00
-1.652E-03 1.405E-01 -1.767E+01 -4.393E-02 1.206E+00
5.057E-03 1.560E-01 -1.770E+01 -3.237E-02 1.197E+00
1.617E+02 7.381E+00 -1.749E+01 -5.884E-01 1.206E+00
1.638E+02 7.309E+00 -1.758E+01 -6.216E-02 1.197E+00
1.642E+02 7.459E+00 -1.737E+01 -5.878E-01 1.197E+00
3.246E+02 1.468E+01 -1.757E+01 -1.324E+00 1.206E+00
3.303E+02 1.484E+01 -1.715E+01 -1.345E+00 1.197E+00
3.307E+02 1.474E+01 -1.741E+01 -1.166E-01 1.197E+00
4.906E+02 2.211E+01 -1.76 7E+01 -2.034E+00 1.206E+00
4.999E+02 2.221E+01 -1.730E+01 -1.586E-01 1.197E+00
5.009E+02 2.247E+01 -1.728E+01 -2.281E+00 1.197E+00
6.650E+02 2.959E+01 -1.716E+01 -2.627E+00 1.206E+00
6.717E+02 2.957E+01 -1.726E+01 -2.281E-01 1.197E+00
6.740E+02 2.996E+01 -1.718E+01 -3.059E+00 1.197E+00
8.381E+02 3.698E+01 -1.733E+01 -3.209E+00 1.206E+00
8.435E+02 3.696E+01 -1.724E+01 -3.151E-01 1.197E+00
8.455E+02 3.695E+01 -1.635E+01 -2.977E+00 1.197E+00
9.984E+02 3.520E+01 -1.811E+01 -3.983E-01 1.206E+00
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Table 55: Experimental data for 10° free-flying model. Mean values over each data event Model
diameter 0.04441 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m?)
-6.286E-03 2.510E-01 -1.767E+01 -4.314E-02 1.206E+00
3.095E-03 9.633E-02 -1.76 7TE+01 -4.449E-02 1.197E+00
6.703E-03 4.495E-02 -1.765E+01 -4.340E-02 1.197E+00
1.611E+02 7.429E+00 -1.795E+01 -1.128E+00 1.206E+00
1.653E+02 7.291E+00 -1.809E+01 -8.359E-01 1.197E+00
1.657E+02 7.164E+00 -1.743E+01 3.976E-01 1.197E+00
3.268E+02 1.483E+01 -1.855E+01 -2.092E+00 1.206E+00
3.337E+02 1.436E+01 -1.760E+01 9.437E-03 1.197E+00
3.338E+02 1.462E+01 -1.878E+01 -2.003E+00 1.197E+00
4.954E+02 2.227E+01 -1.933E+01 -2.775E+00 1.206E+00
5.024E+02 2.166E+01 -1.791E+01 -7.000E-02 1.197E+00
5.026E+02 2.192E+01 -1.953E+01 -3.077E+00 1.197E+00
6.671E+02 2.889E+01 -1.807E+01 -2.365E+00 1.206E+00
6.730E+02 2.891E+01 -1.829E+01 -4.954E-03 1.197E+00
6.781E+02 2.869E+01 -1.956E+01 -2.545E+00 1.197E+00
8.383E+02 3.668E+01 -1.649E+01 1.917E-01 1.206E+00
8.444E+02 3.617E+01 -1.871E+01 8.809E-03 1.197E+00
1.004E+03 4.400E+01 -1.639E+01 3.740E-01 1.206E+00
1.013E+03 4.348E+01 -1.963E+01 1.904E-01 1.206E+00

Table 56: Experimental data for 15° free-flying model. Mean values over each data event Model
diameter 0.04442 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m®)
-1.312E-02 6.805E-02 -1.767E+01 -4.512E-02 1.206E+00
3.624E-03 1.494E-02 -1.766E+01 -4.032E-02 1.197E+00
7.242E-03 1.075E-01 -1.768E+01 -4.289E-02 1.197E+00
1.622E+02 7.077E+00 -1.902E+01 -1.091E+00 1.206E+00
1.631E+02 7.130E+00 -1.874E+01 -1.133E+00 1.197E+00
1.643E+02 6.954E+00 -1.762E+01 -1.884E-02 1.197E+00
3.271E+02 1.418E+01 -2.030E+01 -2.276E+00 1.206E+00
3.287E+02 1.394E+01 -1.776E+01 -1.862E-02 1.197E+00
3.299E+02 1.432E+01 -2.021E+01 -2.346E+00 1.197E+00
4.949E+02 2.128E+01 -2.157E+01 -3.201E+00 1.206E+00
4.956E+02 2.100E+01 -1.773E+01 -1.057E-01 1.197E+00
4.998E+02 2.138E+01 -2.064E+01 -3.455E+00 1.197E+00
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6.645E+02 2.828E+01 -1.792E+01 -1.263E-01 1.206E+00
6.673E+02 2.839E+01 -1.761E+01 -1.300E-01 1.197E+00
6.679E+02 2.822E+01 -1.796E+01 -5.021E-02 1.197E+00
8.355E+02 3.546E+01 -1.831E+01 -1.783E-01 1.206E+00
8.372E+02 3.536E+01 -1.821E+01 -7.951E-02 1.197E+00
8.372E+02 3.556E+01 -1.780E+01 -2.020E-01 1.197E+00
1.006E+03 4.253E+01 -1.894E+01 8.418E-02 1.206E+00
1.007E+03 4.279E+01 -1.878E+01 -1.593E-01 1.206E+00
1.007E+03 4.276E+01 -1.829E+01 -2.954E-01 1.197E+00

