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ABSTRACT

INVESTIGATION OF RAIN EROSION ON GERMANIUM BY
USING FINITE ELEMENT METHOD

Salman, Hiiseyin Anil
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. R. Orhan Yildirim

August 2011, 107 pages

Impact of rain drops at relatively high velocities, which is known as rain erosion,
causes severe damages on various materials. Every material can withstand the rain
erosion up to a specific impact velocity. However, this damage is critical for optical
windows which are very important components for Electro-Optical (EO) systems
such as thermal camera. Even a small scratch may affect the transmission capability
of the optical window adversely and leads to some functional problems in the device
due to insufficient transmitted data. Since it has a vital effect on the EO systems, the
rain erosion is needed to be investigated on the special optical windows, particularly

for determining the velocity that a damage initiates.

In this study, the rain erosion is investigated on germanium which is a kind of optical
window, by means of numerical simulations in LS-DYNA. Damage Threshold
Velocity (DTV) is examined for two different water shapes (which are spherical
water drop and water jet) within a velocity range between 100 and 250 m/s. Both
single and multiple impact cases are considered for both water shapes up to ten
consecutive collisions. By using the results, the “DTV versus number of impact
curves” are obtained in order to understand the amount of damage with respect to
both single and multiple impacts. Results are compared with both literature and the

experimental data within the scope of DTV and shape of the damage.
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In the numerical simulations, ALE (Arbitrary Lagrangian Eulerian) method is used
for modelling water. “JOHNSON-HOLMQUIST-CERAMICS (JH-2)” which is
recommended for both ceramics and glass applications is used as the material model
for Germanium. JH-2 is a complete material model which contains damage effects,
failure criteria, and Equation of State (EOS) all together. Among the material models
available in the library of LS-DYNA, “MAT-NULL + EOS-GRUNEISEN” is used

for water.

Keywords: ALE; Brittle materials; Germanium; Johnson Holmquist; Rain erosion.
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GERMANYUM UZERINDEKI YAGMUR EROZYONUNUN SONLU
ELEMANLAR YONTEMI KULLANILARAK INCELENMESI

Salman, Hiiseyin Anil
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. R. Orhan Yildirim

Agustos 2011, 107 sayfa

Yagmur erozyonu olarak bilinen yagmur damlaciklariin goéreceli yiiksek hizlarda
carpmast ¢esitli malzemelerde hasara yol agar. Biitlin malzemeler yagmur
erozyonuna belirli bir carpisma hizina kadar dayanabilir. Ancak, bu hasar termal
kamera gibi Elektro Optik (EO) sistemlerin ¢ok Onemli bir pargasi olan optik
camlarda kritiktir. Optik cam {izerinde olusan kiiciik bir ¢izik bile gecirgenligi kotii
yonde etkileyibilir ve sonug olarak yetersiz bilgi aktarimindan kaynakli cihazda bazi
fonksiyonel problemlere neden olur. Yagmur erozyonunun EO sistemler {izerinde
hayati etkisi oldugu icin, optik camlarda, Ozellikle hasarin bagladigi bu hizin

belirlenmesi agisindan incelenmesine ihtiyaci vardir.

Bu ¢aligmada, bir ¢esit optik bir cam olan germanyum’un yagmur erozyonuna karsi
dayanimi sayisal benzetim ile LS-DYNA’da incelenmistir. Hasar Esik Hizi (HEH)
iki farkli su sekli i¢in (kiiresel su damlacigi ve su jeti) 100 ve 250 m/s hiz araliginda
incelenmistir. Tek ve coklu ¢arpisma durumlari on ardisik carpmaya kadar iki su
sekli icin de incelenmistir. Hasarin boyutlarinin tek ve ¢oklu carpisma durumlarina
gore incelenebilmesi icin HEH nin carpigsma sayisina gore egrileri ¢izdirilmistir.
Sonuglar hem literatiir ile hem de deneysel calisma ile HEH ve deformasyon sekli

