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DEW: Directed Energy Weapons Taxonomy
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‘ Electromagnetic ‘
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DEWS: Advantages, Limitations, Government Viewpoints, & Funding

High Energy Laser Systems

e Fast engagement times, Rapid counter
IGIENIEEEI  maneuver of missiles, Precision Government Concerns

engagements, Graduated responses S eahnoloael E

e Line of sight, Atmospherics * Cost
Limitations (absorption, scattering, & turbulence), * \Weapons Characteristics
Thermal blooming, Saturation attacks e Mission Utility

e Defense Industrial Base

* Intelligence Requirements
e Coordination within DOD
e Arms Control

e Funding

e Program Effectiveness

High Power Microwave Systems

e Temporary / system-specific impacts,
Advantages Broad impacts, Nonlethal applications,
Limiting collateral damage

e Range constraints, Potential for
Limitations fratricide, Effectiveness of
countermeasures
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Laser Weapons Design and Performance Considerations

Thermal Management

* Heat removal mechanism
* Heat dissipation devices
e Thermal impact on laser duty cycle

Electronics

Sl Pl, EMI, EMC

* PCB electrical-thermal-mechanical
performance and reliability

Power Supply

e Battery, power electronics
¢ Reactive flow, chemical reaction
e Power capacity <>laser duty cycle

Beam Generation, Control, Propagation

e Laser cavity and optical lens system
* Atmospheric & Aero-Optical effects
e Thermal blooming

Antenna and Radar

e Antenna design, co-site analysis
e Target acquisition and tracking
e Radar Cross Section (RCS)

Target Impact

e Target irradiation
* Target heating and degradation

Structure

2 A« Structural stability and integrity
5% ° Random vibration & shock scenarios

* Weight and size reduction

Systems Integration

* Integrated subsystems
e Integrated platform energy demands
* Integrated embedded SW, Al
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Problem Statement & Approach

EOIR / Trajectory / Species / Turbulence / Thermal



Sensitivity of Optical Sensing Under Different Conditions

Vehicle

Perfect sensing N Scenario 1l Scenario 2

Modify What if scenarios
AoA
| Altitude
Plasma Strata Layers

Use physics to model sensitivity
* CFD: AoA altitude, speed
Mech: deformation and vibration

Window Turbulence Speed. » *  Optics: wavefront & STOP analysis
Materials :
* HFSS: antenna performance

Object

Walter Schwarz, Craig Miller, Steven La Cava, Len Zentz, Valerio Viti
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For example: Aero-Optics

Aircraft-induced flow disturbances that affect an optical system’s performance.

OPL Consistent Medium

OPL Varying Medium

OPD
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Not actual simulation results

Aero-Optics + STOP effects explained

Nominal Structural Thermal Fluids

Structur + Thermal + Fluids
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Multiphysics STOP -> SOFT Analysis Workflow Components

Mission Driven Physics
Trajectory & Solar Load
Strata Layers & Species

Computational Fluid Dynamics (CFD)
Flow field boundary & Compression
Turbulent Flow & Shockwaves
Separation & lonization

Finite Element Analysis (FEA)
Mechanical Deformations

Thermal Lensing & Index of Refraction

Optics

Design, tolerancing, and analysis.
STOP: Structural, Thermal, Optical Performance

SOFT: Structural, Optical, Fluid, Thermal
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Example: Electro-Optic Infrared System (EOIR)

Window Optical
System

Flow Field

1 500 mm
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Optical & Opto-Mechanical Design

«  /ANSyS
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Optical & Opto-Mechanical

Nominal Design / Benchmarking / Optimization / Tolerancing



Nominal Optical Design
* Design the nominal system

- Wavelengths

- Specify Fields

- Apertures and more
* Libraries

- Select materials

. L 4 100 mm
Apply Coatings s
., Field Data Editor v - 0O X
- Le\ Update: All Windows* fd ll 3 X R I @O §C ® S »«= @
‘ v | Field 5 Properties < ' ° Configuration 1/1 < © Field Type: Angle
e IR = — A% | .
\ .  Comment XA vex vey | W] i@l 28: Coating/Material Listing -~ - o x
1 Couieg | ACRIICAGE D 0.000 0.000 tlam®
comoAE .
| cosronasr A (IGORESY | oo [850656:00 Coating Name: AR_400-706_1L, 1 layer(s)
2, o oo A1: (00000000 000 o [oo0ooc.000 ) 0.000 0.000 Material Thickness Absolute Loop Taper
3 Py a amecn | o lwtw | () 0.000 0.000 MGF2_EM 0.092030 1 °
§ Py x> fommonoEson o fomEo
venseus Ak
4 HAAGE M ommsonnato00 o [opuont-ceo D 0.000 0.000 Coating Name: AR_480-708_3L, 3 layer(s)
nods A5 000000000k 000 i [0t 00 Material Thickness Absolute Loop Taper
5 et e ) 0.000 0.000 S102_EM 0.087221 1 0
Favam: e 20 TA205_EM ©.118906 1 ]
Formulc il (= AL203_EM 0.076543 1 o
dPgF:  |de-05
A T Coating Name: AR_406-700_4L, 4 layer(s)
M Wareengtc (200000000 Material Thickness Absolute Loop Taper
= — — SI02_EM 0.086702 1 o
TA205_EM 9.124039 1 ]
o Cooog ] et G ] oty s S102_EM 0.033014 1 0 R—
Save Catalog As Cut Glass. Glass Report Catalog Report TAZOS_EM e . 013688 1 e
- wwiowiop J[ comows | =
£t Fit Index Data Fit Mt Dota )
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Nominal Optical Analysis

* Optimize and Tolerance the system
- Optimize around any metric
- Specify compensators for tolerancing
- Glass Substitution Catalog

- Export files for opto-mechanical use

1 STO 3 4 5 6 7 8 9 SUM

.

o L -.I | lll -
- ' - —1 — -
Spherical Coma Astigmatism Field Curvature Distortion Axial Color  Lateral Color
14 ©2025 ANSYS, Inc.

0.0175
0.0157

0.0140
0.0122
0.0105
0.0087
0.0070
0.0052
0.0035
0.0017
0.0000

Y-Position (um)

-38.4 .I...b»

-38.4 0
X-Position (um)

38.4
——{ 50 MM
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Optomechanical Design

Seamlessly transition optical design specification to CAD
environment, including:

Lens geometry

Material definitions

Light sources

Sensor positions

Incorporate or desigh mounting structures
- Mechanical housings
- Complex lens edges

Assign materials and surface properties to all opto-
mechanics including CAD parts

- Important to consider factors such as CTE, material
weight, & structural load

- Scattering and Absorption

Consider impact of both optical and mechanical components
while evaluating optical performance metrics

15 ©2025 ANSYS, Inc.
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Opto-Mechanical

* While Boolean parts can be created
natively in Zemax OpticStudio, CAD tools
are better suited for this type of work.