Table 57: Experimental data for 20° free-flying model. Mean values over each data event Model
diameter 0.04444 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m?3)
-1.323E-02 -3.604E-02 -1.765E+01 -4.032E-02 1.206E+00
-9.260E-03 9.759E-02 -1.764E+01 -5.157E-02 1.206E+00
6.781E-04 7.391E-02 -1.763E+01 -3.437E-02 1.197E+00
7.255E-03 1.715E-01 -1.764E+01 -4.119E-02 1.197E+00
1.630E+02 6.587E+00 -1.975E+01 -8.976E-01 1.206E+00
1.635E+02 6.785E+00 -1.954E+01 -1.048E+00 1.206E+00
1.651E+02 6.718E+00 -1.860E+01 -1.078E+00 1.197E+00
1.655E+02 6.938E+00 -1.941E+01 -1.487E+00 1.197E+00
3.287E+02 1.334E+01 -2.192E+01 -2.043E+00 1.206E+00
3.306E+02 1.364E+01 -2.159E+01 -2.183E+00 1.206E+00
3.329E+02 1.357E+01 -2.048E+01 -2.885E+00 1.197E+00
3.351E+02 1.393E+01 -2.144E+01 -2.535E+00 1.197E+00
5.003E+02 1.964E+01 -1.889E+01 -9.381E-01 1.206E+00
5.018E+02 1.969E+01 -1.737E+01 3.094E-02 1.197E+00
5.025E+02 1.951E+01 -2.081E+01 -1.993E+00 1.206E+00
5.038E+02 2.000E+01 -1.885E+01 -1.302E+00 1.197E+00
6.682E+02 2.699E+01 -1.807E+01 -1.137E-01 1.206E+00
6.686E+02 2.704E+01 -1.836E+01 -1.124E-01 1.206E+00
6.715E+02 2.694E+01 -1.717E+01 1.668E-01 1.197E+00
6.747E+02 2.692E+01 -1.738E+01 5.922E-02 1.197E+00
8.406E+02 3.402E+01 -1.878E+01 -1.704E-01 1.206E+00
8.417E+02 3.409E+01 -1.851E+01 -1.817E-01 1.206E+00
8.419E+02 3.380E+01 -1.707E+01 2.070E-01 1.197E+00
8.467E+02 3.376E+01 -1.754E+01 1.323E-01 1.197E+00
1.009E+03 4.106E+01 -1.907E+01 -6.702E-02 1.206E+00
1.009E+03 4.104E+01 -1.944E+01 -1.172E-01 1.206E+00
1.013E+03 4.102E+01 -1.726E+01 4.174E-01 1.197E+00



1.020E+03

4.078E+01

-1.776E+01

2.297E-01

1.197E+00
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1.091E+03

4.448E+01

-1.992E+01

5.763E-02

1.206E+00

Table 58: Experimental data for 25° free-flying model. Mean values over each data event Model
diameter 0.04443 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m?)
-1.643E-02 5.211E-03 -1.762E+01 -4.084E-02 1.206E+00
-6.669E-03 2.243E-01 -1.761E+01 -4.454E-02 1.197E+00
-5.336E-04 1.282E-01 -1.760E+01 -4.452E-02 1.197E+00
1.659E+02 6.421E+00 -2.022E+01 -3.929E-02 1.206E+00
1.671E+02 6.389E+00 -1.953E+01 -8.921E-01 1.197E+00
1.671E+02 6.676E+00 -2.017E+01 -9.345E-01 1.197E+00
3.332E+02 1.290E+01 -2.304E+01 2.651E-02 1.206E+00
3.361E+02 1.324E+01 -2.241E+01 -2.097E+00 1.197E+00
3.367E+02 1.289E+01 -2.256E+01 -2.087E+00 1.197E+00
5.021E+02 1.886E+01 -1.747E+01 4.793E-03 1.206E+00
5.049E+02 1.843E+01 -1.804E+01 1.018E-01 1.197E+00
5.083E+02 1.855E+01 -1.783E+01 -8.042E-01 1.197E+00
6.770E+02 2.585E+01 -1.781E+01 -1.918E-01 1.206E+00
6.785E+02 2.535E+01 -1.724E+01 -1.064E-01 1.197E+00
6.796E+02 2.523E+01 -1.803E+01 6.064E-02 1.197E+00
8.500E+02 3.260E+01 -1.792E+01 -1.438E-01 1.206E+00
8.519E+02 3.200E+01 -1.718E+01 -2.100E-01 1.197E+00
8.520E+02 3.175E+01 -1.833E+01 4.067E-02 1.197E+00
1.018E+03 3.943E+01 -1.829E+01 -1.696E-01 1.206E+00
1.022E+03 3.840E+01 -1.879E+01 5.256E-02 1.206E+00
1.027E+03 3.890E+01 -1.718E+01 -7.748E-02 1.197E+00
1.104E+03 4.281E+01 -1.863E+01 -9.884E-02 1.206E+00
-1.643E-02 5.211E-03 -1.762E+01 -4.084E-02 1.206E+00
-6.669E-03 2.243E-01 -1.761E+01 -4.454E-02 1.197E+00
-5.336E-04 1.282E-01 -1.760E+01 -4.452E-02 1.197E+00
1.659E+02 6.421E+00 -2.022E+01 -3.929E-02 1.206E+00
1.671E+02 6.389E+00 -1.953E+01 -8.921E-01 1.197E+00
1.671E+02 6.676E+00 -2.017E+01 -9.345E-01 1.197E+00
3.332E+02 1.290E+01 -2.304E+01 2.651E-02 1.206E+00