* Consider using Ansys Discovery or Space
Claim for to modify the CAD model.

* These tools also have the benefit of ;
allowing defeaturing for use with FEA
and CFD workflows.

16 ©2025 ANSYS, Inc. Powering Innovation That Drives Human Advancement \nsys



17

Opto-Mech to CFD

Optomechanical System

Create step mounts on lenses

Create mounts for larger mechanical system

Combine mechanical components with optical elements
Apply material properties to CAD parts

Create Fluid Regions for use in Fluent

Carry properties to Mechanical and Fluent

Launch other Ansys Programs with starting data

v Appearance

Color B ARGB: 255, 143, 143, 175
Style By Color, By Style
Tessellation Quality Level 5
v Material
v Material Name 96% Silica Glass
Fluid False
Density 0.00218 g/mm*"3

Ultimate Strength (Pa)

Elastic Modulus (Pa) 6.8000E+10 Pa
Shear Modulus (Pa) 2.8000E+10 Pa
Poisson's Ratio 0.19

Thermal Conductivity (W 1.38 W/m-K
Specific Heat (J/kg-deg ( 750 J/kg-deg C

‘ Properties | Appearance

R1

Ancve Trancfer

Watertight Geometry Workflow

Custom New Workflow

Mesh to Solver

Export PMDB

©2025 ANSYS, Inc.
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STOP Analysis

Structural / Thermal / Optical / Performance



Initial Conditions

* CFD (Computational Fluid Dynamics are
necessary to create the initial conditions
used for FEA (Finite Element Analysis.

* The velocity, angle of attack, viscosity, and
other factors of the flow field all play a
large role in the temperatures and
pressures the vehicle will undergo.

* It is worth noting, that while Ansys
has streamlined the process with
our tools, this workflow is software
agnostic, it will work with COTS,
GOTS and even Homebrew code.

temperature surface

19 ©2025 ANSYS, Inc.
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Exporting Mechanical Data from Fluent
* There are number of items that may be needed

rrrrrrrrrrrrrrrrr

when exporting Fluent data for Mechanical, Em— i

Export to CFD. : tory Dali gglution Dat
Table File Manager. System Coupling
d M M Solution Files During Calculation
epending on the analysis to be performed.
SSSSSS |
pppppppppp g »
Project [Beta] 4 = play | |_
e. 0 a8 " = ®® . savePicture.. W soier
* Exports can be made as either Nodes or Cell g
Batch Options... =~ W Pressure-Base: d
idle Timeout... Density-Based
. . uid, i
Preferences..
Centers, Nodes are the vertices points of the
’ Exit e Steady
. . L et (pressure-far-fie Transient
mesh and Cell Centers are a point value in the & .
ile Type
center of the three dimensional cell
I I . 4 ,
Location ‘: ‘=H= (=] surf = FH=H_ Quantit =) (= FH':
® Node —A—— A . — ———— S ——
Call Cariter x43_1k i - Expression-su rface refraction_index /S
x43_1k 1:008 expression -volume- 13 index-or-refraction-1
° ° - Fluid Static Pressure l
* For this example the following are neede
. e Comma = Inlet Dynamic Pressure
Space inlet Absolute Pressure
inlet:002 Total Pressure
. - Internal Relative Total Pressure
_ Stat IC P re SS u re interior-x43_1k-solid Density
interior- x43_1k-solid:005 Density All
interior- x43_1k-solid:006 Reconstruction drho/dX
- Outlet Reconstruction drho/dY
o outlet Reconstruction drho/dZ
- Point-surface Schlieren
- Static Temperature
- Symmetry Rescaled Streamwise Schlieren
symmetry Logarithmic Streamwise Schlieren
symmetry:003 Velocity Magnitude
M M - wall X Velocity
- Surface Heat Transter Coefticient
engine_inlet Z Velocity
wall_vehicle Axial Velocity
wall_vehicle-415 Radial Velocity

- Wall Adjacent Heat Transfer Coefficient n—

ach Number g

| ’

m Closer‘ ‘ Helpr
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Mechanical Analysis

* Import the initial conditions from Fluent

* Conduct a Mechanical Analysis compare
many metrics and variables

21 ©2025 ANSYS, Inc.
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Mechanical Analysis

* Analyze the transient system

* [dentify times steps of interest for optical
analysis

22 J  ©2025ANSYS, Inc. Powering Innovation That Drives Human Advancement I\nsys



Transient Thermal & Static Structural

Exporting to OpticStudio

» Support is “inertial relief”

- For quasi-static, artificial acceleration at CG that counterbalances

applied loads to simulate a minimally constrained structure v

* Lens surface distortions and volumetric temperatures are exported

B {& Solution (C6)
- (%) Solution Information
Total Deformation

A2 Export Lens to STAR 2
Export Lens to STAR 3

Export Lens to STAR 4

Details of "Export Lens to STAR

7/ Volume
DiS placement Res U|tS 'Scoping Method MNamed Selection

Named Selection Lens_1

2| Front-Surface
Scoping Method Mamed Selection
'Named Selection Lens_1_Front

- | Back-Surface
'Scoping Method Named Selection
Mamed Selection Lens_1_Back

2| Definition

Front Surface Zemax ID
Front Coordinate System

1
Opticstudio C5

Back Surface Zemax ID

2

'Back Coordinate System | OpticStudio CS
0.16474 Min Exported Timesteps All Timesteps
By Time
Display Time Last
Identifier Lens_15t

23/
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Mechanical: Export with ACT Extension

* The ACT script for Ansys Mechanical to export FEA data to STAR can be accessed in other ways too