148

Table 59: Experimental data for 35° free-flying model. Mean values over each data event Model
diameter 0.04446 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m®)
-2.857E-02 -7.694E-02 -1.755E+01 -6.919E-02 1.206E+00
-9.544E-03 1.401E-01 -1.756E+01 -4.868E-02 1.197E+00
-4.651E-03 6.605E-02 -1.752E+01 -3.694E-02 1.197E+00
2.304E-03 5.281E-02 -1.751E+01 -4.509E-02 1.206E+00
1.666E+02 5.520E+00 -2.075E+01 -1.015E-01 1.197E+00
1.666E+02 5.143E+00 -2.075E+01 -8.668E-01 1.206E+00
1.671E+02 5.413E+00 -2.064E+01 -1.545E-01 1.197E+00
1.683E+02 5.643E+00 -2.077E+01 1.197E-01 1.206E+00
3.335E+02 1.043E+01 -2.399E+01 -2.114E+00 1.206E+00
3.374E+02 1.118E+01 -2.425E+01 4.903E-01 1.197E+00
3.381E+02 1.136E+01 -2.404E+01 9.766E-01 1.206E+00
3.386E+02 1.102E+01 -2.429E+01 7.190E-01 1.197E+00
5.078E+02 1.560E+01 -1.857E+01 2.352E-01 1.197E+00
5.093E+02 1.571E+01 -1.903E+01 8.332E-01 1.197E+00
5.114E+02 1.582E+01 -2.658E+01 -2.974E+00 1.206E+00
5.120E+02 1.612E+01 -1.655E+01 -5.024E-01 1.206E+00
6.804E+02 2.151E+01 -1.802E+01 5.034E-01 1.197E+00
6.813E+02 2.173E+01 -1.746E+01 6.035E-01 1.197E+00
6.891E+02 2.155E+01 -1.808E+01 -1.749E-01 1.206E+00
6.894E+02 2.261E+01 -1.750E+01 -1.472E-01 1.206E+00
8.550E+02 2.761E+01 -1.818E+01 8.380E-01 1.197E+00
8.653E+02 2.723E+01 -1.821E+01 -9.848E-02 1.206E+00
8.661E+02 2.862E+01 -1.747E+01 -2.230E-01 1.206E+00
8.769E+02 2.752E+01 -1.975E+01 1.057E-01 1.197E+00
1.033E+03 3.293E+01 -1.846E+01 6.940E-02 1.206E+00
1.038E+03 3.329E+01 -1.802E+01 5.561E-01 1.197E+00
1.040E+03 3.473E+01 -1.737E+01 -3.732E-02 1.206E+00
1.063E+03 3.502E+01 -1.907E+01 -9.286E-02 1.197E+00
1.126E+03 3.780E+01 -1.747E+01 -5.839E-02 1.206E+00
1.195E+03 3.845E+01 -1.867E+01 1.875E-01 1.206E+00
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Table 60: Experimental data for 45° free-flying model. Mean values over each data event Model
diameter 0.04445 m..

Q raw (Pa) Drag (amps) Lift (amps) Side (amps) Air Density (kg/m®)
-1.664E-02 1.893E-01 -1.757E+01 -4.859E-02 1.197E+00
-4.794E-03 2.438E-01 -1.749E+01 -5.530E-02 1.206E+00
3.090E-03 1.248E-01 -1.755E+01 -4.334E-02 1.197E+00
1.707E+02 4.805E+00 -2.118E+01 -8.492E-02 1.197E+00
1.717E+02 4.643E+00 -2.128E+01 -2.038E-02 1.197E+00
1.729E+02 4.993E+00 -2.096E+01 9.335E-02 1.206E+00
3.479E+02 9.807E+00 -2.393E+01 3.719E-01 1.206E+00
3.486E+02 9.387E+00 -2.384E+01 2.028E-01 1.197E+00
3.488E+02 9.610E+00 -2.406E+01 -1.036E-01 1.197E+00
5.299E+02 1.592E+01 -1.978E+01 -6.971E-01 1.206E+00
5.303E+02 1.561E+01 -2.051E+01 4.323E-01 1.197E+00
5.308E+02 1.453E+01 -1.969E+01 -2.768E-01 1.197E+00
7.129E+02 2.062E+01 -1.947E+01 -1.102E-01 1.197E+00
7.235E+02 2.142E+01 -2.112E+01 -1.874E-01 1.197E+00
7.307E+02 2.022E+01 -2.083E+01 -2.911E-01 1.206E+00
8.997E+02 2.586E+01 -1.967E+01 -1.197E-01 1.197E+00
9.090E+02 2.512E+01 -2.054E+01 8.528E-03 1.197E+00
9.155E+02 2.615E+01 -2.119E+01 -2.399E-01 1.206E+00
1.078E+03 3.139E+01 -1.968E+01 -1.007E-01 1.197E+00
1.091E+03 3.070E+01 -2.059E+01 -1.165E-02 1.197E+00

B.7 Reference Data

Table 61: Reference data for Stardust capsule aerodynamics taken at a Reynolds number of 9e5
after transformation into experimental coordinate system.

AO0A (degrees) CD CL Cm

0.00 0.8739 0.0000 0.0000
2.02 0.8755 0.0256 -0.0058
4.00 0.8766 0.0494 -0.0115
6.04 0.8764 0.0749 -0.0171
7.99 0.8757 0.0985 -0.0227
12.02 0.8719 0.1491 -0.0332
16.01 0.8614 0.1967 -0.0446
20.00 0.8455 0.2425 -0.0573
24.01 0.8156 0.2842 -0.0676
28.01 0.7652 0.3102 -0.0757



APPENDIX C. COMPUTER CODES

C.1 MATLAB Code
Balance Reduction

function output=getStingData (data)
%Separate data from matrix

%Raw voltages
voltageD=data(:,2:8);

%Tare Voltages

tareD=data(:,9:14);
%Characteristic Length
L=data(:,16);

%$Air Density

density=data(:,15);

%Calculate Model Area
S=pi().*(L./2)."2;

%Calculate approximate shperical model volume
V=(4/3)*pi().*(L./2)."3;

%$Dynamic Pressure
pressureD=data(:,1);

number=length (pressureD) ;
record=[];

for i=1:1:number
%$Iterate Tare Calculations
voltageT=tareD (i, :);
[tare,~,~,~]=gettare (voltageT);
%$Iterate Force and Moment calculations
voltage=voltageD (i, :);
[FM, RecordP,RecordFM, RecordE]=calculateFM(voltage, tare);
record=vertcat (record,FM") ;
end
%$Interpolate pressure using sensor calibration
for i=1:1:number

pressureD(i)= pressureD(i)*0.9970+7.697;
if pressureD(i)<0
pressureD (i) =0;

end
end
re=[];
v=[];

S$perform wake corrections

for i=1:1:number
Cdu=record (i, 2)/ (pressureD (i) *S(i)) ;
Es0lid=0.8*(V(i))/(0.020985)"(3/2);
Ewake= (Cdu*S(i)/(4*0.020985)) ;
pressureD (i)=pressureD (i) * (l+Ewake+Esolid) "2;
%calculate velocity and reynolds number
v (i)=sqgrt (pressureD (i) *2/density (i));
re(i)=v (i) *L (i) *density(i)/ (1.846e-5);

end
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coefficients=][];
$reduce coefficients from forces and moments
for i=1:1:number

coefficients (i, 1)=record(i,1)/ (pressureD(i)*S(i));
coefficients(i,2)=record(i,2)/ (pressureD (i) *S(1i));
coefficients (i, 3)=record(i,3)/ (pressureD (i) *S(i)*L(1));
coefficients (i, 4)=record(i,4)/ (pressureD (i) *S(i)*L(1));
coefficients (i, 5)=record(i,5)/ (pressureD(i)*S(i)*L(1));
coefficients (i, 6)=record (i, 6)/ (pressureD(i)*S(i));

end

output=[1]1;

Interim=horzcat (pressureD, re',v',record,coefficients,density,L);

$Take individual samples and reduce to mean values and standard deviaton
while isempty(Interim)==false
result=[];
for index=1:1:17
value=mean (Interim(1:20, index)) ;
result= horzcat (result,value);
end
for index=1:1:15
value=std(Interim(1:20, index));
result= horzcat (result,value);
end
output=vertcat (output, result) ;

Interim(1:21,:)=[];
end

end

function [FM,RecordP,RecordFM,RecordE]=gettare (voltage)
%$Load first order corrections

oe

% Cl=[1.00000E+00 0.00000E+00 0.00000E+00 -8.65140E-02 -3.30260E-03 -
2.25000E-02;

% 5.37320E-03 1.00000E+00 -1.33390E-03 9.86480E-03 -1.00000E-02 -
1.25080E-02;

% -1.88620E-02 2.13150E-03 1.00000E+00 -8.89050E-02 -1.05160E-02
3.53270E-03;

% 7.27370E-04 0.00000E+00 4.64280E-03 1.00000E+00 -2.31530E-02 1.79320E-
02;

% -2.00320E-03 0.00000E+00 6.34270E-03 -3.28290E-02 1.00000E+00 -
2.80650E-03;

% 7.99690E-03 0.00000E+00 -1.62600E-03 1.10570E-02 4.36640E-03
1.00000E+007;

o\°

%$load second order corrections
=[-3.65640E-05 4.04370E-04 0.00000E+00 0.00000E+00 0.00000E+0O0

o\°

0.00000E+00 0.00000E+00 -2.03650E-04 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -4.43170E-04 -
6.22950E-04 0.00000E+00 0.00000E+00 0.00000E+00;

% -1.77910E-04 6.24210E-04 1.94870E-04 0.00000E+00 -2.37370E-05

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
6.29900E-05 0.00000E+00 0.00000E+00 0.00000E+00 5.28100E-04 -7.77700E-04
0.00000E+00 -6.80530E-05 3.05800E-04 -1.58380E-04;
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o\

0.00000E+00 -2.01570E-04 -5.76680E-05 0.00000E+00 -6.36520E-05
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -4.38540E-04 -
.80350E-04 0.00000E+00 0.00000E+00 0.00000E+00;

0.00000E+00 0.00000E+00 0.00000E+00 -5.20030E-05 -5.94410E-05
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 1.00700E-04 0.00000E+00 0.00000E+00 -
.33450E-04 0.00000E+00 0.00000E+00 0.00000E+00;

-2.41090E-05 0.00000E+00 0.00000E+00 2.07110E-04 -3.79190E-05

P O O o = OO

o

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 1.27230E-04 -2.60450E-04
0.00000E+00 5.56750E-04 -3.94160E-05 0.00000E+00 0.00000E+00 0.00000E+00
1.06650E-04 0.00000E+00 -1.24420E-04 0.00000E+00;

% —2.24910E-05 0.00000E+00 0.00000E+00 7.47910E-04 -3.84240E-05
0.00000E+00 0.00000E+00 0.00000E+00 1.04700E-04 -2.90560E-04 2.21030E-04
0.00000E+00 4.37960E-04 -2.53810E-05 4.01870E-05 0.00000E+00 0.00000E+00
0.00000E+00 -2.57760E-05 0.00000E+00 0.00000E+007;

% %distribute 6 sensitivity constants to matrix diagonal

% sensconst=zeros (6,6);

% values=[1.08313E+01 5.02570E+00 1.56478E+01 8.65210E+00 1.10390E+01
7.79940E+00];

%% 2019 Ccal
$Load first order corrections

Cl=[1 -4.45E-04 5.46E-04 -8.73E-02 -3.05E-03 -2.52E-02;
6.12E-03 1 -1.29E-03 9.84E-03 -9.88E-03 -1.24E-02;
-2.09E-02 -1.40E-03 1 -8.95E-02 -1.32E-02 3.26E-03;

1.95E-03 2.60E-05 4.06E-03 1.00E+00 -2.25E-02 1.59E-02;
-2.11E-03 1.69E-03 8.90E-03 -3.31E-02 1.00E+00 -4.56E-03;
1.06E-02 3.34E-05 -1.43E-03 1.15E-02 4.34E-03 1.00E+007;