* This can be initiated from the part tree, or directly from the part

Access from the tree Access from the part

H Project*
= (&) Model (A4)
@,/ Geometry Insert 4 Deformation »
B Materials
-3 Coordinate Systems GoTo » Strain »
&) Connections
v Mesh Export.. » Stress »
)91 Static Structural (A5)
Il Analysis Settings @ Hide Body F9 Energy »
B-2@ s 5
/B s Insert Deformation » Q  Hide All Other Bodies Ctrl+F9 Linearized Stress 4
ﬁ Solve Strain » @ Filter Tree Based On Visible Bodies Stress Tool 4
% Evaluate All Results Stress 4 & Suppress Body Fatigue »
& Clear Generated Data Energy ’ @ Suppress All Other Bodies Contact Tool >
I Rename F2 Linearized Stress ’ 0 Isometric View Bolt Tool »
~— o 2 Tool » Set
Group All Similar Children stress Too H of Probe ¥
2 : Fati > i, Restore Default H ; >
6 Open Solver Files Directory atigue . Looicinate hyste e
Contact Tool » @ zoom ToFit 7 & volume
74 To Selecti zZ .
Bolt Tool 4 & Zoom To Selection @ User Defined Result
@) | To Clipboard Ctrl+C =
Probe 4 (%) tmagso Cliptionr thy 5. Commands
Cursor Mode »
Coordinate Systems ~ » E Export Lel‘qs to STAR
Vi » &
@ Volume = E Export Mirror to STAR
v 40 Look At
@ .
wle User Defined Result 34 Create Coordinate System
Iig Commands @ Create Named Selection... N
B2 export Esur oDl @ Select Al Ctrl+A
B8 eport Mirror to STAR Select Mesh by ID... M
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Formatting

* The text (.txt) files need to follow
the format on the previous slide,
with no headers.

* The images to the right are an
example of the formated text file
have the columns designated with
their respective term in red.

_| FEA_Data_800W_Surface_04_Deformation_0010s.txt - Notepad

[m] X

File E¢X‘ Format View Helf z dx dy dz
F1.55538143492e—15 8.98025612107 91.0197438789 3.82431680919%¢e-05 ©.00184507179074 -0.0112024089321 ~
-0.459953984003 8.97436466849 91.8256353315 -0.00128393713385 9.080183145841584 -0.0111834360287
-0.918505137058 8.95673903587 91.0432609641 -0.08260188034736 9.80179815571755 -0.8111265898676
-1.36825841723 8.,92798602440 91.0720139756 -0.08389487738721 @.00174577056896 -0.9119331960022
-1.81618957500 8.88795407919 91.1120459208 -0.085183508536004 9.001675814040894 -0.0109010376036
-2.26620123897 8.83612844928 91.16387155@7 -0.00647747004405 9.0015862371074 -0.0107310730964
-2.71611383409 8.77247757593 91.2275224241 -0.08777017464861 9.80147177942563 -0.0185242785066
-3.16022229656 8.69778693221 91.3022138678 -0.08904783327132 9.80133422273211 -0.0102830668911
-3.59711411174 8.61251328205 91.3874867179 -0.010305843316 ©.00117656996008 -2.09100879476833
-4.,02739466558 8.51675091240 91.4832490876 -0.0115462755784 9.000998800736852 -0.00970146805048
-4.,45687949621 8.40910890512 91.5908910949 -0.0127861006185 9.000799788511358 -0.00935688242316
-4.88155828265 8.29836758878 91.7096324112 -0.0149112992376 9.800578613136895 -0.08897729769349
-5.29749813272 8.16169447890 91.8383055211 -0.08152138918638 9.0800336978235282 -0.08857079401612
-5.72406444305 8.02351696046 91.9764838395 -0.0163899231702 7.51288534957e-05 -0.00e813639722764
-6.11090529398 7.87231974986 92,1276802501 -0.01756913082866 -0.000215745385503 -0.00766605930403
-6.52097293@31 7.70606618328 92.2939338167 -0.0187596641481 -0.000540034961887 -0.00715255923569
-6.98462130197 7.53711498773 92.4628858123 -0.01987520841906 -8.000876455160324 -0.008663627171889
-7.28371686149 7.35654364893 92.6434563591 -0.0209795311093 -8.90124320655596 -0.8860877520591
-7.64924995569 7.16864614538 92.8313538546 -0.0220469012856 -8.090163159298245 -0.08552253425121
-8.008663381271 6.97078958903 93,0292104110 -0.0230928454548 -0.00204954715446 -0.00493304571137
-R_2873IARICAAA A TRAOAAITAAA G2 . I2W/ASITIAA -0 AIA1AR1IAR0AG -0 . AAYAG1 AAIREAR -0 APAIIARIT1TSEIQ e
Ln 1, Col 1 Windows (CRLF) UTF-8
;I FEA_Data_800W_Surface_10_Temperature_0010s_deformed.txt - Notepad % - X
file EdiXFormat View Help, Z U
Ll@.797168®46@ -53.4766545687 99.3725664160 20.7418212891 ~
-11.8385936600 -53.1284226384 100.083705694 20.7076091766
-18.7374857079 -53.3958788308 99.8025355749 20.7420024872
-1@.9215248973 -53.1367965181 99.1393925432 20.7136688232
-18.7263405744 -52.9742858319 99.5400780928 20.7499923706
©.68011636612 -56.4414181462 88.6724193860 20.7074031830
©.732688991834 -51.7958709516 88.8740299186 20.6557598114
1.25424204634 -52.0392729737 88.9439904940 20.6466007233
1.53166856786 -51.39880838165 88.9875024607 20.6799278259
1.32557459284 -51.3378987192 89.5696954742 20.7866134644
1.83723355287 -50.9936201298 89.1135625653 20.7258110046
9.620043223581 -51.2623559950 B89.0956666660 20.7143783569
1.39052121876 -51.7877790835 89.3594733283 20.7189292968
9.87809848813 -51.6812395455 89.3732496148 20.7377071381
4,24343051407 -56.0664090173 110.137720874 20.7199848546
4,20076835317 -55.7127558849 109.702688413 20,7714118958 e
Ln 1, Col 1 100%  Windows (CRLF) UTF-8
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Load Data

* From the STAR tab select Multiphysics Data Loader

* Next select the button “Load Multiphysics Data”

- Note the Multiphysics data loader supports many data
types, including surface deformations, volumetric
thermal data sets, direct index of refraction data from
fluid or other sources, even measured data could be
imported provided it is the correct type and format.

* Next the coordinate system is very important and
typical source of error, as many mechanical file
propagate in the X-Direction and many optical
system propagate in the Z-Direction.

26 ©2025 ANSYS, Inc.

B ORPH® (Q9¢22 | o
File Setup Analyze Optimize Tolerance Libraries Part Designer Programming STAR Help
:: (AR
1 Y )
Jo) @ - =
Multiphysics Symmetry Multiphysics Fit Alignment Component Surface Surface
Data Viewer Data Loader Assessment  Check RBMs Deformation Summary Deformation Options
Multiphysics Data Data Sumn
Multiphysics Data Loader nment Check |
Update: All Windows ~ ,
Add or Remove FEA/CFD data from the § <} @ ¥J - (g PP o
> Aperture E optical system, set coordinate system
» Fields | ;@ settings. Overwrite existing fittings with
v Wavelengths Ll default settings. Configuration 1/1

Powering Innovation That Drives Human Advancement
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Structural Thermal Optical Performance

* Perform nominal optical system design in OpticStudio

* Send to CAD to incorporate optomechanical system design

* Send to CFD to determine flow fields

* Send to FEA to apply structural and thermal loads (surface deformation & thermal index variation)

* Import deformed system and flow field index profile to OpticStudio to analyze optical performance.