%load second order corrections

C2=[2.6005E-05 2.9707E-04 1.9142E-05 5.1063E-06 0.0000E+00 0.000Q0E+00 -
1.3123E-04 0.0000E+00 0.0000E+00 0.00QOE+00 0.0000E+00 4.6104E-06 -
3.1474E-05 0.0000E+00 0.0000E+00 -9.3050E-05 -4.7859E-05 0.0000E+00
2.6676E-05 0.0000E+00 2.0903E-06;

-1.9734E-04 7.7198E-04 1.6778E-04 5.5213E-06 0.0000E+00 O0.0000E+00
3.2050E-04 0.0000E+00 O0.0000E+00 O0.0000E+00 0.00O0O0E+00 5.4682E-05 -
1.0550E-05 0.0000E+00 0.0000E+00 5.3799E-04 -7.8428E-04 0.0000E+00 -
4.8960E-05 0.0000E+00 -1.7673E-04;

-2.6594E-05 2.4841E-04 -4.4250E-06 -2.4201E-04 0.0000E+00 O0.0000E+00
3.7442E-04 0.0000E+00 O0.0000E+00 0.0000E+00 0.000QOE+00 2.4607E-06
3.0966E-06 0.0000E+00 0.0000E+00 -2.0145E-04 -5.9736E-04 0.0000E+00
2.9309E-05 0.0000E+00 5.5321E-05;

-3.8006E-05 -9.7212E-05 -3.7711E-05 -1.5249E-05 0.0000E+00 0.0000E+00
2.0817E-05 0.0000E+00 0.00O0OE+00 O0.0000E+00 O0.0000E+00 -4.8378E-05
.7542E-05 0.0000E+00 0.000O0E+00 =-9.0661E-06 4.7574E-05 0.0000E+00
.0645E-05 0.0000E+00 =-7.1282E-06;

.2497E-06 1.8412E-05 -4.8851E-06 2.2512E-04 0.0000E+00 0.0000E+00 -
.3816E-04 0.0000E+00 0.00O0OE+00 0.0000E+00 O0.0000E+00 =9.9170E-06
.0985E-04 O0.0000E+00 0.0000E+00 2.0821E-05 -1.7784E-05 0.0000E+00
.9098E-05 O0.0000E+00 -4.1455E-04;

-3.3726E-05 -7.2914E-05 -2.2198E-05 7.3488E-04 0.0000E+00 O0.0000E+00 -
6.4633E-05 0.0000E+00 0.00O0OE+00 0.0000E+00 O0.0000E+00 =-2.7455E-06
4.5591E-04 0.0000E+00 0.0000E+00 3.8618E-06 =-1.2416E-05 0.0000E+00
1.8160E-05 0.0000E+00 5.8363E-05];

W 1IN P> wWwN
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%load electrical zeroes
eleczero=[0.2993 -0.0446 0.3730 0.2327 0.4239 -0.10851;
%distribute 6 sensitivity constants to matrix diagonal
sensconst=zeros (6, 6);
values=[10.8236 4.9985 15.6383 8.5597 11.008 7.7849];
for x=1:1:6
sensconst (x,x)= values (x);
end
Fu=sensconst*voltage';
% calculate F1, the first order correction
F1=Cl1\Fu;
%Calculate the first approximation of the second order matrix
Fn=F1(1);

Fy=F1(6);
P1=[Fn"2,Fn*Fa, Fn*My, Fn*Mx, Fn*Mz, Fn*Fy, Fa"2, Fa*My, Fa*Mx, Fa*Mz, Fa*Fy,My"2,My*M
x,My*Mz,My*Fy,Mx"2,Mx*Mz, Mx*Fy,Mz"2,Mz*Fy,Fy"2]"';

RecordP=P1;
RecordFM=F1;
%$Calculate M
M=C1\C2;
$initialize values
check=0;
En=M*P1;
%$Record error term
RecordE=En;
runagain=true;
while runagain==true
%$iterate corrected force Fn
Fi=F1-En;
%extract new loads
Fn=Fi(1l);
Fa=Fi(2);
My=F1i (3
Mx=F1 (
Mz=F1i (
Fy=F1i (
%$Record new loads
RecordFM=horzcat (RecordFM, Fi) ;
%$Calculate new second order matrix

’

’

)
4);
5)
6)

’

Pn=[Fn"2,Fn*Fa, Fn*My, Fn*Mx, Fn*Mz, Fn*Fy, Fa"~2, Fa*My, Fa*Mx, Fa*Mz, Fa*Fy,My"2,My*M
x,My*Mz,My*Fy,Mx"2,Mx*Mz, Mx*Fy,Mz"2,Mz*Fy,Fy~2]"';
$Store old error matrix
Eold=En;
%$Calculate new error matrix
En=M*Pn;
%$Record En
RecordE=horzcat (RecordE, En) ;
%calculate error magnitude
runagain=false;
deltakEn=Eold-En;
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for x=1:1:1length(deltaEn)
if abs(deltaEn(x))>0.000001
runagain=true;
end
end
%Record Pn
RecordP=horzcat (RecordP, Pn) ;

end

$Perform second-order correction with interated error
Fi=F1-En;

$Transform values from imperial to metric.
FM=Fi.*[4.448221615, 4.448221615,
0.112984829,0.112984829,0.112984829,4.448221615]1";
end

function [FM,RecordP,RecordFM,RecordE]=calculateFM(voltage, tare)
%% 1985 Cal
$Load first order corrections

oe

% Cl=[1.00000E+00 0.00000E+00 0.00000E+00 -8.65140E-02 -3.30260E-03 -
2.25000E-02;

% 5.37320E-03 1.00000E+00 -1.33390E-03 9.86480E-03 -1.00000E-02 -
1.25080E-02;

% -1.88620E-02 2.13150E-03 1.00000E+00 -8.89050E-02 -1.05160E-02
3.53270E-03;

% 7.27370E-04 0.00000E+00 4.64280E-03 1.00000E+00 -2.31530E-02 1.79320E-
02;

% -2.00320E-03 O0.00000E+00 6.34270E-03 -3.28290E-02 1.00000E+00 -
2.80650E-03;