I B = | o e
;g{]éa Optical Simulation |:> Thermal & . :> ;\,““éﬂ Optical simulation
ZINT (Nominal) Structural Analysis ZINS (Degraded)
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STOP Analysis

. PSF Wavefront
Point Spread Function Map

Wt Temperature
- 1.16e3
1.0
28esm 2
H P . : i
2080433 ? l n
[ mi :
Nominal : '
24200 3 z
23%.4@ E S o
22904 & 3
222048 ;— a
lemperatire surtace >
-1.16e3
-1.16e3 [} fa
X-Position (um) e v e
X-Pupil (Rel. Units)
1.16e3
1.0
.76E-003 ors
- .89E-003 v 60
g L01E-003 ': o
.13E-003 s %
Structural £ ]
5 .38E-003 2 0 Exe
z .S1E-003 ~ B
g .63E-003 = Ky
. .75E-003 s e
L76E-004 i s
L00E+000 z fst
Waves
16e3 0 -
X-Position (um) s 4 =
X-Pupil (Rel. Units)
1.16e3
L92E-003 £
- .73£-003 @ s
g .54E-003 ':‘ s
- .35E-003 5 i
T 5 .15£-003 2 i
e r m a T 0 # .61E-004 K b
o L69E-004 S et
S
< .77E-004 = s
0 .85E-004 2 i
L92E-004 g ik
.00E+000 - e
Waves
-1.16e3
-1.16e3 0 1.16e3 %
X-Position (um e 3 v
X-Pupil (Rel. Units)
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Moving Simulation to the Left in the Process Saves Money!

* Catching unexpected behavior and
potential errors before
prototyping, build and testing
saves a lot of time and money.

0.16474 Min

* Allows greater flexibility in design
changes and options.

! Y N

800°

700
£ wo
v 4
'54005 .Slrunural
3°° .Thenmal
200-2

100‘3 I

ol M m A B = = = I o | m

3 % 2 2 2 = % 2 o a = @ ]
N

Front % Back

29 / ©2025 ANSYS, Inc. Powering Innovation That Drives Human Advancement I\nsys



Opto-Mechanical Iterations (Changes to Design)




Export and Import the N

31

ew lteration

m Multiphysics Data Loader

Surface Deformation Data (6) | Volumetric Data

Multiphysics Dataset

Surface_01_Deformation_mirrored

Assigned Surface

3| Tilted

Surface_02_Deformation_mirrored 4| Tilted v
Surface_03_Deformation_mirrored 5 | Standard B
Surface_04_Deformation_mirrored 6 | Standard v
Surface_05_Deformation_mirrored 8 | Standard v
Surface_06_Deformation_mirrored 9 | Standard v
Load Multiphysics Data

Display
First Surface: Last Surface:

0 | Standard 12 | Standard ¥
Transformation

Multiphysics Coordinate System: Global h
User-defined transform:

AX 0 mm  Theta X 0 deg
AY 0 mm  ThetaY 0 deg
AZ 0 mm  ThetaZ 0 deg

*v xivvizxiz 3 & o

Ok (Fit Multiphysics Data) ‘ | Cancel

©2025 ANSYS, Inc.
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Aero-Optical & Fluid Analysis

Turbulent Flow / Shockwaves / Separation / lonization



Effects of Fluids on Optical Performance

* Example of physical changes due to
turbulent media:

* Pressure variation

* Temperature \—/

Perfect Aspheric Wavefront

* Density of fluid
* Effects:

* Non-homogeneous refractive index
medium.

33 ©2025 ANSYS, Inc.

P

" Aberrated Wavefronts
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Perfect Planar Wavefront
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Go with the Flow

* Please note, that while this training will
cover some elements of Fluent, it is not
replacement for fluids courses, the user
should explore those trainings on ALH to
gain a deeper understanding of the
topic.

* The conic sections that are often used in
these examples are designed to create a
volume which is large enough to reduce
unwanted artifacts such as edge effects,
whiles keeping the volume as small as
possible to reduce the computational
resources needed.

34 ©2025 ANSYS, Inc.
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Named Regions

* Named regions allow parts or
subsections of the model to be exported
or viewed separately for the rest of the
system.

* This can be useful for analysis, as it
allows different parts of the model to
display different properties and it also
keeps file sizes smaller when
transferring data to other programs.

* In our model, we want only the section
of the fluid that coincides with optical
path.

35 ©2025 ANSYS, Inc.
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Fluids & Walls

* In our example the area in green is named X43 1k-solid-008 and it is a fluid region.
We will use this region later with the Direct Index fitting.

* The X-43 vehicle is made up of many facets and grouped as walls, the three
highlighted are the walls we need for mechanical.

- Mesh Display ~ x pdium_HighExhaustTemperatureSpecies_Wall Parallel Fluent@cdc01dcv08.ansys.com [3d, dp, dbns
Click to sy
Options Edge Type Surfaces | Filter Text
Nodes ® All .
Edges Feature - Expression-surface ynes Interfaces Mesh Models Turbomachinery
= u 3
7 Faces Sutiine expression-volume-13 e... I__"’] Append = Mesh /711 Dynamic Mesh Turbo Models P} Turbo Performance.. * Turbo Workflow
> ] “
Partitions _ kivate... EB:] Replace Mesh... [ Turbo Create... | . Spectral Content 6 Turbo Topology...
= Inlet & o
Overse t b bte... O Replace Zone... Overset... ¥ Gap Model... %’: Periodic Instancir
Shrink Factor Feature Angle inlet:002
: - Internal — Mesh X 2ngine_outle.. X engine_inle... X rep... X exh... X exhaus... X inle... X engin
0 20 o - -
interior-x43_1k-solid I ‘\v’
Transparenc y interior-x43_1k-solid:005
< I ) » 0 interior-x43_1k-solid:006 il ‘
: - Outlet

outlet
[Outline] [Interior] - Point-surface m
- point-14
 symmetry <

[Symmetry I |
symmetry:003 ‘ "
- wall —
engine_exhaust "‘ ¢
engine_inlet

@
N

New Surface _ ‘L
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Mesh Control

* Fluent can leverage mesh control, this allows the mesh to be fine in areas where hi
fidelity is needed and sparce in areas where lower fidelity is sufficient.

* This feature keeps files sizes computationally manageable while still providing the
required level of detail.

* This feature can be used with in conjunction with our optical tools. STAR in Zemax
OpticStuido Enterprise can accommodate non-uniform data sets.

= ! e y == \
Ve i X 7‘// \ / \ / / X // )
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Fluent: Powerful CFD Tool

* Fluent can display many things, that may
provide insight prior to exporting data to
other programs.

* The images to the right illustrate the
relationship between velocity and the
index of refraction.

* Using analysis inside the CFD tool can
save a lot of time prior to exporting for
deeper optical analysis and can help
identify the items to be exported.
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Fluent: Powerful CFD Tool

* The power of One Ansys is that we can add functionality to multiple items
simultaneously to facilitate a continuous workflow. For example, we have added fluid
functionality to optics and we have added optical functionality to fluids.

* The example below displays the optical path length, Fluent can display OPL / OPD,
Optical Path Length and Optical Path Difference. It can also show these optical
properties as a transient. This allows the critical time steps of interest to or specific
conditions to be more readily identified.

opl
Optical Path Length
- 4.09e-04

- 4 .09e-04

- 4 08e-04
- 4.08e-04
- 4. 07e-04

- 4.07e-04
- 4.06e-04
- 4. 06e-04
- 4 0be-04
- 4 .0be-04

- 4 .04e-04
[m]
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Steady State CFD Analysis

* QObtain the Refractive Index p = 0.40 kg/m?
p =039 kg/m?

. . . . p = 0.3kg/m3
* File contains the index of refraction

p =038 kg/m3

* Use any custom equation such as: Gladstone-Dale, Lorentz- ,=037kg/m?
Lorenz, and Kramer-Kronig p = 0.36 kg/m?
p = 0.35kg/m?3

* Export this data for optical use with:

p = 0.34 kg/m3

e Custom field functions =038 Teg i
* ACT scripts pOatigm®
p=0.31kg/m?
¢ Pyth0n FIuent
1 n m
n —
p = Z k;m; Field Functions
i=0 [ $# Custom... }

El# Units...

[ Parameters...

-

Custom Equation
Unique to the
Conditions

Export Point Cloud
from Nodal Data

Custom Field
Functions

-

.
o
o’
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Export Flow Field Data

Use the named regions to export only
the regions of data that are of an optical
interest. These regions are what will be
imported into Zemax OpticStudio

Enterprise, using the Direct Index feature
within the STAR tool.

The goal is to keep the files as small as
possible while still containing the level of
fidelity needed for the optical system.

In this example while the flow field is
large shown in red, the area of optical
interest is small displayed in green.
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Exporting Optical Data from Fluent

* There are number of items that may be needed e B D
when exporting Fluent data for optical analysis,
depending on the analysis to be performed. =T S

e oo |

* Exports can be made as either Nodes or Cell ousno

Centers, Nodes are the vertices points of the el [
mesh and Cell Centers are a point value in the

. Export
center o e tnree dimensional ceil.
Locati El = E = =1 (=) =)=
oooooo _‘ _H_H_ Surfac !"HF“?’E "‘Ouantines = FE B
® Node = — e
Cell Center || X43_1k-solid - Expression-surface refraction_index
* For this example the following is needed — o S ressre
i - [Fluid Static Pressure
File F t
p g ° datlauiie, x43_1k-solid:008 Pressure Coefficient
® HDF5 = Inlet Dynamic Pressure
ADF inlet Absolute Pressure
. inlet:002 Total Pressure
_ Refra Ct ion I N d ex 5 Internal Relative Total Pressure
interior-x43_1k-solid Density
interior- x43_1k-solid:005 Density All
interior- x43_1k-solid:006 Reconstruction drh
- - . - Outlet Reconstruction drho
outlet Reconstruction drh
- INOte tnis IS not one O e stanaard variapbles - point-surface Schiiren
point-14 Rescaled Schliere

- Symmetry Rescaled Streamwise Schlieren

offered for export within Fluent, this is a user Loguer: SraamineScharen

defined variable that was entered using the

wall_vehicle:004 Tangential Velocity

custom field function. b
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Reduce Computational Time / Reduce File Size



Symmetry Tool

When symmetry exists in a system, exploiting it can reduce computational time.
The symmetry tool for fluids works in the same way that it does for mechanical data.

The tool allows symmetry in systems to be exploited to reduce computational
resources.

Note if no symmetry exists in the system of interest, the STAR tool will still work, but
the symmetry tool should not be used. Instead, the full volumetric point cloud will
need to be imported, not a partial data set.
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Symmetry Tool

M symmetry Tool

Open Multiphysics Data Files)

Volume-Index-Data-1.txt

Point Size:
Large v
Mirror | Rotate

xv

xz

vz

Preview Selected Preview All

Clear Preview

& vz ®

Close

M symmetry Tool

Open Multiphysics Data File(s)

&G0 O

A symmetry Tool

Open Multiphysics Data File(s)

Point Size:
Large =
Mirror | Rotate
1%y
vixz

\74
Preview Selected Preview All

Clear Preview

Save New File(s)

X¢Z
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Volume-Index-Data-1.bxt

Point Size:

Large x
Mirror | Rotate

CIxy

Preview Selected Preview All

Clear Preview

Save New File(s)

Point Size:
Large -
Mirror | Rotate
1xv
wvixz
vz
Preview Selected Preview All
Clear Preview
Log:
Close
M symmetry Tool ] >3
[ Open Multiphysics Data File(s) | A vz B O O
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Sanity Check

* Visually confirm that the shape of the CAD object and the shape of the fluid volume
make sense for the given system.