% 7.99690E-03 0.00000E+00 -1.62600E-03 1.10570E-02 4.36640E-03
1.00000E+00];

% %load second order corrections

% C2=[-3.65640E-05 4.04370E-04 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+00 -2.03650E-04 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -4.43170E-04 -
6.22950E-04 0.00000E+00 0.00000E+00 0.00000E+0Q0;

$ -1.77910E-04 6.24210E-04 1.94870E-04 0.00000E+00 -2.37370E-05

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
6.29900E-05 0.00000E+00 0.00000E+00 0.00000E+00 5.28100E-04 -7.77700E-04
0.00000E+00 -6.80530E-05 3.05800E-04 -1.58380E-04;

% 0.00000E+00 -2.01570E-04 -5.76680E-05 0.00000E+00 -6.36520E-05
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -4.38540E-04 -
1.80350E-04 0.00000E+00 0.00000E+00 0.00000E+00;

% 0.00000E+00 0.00000E+00 0.00000E+00 -5.20030E-05 -5.94410E-05
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+00 0.00000E+00 1.00700E-04 0.00000E+00 0.00000E+00 -
1.33450E-04 0.00000E+00 0.00000E+00 0.00000E+Q0;

% -2.41090E-05 0.00000E+00 0.00000E+00 2.07110E-04 -3.79190E-05

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 1.27230E-04 -2.60450E-04
0.00000E+00 5.56750E-04 -3.94160E-05 0.00000E+00 0.00000E+00 0.00000E+00
1.06650E-04 0.00000E+00 -1.24420E-04 0.00000E+00;

% -2.24910E-05 0.00000E+00 0.00000E+00 7.47910E-04 -3.84240E-05

0.00000E+00 0.00000E+00 0.00000E+00 1.04700E-04 -2.90560E-04 2.21030E-04
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.00000E+00 =-2.57760E-05 0.00000E+00 0.00000E+00];

%load electrical zeroes

eleczero=[0.2993 -0.0446 0.3730 0.2327 0.4239 -0.10857];
$distribute 6 sensitivity constants to matrix diagonal
sensconst=zeros (6, 6) ;

o 0P o o°

o\°

7.79940E+007] ;

%% 2019 Ccal

$Load first order corrections

Cl=[1 -4 .45E-04 5.46E-04 -8.73E-02 -3.05E-03 -2.52E
6.12E-03 1 -1.29E-03 9.84E-03 -9.88E-03 -1.24E-02;
-2.09E-02 -1.40E-03 1 -8.95E-02 -1.32E-02 3.26E-03;
1.95E-03 2.60E-05 4.06E-03 1.00E+00 -2.25E-02 1.
-2.11E-03 1.69E-03 8.90E-03 -3.31E-02 1.00E+00 -4
1.06E-02 3.34E-05 -1.43E-03 1.15E-02 4,.34E-03 1.

%load second order corrections

C2=[2.6005E-05 2.9707E-04 1.9142E-05 5.1063E-06 0.0000E+00
1.3123E-04 0.0000E+00 O0.0000E+00 0.0000E+00 0.0000E+00 4.6
3.1474E-05 0.0000E+00 O0.0000E+00 -9.3050E-05 -4.7859E-05 0.0
2.6676E-05 O0.0000E+00 2.0903E-06;

-1.9734E-04 7.7198E-04 1.6778E-04 5.5213E-06 0.0000E+00 O.
3.2050E-04 0.0000E+00 O0.00OOE+00 O0.0O0OOE+00 0.0000E+00 5.4
1.0550E-05 0.0000E+00 O0.0000E+00 5.3799E-04 -7.8428E-04 0.0
4.8960E-05 0.0000E+00 -1.7673E-04;

-2.6594E-05 2.4841E-04 -4.4250E-06 -2.4201E-04 0.0000E+00 O.
3.7442E-04 0.0000E+00 O0.000OE+00 O0.00OOE+00 O0.000OQOE+00 2.4
3.0966E-06 0.0000E+00 O0.0000E+00 -2.0145E-04 -5.9736E-04 O.
2.9309E-05 O0.0000E+00 5.5321E-05;

-3.8006E-05 -9.7212E-05 -3.7711E-05 -1.5249E-05 0.0000E+00 O.

.7542E-05 0.0000E+00 0.0000E+00 -9.0661E-06 4.7574E-05 0.0
.0645E-05 0.0000E+00 -7.1282E-06;

.2497E-06 1.8412E-05 -4.8851E-06 2.2512E-04 O0.0000E+00 O.
.3816E-04 0.0000E+00 0.0000E+00 0.0000E+00 O0.0000E+00 -9.
.0985E-04 0.0000E+00 0.0000E+00 2.0821E-05 -1.7784E-05 O.
.9098E-05 0.0000E+00 -4.1455E-04;

-3.3726E-05 -7.2914E-05 -2.2198E-05 7.3488E-04 0.0000E+00 O.
6.4633E-05 0.0000E+00 0.0000E+00 0.0000E+00 O0.0000E+00 =-2.
4.5591E-04 0.0000E+00 O0.000OE+00 3.8618E-06 -1.2416E-05 0.
1.8160E-05 O0.0000E+00 5.8363E-05];

W I DN WD

%$load electrical zeroes
eleczero=[0.2993 -0.0446 0.3730 0.2327 0.4239 -0.1085];
%distribute 6 sensitivity constants to matrix diagonal
sensconst=zeros (6, 6) ;
values=[10.8236 4.9985 15.6383 8.5597 11.008 7.7849];
for x=1:1:6
sensconst (x,x)= values (x);
end
%isolate power supply voltage
sourceV=voltage (7);
%convert the 6 voltage channels from V to mV/V

values=[1.08313E+01 5.02570E+00 1.56478E+01 8.65210E+00 1.10390E+01

-02;

59E-02;
.56E-03;
00E+007 ;