* In this case, the point cloud on the right represents the volume of air under the vehicle
on the left. The shape the vehicle makes in the fluid is apparent.
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Sanity Check

b L i 200 mm
v) Settings & Caladem /[ 7= A k-|x| ‘ﬁ*Q ¢ El= @ Line Thickness - @ VSettings & Calem /[ = A &~ xivvexz@ )| 8 = = 3x4- @ Standard - @
Number Of Points: 990,112 ‘

Max X: 1611 mm
i 1.751E-03

Min X: -0.533 mm
Center X: 0539 mm 1.559E-03
Max Y: 0440 mm 1.367E-03
1 — Min Y: 0.000E+00 mm 1.176E-03

Center Y: 0.220 mm
9.838E-04

Max Z: 0.040 mm
7.919E-04

Min Z: -0.252 mm
Center Z: -0.106 mm 6.001E-04
\ Max Value: 1.751E-03 4.083E-04

I ) . : 7
Z Min Value: 2461E-05 2.164E-04
500 mm Mean Value:  3.002E-04 | X

3D Lavout 2.461E-05
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Multi-Physics Data Loader

Import / Align / Fit
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Multi-Physics Data Loader

. [ @D H ) u ') (‘ 22 o | SEQ_IR_TEL__Aero_example_X-43-10.zmx - Ansys Zemax OpticStudio 2024
File Setup Analyze Optimize Tolerance Libraries Part Designer Programming STAR Help Learning and Support
: @ @ EE O @
| 4 | E
jo) e @ @ & % =59 ) al
Multiphysics Symmetry Multiphysics Fit Alignment Component Surface Surface Volumetric Data Volumetric Data System Performance 2D Thermal
Data Viewer Data Loader Assessment Check RBMs Deformation Summary Deformation Options Summary Options ~ Viewer  Analysis Deformation Plot Index Plot
Multiphysics Data | Data Summary | Analyses |
; 5
Multiphysics Data Loader
Cpdates All Windows:> Add or Remove FEA/CFD data fromthe | F @ Wl - L & ? b ﬁ: & 0O g__ ¢ ® S secp »@
» Aperture optical system, set coordinate system R Canfi
» Fields settings. Overwrite existing fittings with - = _
» Wavelengths default settings. ! Multiphysics Data Loader U X
» Environment LL - — Surface Deformation Data | Volumetric Data A -« xly ¥z x|z }*- (‘;‘ Q

Multiphysics Dataset

Assigned Surface Data Type

Load Multiphysics Data

Display
First Surface: Last Surface:
0| Standard ~ | | 12 | Standard

Transformation
Multiphysics Coordinate System:

User-defined transform:

AX = mm  Theta X
AY - mm  Theta¥
A7 -~ mm  ThetaZ

Apply

deg 1
deg X¢Z
deg

Ok

(Fit Multiphy

©2025 ANSYS, Inc.
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Loading Point Cloud Data to the Dummy Vo

50

A Muttiphysics Data Loader

" surface Deformation Data | Velumetric Data (1)

RI-Size-edit-2 5 | Standard ~ | Direct Index .

Load Multiphysics Data

Display
First Surface: Last Surface:
0| Standard ~ || 12| stancard -

Transformation
Multiphysics Coordinate System: Global -

User-defined transform:

Y1)

[ Muttiphysics Data Loader

Surface Deformation Data | Volumetric Dat

Data Type

Multiphysics Dataset Assigned Surface

RI-Size-edit-2 5 | Standard Direct Index

Load Muttiphysics Data

Display
First Surface: Last Surface:
0| Standard ~ | | 12) Standard v

Transformation
Multiphysics Coordinate System: Local g

User-defined transform:

aX 0 mm  ThetaX -90 deg

Ay 150 mm  Theta¥ 0 deg

Az 1900 mm  ThetaZ -90 deg
Apply

&z ® Q) ©

Ok {Fit Multiphysics Data)

Cancel

ax 0 mm  Theta X 0 deg
ay 0 mm  Theta Y -90 deg
az -1000 mm  ThetaZ 0 deg
Apply
Ok (Fit Multiphysics Data) Cancel
? o X

I Muttiphysics Data Loader

Surface Deformation Data | Volumetric Data (1)

Multiphysics Dataset
RI-Size-edit-2

Assigned Surface  Data Type

Direct Index

5 | Standard

Load Muttiphysics Data

Display
First Surface: Last Surface:
0 Standard ~ | |12 standard v

Transformation
Multiphysics Coordinate System: Local =

User-defined transform:

aX 0 mm  ThetaX -90 deg

NG 150 mm  Theta¥ 0 deg

az -1900 mm  ThetaZ -90 deg
Apply

& SR O

Ok {Fit Multiphysics Data)

Cancel
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Multi-Physics Analysis

Performance Metrics / Image Simulation / Visualization
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Fitting the CFD Volumetric Data

Pide WOCz2 o Arvs SNE-Tett ADS FUR_CFD_Duta-ot shape 2o - Anys Teman OpticSiase 2003 R202 SE14 Ermenpeine (21

Ve Asgrevert Componert  Surtace Dedoorunon Sertace Vohamensc Data  Volumetre Dt  Systems Ferlormance

MO s Syremetry Mmgysacs E
Duta Viewar' Duts Losder' Assessment  Check By Sumemany’ Deformanon Opoons’ = Sumenany’ Opmiom' «

jpcate: M Weaows « O e 490
v Swrface 12 Properties <«

Qe Lo OLC e 1

Surface Type Comment  Radius Coating Clear Semi-Dia Chip Zome

-
3 Coordinate Bresk * Q000 0.000 .
“ Standard * Ity Q000 60315 0000
s Coordinate Sresk * 0.000 0.000
6 (aper) Tited = 18345 SAPPYIRE 46,007
T (aper Téted Q000 2939
8 Coordinate Break * 150.0 0.000
9 Swoe Standerd * 107699 2975 SILCON 36154 0000
"0 Standed 168653 4.798 35933 0020
n Standwd * 485949 2975 GERMANILM 36158 0000
12 Standard ~ 1090 506 43636 36043 0.000
13 Stanced 4215 1533 GERMANIM 25074 0000

Trermal

Viewer  Aralvss  Defoomunon Pt ndes Plot

Configuration 1/}

Mech Semi-Dfa  Comic  TCEx 1E-6 Par V(unused) Par Pa Par 4(; d) Par 5, d) Par 6y d)
- Q000  Q0.-45 Q00 0.000 0
60315 00 0000
Qo0 00. 45 0.000 0.000 0
0.000 -1
0000 1000 1
. 1946604 € SO, 62 185805 C 0000 0
Mo 00.
N5 00 0000
36158 00
36158 00 0.000
25004 nn

B 130 Layoet 1 8 2 )0 Lot 2 o Fikd Dats fcor £ Volumetrc Osts Somesany’ | @ 1 Sysseon Viewer X

Ctews SRS SO/ —A K SO & B ® ©
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Aero-Optics Results

Image Nominal

- 3
2= 11l I 1=

SE III =111 W = h=s

=i os e NII=Y

e ZSlll = 35 -
q —_— III s=l Y HI=s
R

S —
= —
s=M l" 1 "| — s

=1 2
s=m Il =

Nominal
Performance

Image AeroOptics

=11 s

SE III =111 W ih=s

mE, ll' -
IZM 4oy "™ =4
ZNEN = L

H E "I T |||I|'§§
= -
s=m =1
alpha : 5.3 deg
beta : 1.52 deg

Mach Speed : 1.2
Altitude : 30,000 ft
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Aero-Optics Results

Image Nominal Image AeroOptics

=1l W "= =111 W LT
=M 4oy "8 = IFIN 4up 2N
_ alpha : 5.3 deg
Nominal beta: 1.52 deg
Performance Mach Speed : 1.2

Altitude : 30,000 ft
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Various Multi-Physics Optical Degradation to a Synthetic Scene

Nominal

<9

Nominal

<9

Structural

4

Aero-Optics

Thermal

L 4

STOP & Aero-Optics

<+

4

Structural and Thermal

—
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Performance Analysis

* Understand where the largest change in
performance is occurring AND what
effect is causing it...very powerful

* Works by turning ON/OFF different
datasets and monitoring performance
automatically

* Helps customer determine what is
having the largest effect

56 ©2025 ANSYS, Inc.

racl)

(m

RMS Spot Size
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Thermal Index & Material Selection

* Displays the refractive index vs (& 6: Thermal Index Plot - - ox
. v) Settings | & E3 [al d= O/ =—A S = d~ - @
tem peratu re for Su rfaces Wlth thermal Surface Multiphysics Data Set Material Trange (°C) nrange &n/8T
d ata Sets a p pI ied 2 | lens front Surface_02_Temperature_. BEAMSTEERINGMATERIA 68.68 0.000060 291E-0(
8 | wedge 1 front Surface_08_Temperature_| BEAMSTEERINGMATERIA 60.66  0.001566(553E-0( |
1.525700 -
. . 1.525690%
* Understand the behavior of refractive g o
- .
index over temperature range % 5
% 1.525670
3
§ 1.525660
E :
e Important information that is ey
automatically provided from STAR .
5000 6000 7000_ 8000 9000 10000 11000 12000
Temperature (°C)
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Beam Propagation: Aero-Optical Simulation

Subsonic Flow Over a Cylindrical Turret

Density Field

Elevation Angle #
Inflow

Direction

Instantaneous
optical distortions

I
X

Kamel et al. AIAA Paper 2016-1462 & Kamel M., PhD Dissertation 2017

1 {msed

Transonic Flow over a Cylindrical Turret with
shock/wake interaction

b
. .
- ‘ /bl) Serra By
e L 3
8 ol ilL, H % 2
s '} r‘y - - - -‘ - - 1 -
3 RARY, St
- &:’ S / 4 \
y N Sopaaaed o
3 - M £
' 'hﬁ. £ .\I L ' :
o A g )
\_ —_— - \ \ ~
Experimental setup of Vorobiev et al. (AIAA Iso-surfaces of A, criterion colored by streamwise
Paper 2014-2357) velocity. The shock position is indicated by the
grey iso-surface of strong negative dilatation.
(Kamel et al., submitted to AIAA Scitech 2019)
Instantaneous pressure Instantaneous pressure

(Numerical predictions)
p/P.
= e

82 03 04 0S 04 O7
2.0

(Exp. Measurements) Spanwise-averaged Spanwise-averaged OPD
p/ P OPD (Experimental

E_— Numerical predictions measurements)
or 03 04 08 oe or
2.0 ! {Oro), x 100

(Pucsanl Pws ) DML ..

(OrD), = 100
(Dl PrsJOML .

@ [deg)

—  omm. C—
15 15 2o s ey oy OO O —
>
1.0 1.0 ¥ - ‘
£
0.5 05 =
oy " a
0.0 0.0 i
o i
20 100 110 120 90 e % ) T N
® (deyg)

near the projection or viewing optical aperture

Gladstone-Dale relation

* Aero-optical phenomenon is concerned with the aberration effects of turbulent flow induced by solid surfaces

* Fluctuations in turbulent density field cause fluctuations in the index of refraction field as described by
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Cooling

JAnsys

2024 R1

contourn

JAnsys

2024 R1

Valosity Magnituda
s

(#-z

* Cooling with bursts of CDA (Clean Dry Air)

* When the bursts are at low pressure or velocity, the flow is more laminar and the optical aberrations are minimal
* When the bursts are at high pressure or velocity, the flow is turbulent and the optical aberrations are significant
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Beam Propagation: Atmospheric Distortion and Attenuation

Beam Propagation

Source definition from output area of laser
unit, considering:

e Source energy and spectrum

* Asymmetric Gaussian beam profile

e Spatial distribution across emission
surface

Beam propagation through atmosphere
using MODTRAN code:

 Computes linear propagation loss and
scattering based on particle composition
(gas/aerosol/fog) in atmosphere

Optical atmosphere H MODTRAN or GOTS

definition computation
v
Optical propagation Absorption/scattering
simulation coefficients

ldeal
atmosphere

Dense fog
atmosphere

High energy

¥

EQ/IR Technology
Sensor / Laser Weapon)

Beam steering

Low energy

[ Wavefront error calculation }

[ Controls software }
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Thermal Blooming

X Source Refractive
Irradiance  Temperature [ndex

Negative
lens

Bloomed
Irradiance

Irradiance

Negative
wedge lens

3 1:NSC 3D Layout v - 0O X
vSettings & Ga e A0 =AM & Al @ 2 B @ Line Thickness -
@n

W,

500 mm
30 Layout
TIMES FOUR LASER BEAM EXPANDER
5/22/2024 Zemax
Ansys Zemax OpticStudio 2023 R1.00
Seam Expandar-NSC-Pre-FR0-TR paoc Expare 2.2m
Configurstio
&3 1: NSC 3D Layout v - 0O X

v) Settings | ‘& B3 b = /"D/‘—AH ;‘k'*ﬁ*}ﬁ@ = EE’_-Q Line Thickness ~
@

Wi

TIMES FOUR LASER BEAM EXPANDER
5/22/2024

50 mm

3D Layout

Zemax
Ansys Zemax OpticStudio 2023 RL.00

Configuracion 1 oF 1
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Target Impact: Irradiation, Heating, Melting and Solidification

Target Irradiation

Wim2

1.50e+04

FWHM: 10°

1.31e+(4

1.13e+04

9.38e+03

FWHM: 15°

FWHM: 20°

0.000

Irradiation of laser

Marangoni convection
In melted metal

evolution of
evaporation heat

tecoil pressure/

\Y )

Volume of Fluid
Solidification & Melting
Continuous Surface Stress

CFD Simulation Method

Area Shape Center Magnitude | Measure Value Rule | Test | Target
Body (0;-3500; -10000) 57902.9 W/m2
Left_Wing Ellipse (3000 ; -3500 ; -10000) irradiance Maximum 108708 W/m2

Right_Wing Ellipse (-3000; -3500 ; -10000) irradiance Maximum  30709.3 W/m2

Melting region and keyhole growth . . . s o
3375
solidus temperature evaporation temperature

1673
3 > S N 2‘_ =\ =
\ QB ; \ [ 4
W.v % v
) A |/
o

2000step 1.00ms 5380step 2.69ms 6160step 3.08ms

LS

a ' A

7540step 3.77ms 9540step 4.77ms 11400step 5.7ms

CFD Simulation Result
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Modeling laser impingement: DPM Ray Tracing

PBNS DPM with
Eulerian Materials
approach

1« !