0.0000E+00

104E-06
000E+00

0000E+00
682E-05
000E+00

0000E+00
607E-06
0000E+00

0000E+00

.0817E-05 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 -4.8378E-05

000E+00

0000E+00
9170E-06
0000E+00

0000E+00
7455E-06
0000E+00

.00000E+00 4.37960E-04 -2.53810E-05 4.01870E-05 0.00000E+00 0.00000E+00
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datapoint=voltage (1:6) *1000/sourceV;

%$zero the datapoint

datapoint=datapoint-eleczero;

% calculate uncorrected loads

Fu=sensconst*datapoint';

% calculate F1, the first order correction

F1=Cl1\Fu;

%Calculate the first approximation of the second order matrix
Fn=F1(1);

Fa=F1 (2
My=F1 (
Mx=F1 (

Mz=F1 (5) ;

Fy=F1(6);

Pl1=[Fn"2,Fn*Fa, Fn*My, Fn*Mx, Fn*Mz, Fn*Fy, Fa"2, Fa*My, Fa*Mx, Fa*Mz, Fa*Fy,My"2,My*M
X, My*Mz,My*Fy,Mx"2,Mx*Mz, Mx*Fy,Mz"2,Mz*Fy, Fy*2]"';

%Keep record of loads over each pass

RecordP=P1;

RecordFM=F1;

%$Calculate M matrix

M=C1\C2;

$initialize values for loop

)I
);
).
)

’

3
4
5

En=M*P1;

%$Record error term

RecordE=En;

runagain=true;

while runagain==true
%$iterate corrected force Fn
Fi=F1-En;
%$extract new loads
Fn=Fi(1);

%$Record new loads
RecordFM=horzcat (RecordFM, Fi) ;
%Calculate new second order matrix

Pn=[Fn"2,Fn*Fa, Fn*My, Fn*Mx, Fn*Mz, Fn*Fy, Fa"~2, Fa*My, Fa*Mx, Fa*Mz, Fa*Fy, My~ 2, My*M
x,My*Mz,My*Fy,Mx"2,Mx*Mz, Mx*Fy,Mz"2,Mz*Fy,Fy"2]"';
$Store old error matrix
Eold=En;
%Calculate new error matrix
En=M*Pn;
$Record En;
RecordE=horzcat (RecordE, En) ;
%calculate error magnitude
deltakEn=FEold-En;
for x=1:1:1length(deltaEn)
if abs(deltaEn(x))>0.00000001
runagain=true;
else
runagain=false;
end
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end
%Record Pn
RecordP=horzcat (RecordP, Pn) ;

end

Fi=F1-En;

%$Convert from lbs and in-1b to N and Nm
FM=Fi.*[4.448221615, 4.448221615,
0.112984829,0.112984829,0.112984829,4.448221615] '-tare;
$Perform moment center transfer to model geometric center
FM(3)=FM(3)-FM(1)*0.0516509;

FM(5)=FM(5)-FM(6) *0.0516509;

end

Pressure Calibration

%$Isolate the pressure data from the raw Scanivalve data
pressuredata=scani;

%$Isolate the specific measurements from the pressure data
pitotstatic=pressuredata(l7:17:end);

pitotstagnation=pressuredata (l16:17:end);
forwardtap=pressuredata(l4:17:end) ;

backtap=pressuredata (15:17:end) ;

$Determine Q by using the two different methods and convert to Pa
Qprobe=- (pitotstagnation-pitotstatic)*6894.75729;

Qinlet=- (backtap-forwardtap)*6894.75729;

%Qinlet=-(backtap) *6894.75729;

% Datapoints for Q<100Pa are removed from the

$fitted data points to improve accuracy over the area of interest

zeroindex=Qprobe<30;
Qprobe (zeroindex)=[];
Qinlet (zeroindex)=[];
zeroindex=Qprobe>2000;
Qprobe (zeroindex)=[];
Qinlet (zeroindex)=[];

o° oo

oe

% Determine polynomial fits for different orders
[pl,sl]l=polyfit(Qinlet, Qprobe, 1)
[p2,s2]=polyfit (Qinlet, Qprobe, 2) ;
[p3,s3]=polyfit (Qinlet, Qprobe, 3);
[pd4,sd4]=polyfit (Qinlet, Qprobe, 4);
[p5,s5]=polyfit (Qinlet,Qprobe, 5);
PercError= (Qinlet-Qprobe) ./ (Qprobe)*100;
[p6,s6]=polyfit (Qinlet, PercError, 3);

’

% Direct comparison of pitot probe and inlet dynamic pressures
figure
hold on
scatter (Qinlet (Qinlet>10), (Qinlet (Qinlet>10) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10) *100, '.")
index=linspace (0,2450,100);
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f0 = polyval (p6,index) ;
plot (index, £0)
hold off

% Plot the fits and percent errors

index=linspace (0,2450,100) ;

fl = polyval (pl,index) ;

3Tl = table(Qinlet,Qprobe, f1, ((f1-

Qprobe) ./Qprobe*100), 'VariableNames', {'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'})

figure

hold on

scatter (Qinlet,Qprobe, '.")

plot (index, fl, 'r--")

hold off

figure

scatter (Qinlet (Qinlet>10), ((polyval (pl,Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

£f2 = polyval (p2,index);

%T2 = table(Qinlet, Qprobe, £2, ((f2-

Qprobe) ./Qprobe*100), 'VariableNames', {'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'});

figure

hold on

scatter (Qinlet,Qprobe, '.")

plot (index, f2, 'r--")

hold off

figure

scatter (Qinlet (Qinlet>10), ((polyval (p2,Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

£f3 = polyval (p3,index) ;

T3 = table(Qinlet, Qprobe, £3, ((£3-

Qprobe) ./Qprobe*100), 'VariableNames', { 'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'});

figure

hold on

scatter (Qinlet, Qprobe, '.")

plot (index, £3, 'r—-")

hold off

figure

scatter (Qinlet (Qinlet>10), ((polyval (p3,Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

f4 = polyval (p4,index) ;