1

DPM Ray Tracing: Use built-in DPM model no drag/ forces.
Define power Profile of laser matching normal Distribution
Limitations:

Surface shapes can be irregular, change shape, and state or
updated during solution

Surface Facet Tracking: to deal with surface interaction and
calculate vectors for reflection, absorption, surface change
from other physics, Melting, sublimation, Oxidation.

Blowing effects: very accurate but will need extensive
use of multi-phase Expressions/UDFs to describe phase
change/mass transfer between phases: add mass,

momentum, energy, species to gas phase
66 ©2025 ANSYS, Inc.

<

Limitations: Radiation from
surface: Recoil, Gas absorption
not represented. And other
physics with structure of
materials changes, etc.

Laser: DPM Ray Tracing model inside Fluent

Flow: Multi-species incompressible (can use
Fluent)

Solid: Modeled with Eulerian Multiphase
VOF solid/Liquid inside Fluent (CHT)

P
Stab T emperature (me

Incident Laser
[Source)

Radiative
Laser Absorption

Heagt of Melting/
Vaporization

r-tem,

2.50e+03
2.35e+03
2.20e+03
2.05e+03
1.90e +03
1.75e+03
1.60e+03
1.45e+03
1.30e+03
1.150+03
1.00e+03

Powering Innovation That Drives Human Advancement

Emission  peflection/
Scattering ... -

Convective
-

Heat Flow

——

4,
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Modeling Laser Impingement on Solid Surface: Radiation

DBNS MDM approach PBNS VOF approach

Laser: Monte Carlo or DO radiation model
—— inside Fluent

Flow: Multi-species compressible (can use
Fluent)

Solid: Can be modeled as a solid inside
/ Fluent (CHT)

Surface recession: Use built-in ablation model (Vielle’s Surface recession: Use built-in VOF model, with varying
law, surface reactions or erosion model UDF which allows properties for the liquid part as a function of local

customization of recession rate) il conditions (T)

Limitations: No multi-phase \ H Limitations: surface effects on flow, eg friction etc?

Blowing effects: possible at 2022R2 via mass-flux

boundary or using UDF —

Blowing effects: very accurate but will need extensive
use of multi-phase Expressions/UDFs to describe phase
change/mass transfer between phases: add mass,
momentum, energy, species to gas phase
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Additional Optical Effects of Fluids



Plasma Mirror and Ablation Modeling

Plasma mirror is not mirror in the traditional sense
Glass substrate such as fussed silica or other material
Some reusable systems use sacrificial layers on a substrate

The top layers a few atoms deep are vaporized

\nsys



Shift and Shape Changes

* Adding in tilt and various shapes of the voluemes with refractive index changes between layers, creates
noticeable effects in the image position and distortion to the image.
e Various shapes and surfaces can be used to simulate strata effects

2.464e4 Incoherent 50.0, Incoherent
Irradiance Trradiance
g 241.6 v 0.639
% 217.4 = 0.575
g 193.3 g 0.511
g 169.1 v 0.447
o 0 145.0 - 0 0.383
b= 120.8 = 0.320
- 1= :
s 96.6 = 0.256
S 72.5 S 0.192
u 48.3 0.128
24.2 >
A6 0.064
: 0.000
-2.374e4 - '0 0
0 2.464e4 -50.
-2.421e4 - 50.0 0 50.0

X coordinate value .
X coordinate value
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Intensity

A combination of scattering and absorption creates a speckle pattern
* This speckled pattern intensities with distance

Tncoherent

139.8 Tncoherent 16.5 Tncoherent 115.2
Irradiance Irradiance Irradiance
w 2.06 u 1.28 U Q0.774
= 1.85 =2 1.15 3 0.697
- 1.64 o 1.02 o 0.620
U 1.44 U 0.89 U 0.542
a J 1.23 & 0 0.77 s i 0.465
5 1.03 5 .64 5 0.387
[ & .82 [ 0.%1 - {1.310
§ .62 § (.38 § (1.232
0.41 0.26 0.155
> > >
0.21 0.13 0.077
Q.00 0,00 0,000
-138.7 121.4 122
139.8 0 - 121.4 4] has . W2
X coordinate value X coordinate value X coordinate value
Detactor Inage: Incaherent Irradiance Detactor Image: Incoherent Irradiance Detactor Inage: Incoherent Irradiance

s I N X MW, UL K .

3 avrre Farahas Tea_NE TanT_5_Sheer 50
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2enax
Msys Zerax Sptichtudis 2023 K1.UC

PP

Volume Y50 Test 2 Short.zas
Canfiguration 1 af L

Poacls 2 A X L0 M, 100a] NIt e a3eSaUL

N Lt SN P Pt

2enax

Msys Zerax Sptichtudis 2023 KL.UC

Volume NSQ Tesl 2 Long. cos
Canfiguration 1 af L

“lacls 2002 W X W N, U] WL - 2t

W haliane ool ame K| Tosl 2 Largg 1008 200

Voluwe §50 Te
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Zenax

Msys Zerax Sptichtudiz 2023 K1.UC

»L 2 Leay 10kn, 2nx

Configuration L of
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Data Presentation (Spatially Varying Relative Permittivity)
Altitude: 71.73 km

23.89 (7049 20 m/s)

Relative 30 MHz 300 MHz 1000 MHz 1800 MHz 3000 MHz

Permittivity [-]

I ﬂ
L _lﬂll

b —10t

- - 10

-10*
=10%
-1g5
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Data Presentation (Spatially Varying Relative Permittivity)
Altitude: 63.60 km

20.09 (6223 40 m/s)

Relative 30 MHz 300 MHz 1000 MHz 1800 MHz 3000 MHz

Permittivity [-]

I ﬂ
L _lﬂll

b —10t

- - 10

-10*
=10%
-1g5
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