$T4 = table(Qinlet,Qprobe, f4, ((f4-

Qprobe) ./Qprobe*100), 'VariableNames', {'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'h);

figure

hold on

scatter (Qinlet,Qprobe, '.")

plot (index, f4, 'r—-")

hold off

figure
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scatter (Qinlet (Qinlet>10), ((polyval (p4,Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

f5 = polyval (p5, index) ;

$T5 = table(Qinlet, Qprobe, £5, ((£5-

Qprobe) ./Qprobe*100), 'VariableNames', {'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'}) s

figure

hold on

scatter (Qinlet, Qprobe, '.")

plot (index, £5, 'r--")

hold off

figure

scatter (Qinlet (Qinlet>10), ((polyval (p5,Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

f6 = index-index.*polyval (p6, index) ;

%$T6 = table(Qinlet, Qprobe, f6, ((f6-

Qprobe) ./Qprobe*100), 'VariableNames', {'Qinlet', 'Qprobe', 'Fit', 'FitErrorPercen
t'})

figure

hold on

scatter (Qinlet,Qprobe, '.")

plot (index, f6, 'r--")

hold off

figure

scatter (Qinlet (Qinlet>10), (((Qinlet (Qinlet>10) -
polyval (p6,Qinlet (Qinlet>10)) .*Qinlet (Qinlet>10)) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100),'.")

%

%Determine the average error magnitude for each pressure range and fit
point0=Qinlet<100;

pointl=(Qinlet>100 & Qinlet<300);

point2=(Qinlet>300 & Qinlet<500);

point3=(Qinlet>500 & Qinlet<800) ;

point4=(Qinlet>1000 & Qinlet<1400);

point5=(Qinlet>1600 & Qinlet<2000);

point6=Qinlet>2000;

e0=(Qinlet-Qprobe) ./Qprobe*100;

errorO=[mean (abs (e0 (pointl) ) ) ,mean (abs (el (point?2))),mean (abs (el (point3))),mea
n(abs (el (point4))) ,mean (abs (el (pointH))),mean (abs (el (point6)))];

el=(polyval (pl,Qinlet (Qinlet>10))-Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100;

)
errorl=[mean (abs (el (pointl))),mean (abs (el (point2))),mean (abs (el (point3))),mea
n(abs (el (point4))) ,mean (abs (el (pointH))),mean (abs (el (point6)))];
e2=(polyval (p2,Qinlet (Qinlet>10)) -Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100;
error2=[mean (abs (e2 (pointl)) ) ,mean (abs (e2 (point?2))),mean (abs (e2 (point3))),mea
n (abs (e2 (point4))) ,mean (abs (e2 (point5))) ,mean (abs (e2 (point6)))1;
e3=(polyval (p3,Q0inlet (Qinlet>10)) -Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100;
error3=[mean (abs (e3 (pointl)) ) ,mean (abs (e3 (point2))),mean (abs (e3 (point3))),mea
n (abs (e3 (point4))) ,mean (abs (e3 (point5))) ,mean (abs (e3 (point6)))1;
ed=(polyval (p4,Qinlet (Qinlet>10)) -Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100;
errord=[mean (abs (e4d (pointl)) ) ,mean (abs (e4d (point?2))),mean (abs (e4d (point3))),mea
n(abs (e4 (point4))) ,mean (abs (ed (pointh))) ,mean (abs (e

)

4 (point6)))1;
)

eb5=(polyval (p5,0inlet (Qinlet>10)) -Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10)*100;
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error5=[mean (abs (e5 (pointl))),mean (abs (e5(point2))),mean (abs (e5 (point3))),mea
n(abs (e5(point4))) ,mean (abs (e5(pointH))),mean (abs (e5(pointb)))];

e6=(Qinlet (Qinlet>10) -polyval (p6,Qinlet (Qinlet>10)) .*Qinlet (Qinlet>10) -
Qprobe (Qinlet>10)) ./Qprobe (Qinlet>10) *100;

error6=[mean ((e6 (pointl))),mean((eb (point2))),mean((e6(point3))),mean((eb (poi
ntd))),mean((eb6 (pointb))),mean((eb (point6)))];

C.2 LabVIEW Code

Wind Tunnel Controller VI

stop
STOP
Control (% Fan Speed) .
a
100—: A || r——
z _TJ'-O 0
95=
90? Reset
85- Olffsletl Zero B
30Z jo AR\ |
?5—3 Baud
0 | 9600 =
55_5 Address
o O
60=
55—5 Thermocouple
= String
30< Bytes Read 2
452 | )4
40—5 Ternperature (C)
33= o
34]_5 Record?
252
E Fan Speed
20= i
= 10
ng Filename
102 T EEEEE— =l
5<
G—: T—

Figure 74: Wind Tunnel Controller VI front panel.
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Version 3.1: (decox 6/1/2018)
Increased sample rate to 100 Hz on UDP read loop
Decreased timeout to zero, i.e. non-blocking reads

Control (% Fan Speed)

Fan Speed

Collector
" Signals
Collected Signalv=

errorout
’ Enable
rerror in (no errol
- Reset

Reset

[ COMA4 -

|<| Mao Error 'H

E . TermChar ]

|TermChar ~———ASRL End Out
» Send End En

Figure 75: Wind Tunnel Controller VI block diagram.
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Figure 75 continued.
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Figure 75 continued.
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Balance Controller VI

Overload Alarm

New Tare

Sampling
Controls

Identification

- .

Capsule Geometry

=
—

Atmosphere

Figure 76: Balance Controller VI front panel. This is a complex VI with multiple sub-VIs. It was
used to record the raw output voltages from the MS-100 balance. Other features were not used.
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Figure 77: Balance Controller VI block diagram. 'Take Data' configuration.
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Figure 77 continued.
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Figure 77 continued.
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Figure 78: Balance Controller VI block diagram. 'Take Tare' configuration.
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Figure 78 continued.
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