kapsaminda karsilastirilmistir.
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Sayisal benzetimlerde, suyu modellemek i¢cin ALE (Arbitrary Lagrangian Eulerian)
teknigi kullanilmigtir. Germanyum ig¢in seramik ve cam uygulamalarinda Onerilen
“JOHNSON-HOLMQUIST-CERAMICS (JH-2)” malzeme modeli kullanilmistir.
JH-2 malzeme modeli icersinde hasar etkisi, kopma kriteri ve durum denklemini
barindiran bir malzeme modeli biitiintidiir. LS-DYNA kiitiiphanesinde bulunan
malzeme modelleri arasindan su i¢in “MAT-NULL + EOS-GRUNEISEN”

kombinasyonu kullanilmistir.

Anahtar Kelimeler: ALE; Kirilgan malzeme; Germanyum; Johnson Holmquist;

Yagmur Erozyonu.

Vil



To My Family

viil



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to Prof. Dr. R. Orhan YILDIRIM for his
endless support, supervision, encouragement and patience during the all research

activities.

The current work is a part of a research and development project which has been
conducted in ASELSAN Inc. I would like to thank to my company ASELSAN Inc.,
my manager Mr. Thsan OZSOY and my project manager Mr. Alp Eren Sinan
OZHAN for providing me all the opportunities to take the advantage of
computational capabilities of the company, educational attainments (for the use of

LS-DYNA) and experimental activities.

I would like to thank to Dr. Ali M. COLAKOGLU for his encouragement, advice,
support and guidance in all steps of the study.

I would like to express my appreciation to my colleague A. Levent AVSAR for his

valuable support and understanding.

Lastly, I would like to express my endless gratitude to my family for their love,

support and faith in me.

X



TABLE OF CONTENTS

ABSTRACT ...ttt sttt ae v
OZ oo, vi
ACKNOWLEDGMENTS ..ottt ix
TABLE OF CONTENTS ...ttt X
LIST OF TABLES ...ttt Xiv
LIST OF FIGURES .....ooiiiitiiiiieeesse ettt XV
LIST OF SYMBOLS ...ttt Xix
ABBREVIATIONS ..ottt sttt st Xxii
CHAPTERS ...ttt 1
1 INTRODUCTION ..ottt ettt sttt sttt st 1
1.1 Motivation to Rain Erosion Problem ...........c.cccocoviiiiniininiinienicenieeeee 1
1.1.1 Electro Optical SYStEMS .......ccveeriieiiieriieeiieniie e eteeiee e e eve s e 1

1.1.2 Rain Erosion on Infrared Windows ...........cccevevieninieninieneceiee 3

1.2 SCOPE OFf TRESIS ..veeeuieieeiiieeiiee ettt et eeree e s 4

2 LITERATURE SURVEY ON RAIN EROSION ......ccccoctmininiiiiieieeieneeeneee 6
2.1 Brief Theory of Liquid Impact........c.cccccvieeiiiiiiiieciieeeeeee e 6
2.1.1 Compressible Phase: Water Hammer Pressure.........c..cccceeveneinenicnnene 7

2.1.2 Incompressible Phase: Out jetting of Liquid.........cccccooeeviiniininnincnene. 9

2.2 Numerical Simulation Studies Regarding Liquid Impact..........c..ccceeeennen 10
2.3 DTV and an Analytical Approach to DTV ......cccciiiiiiiiiiiiiieeeeee 14
2.4 Test Techniques on Rain ErOSION ........ccceevuiiriiiiiienieeiienie et 17
2.4.1 WhIrling AT ....oooiiiiiiiiieiiee ettt 17

2.4.2 Single Impact Jet Apparatus (SIJA) ....ccceveeviiiiniiniiieneeeeeeeeee, 19



2.4.3 Multi Impact Jet Apparatus (MIJA).....cccooeeviriiniiniiiniceececeee, 20

2.5 Experimental Studies on Rain Erosion ...........ccccoceeveriiniincncninenicnenn 22
2.5.1 Experimental Studies on Germanium ...........cccceeeeveerveriieenreenneenenennnnn 22
2.5.2 DTV of Other Optical Materials ...........cccceevieriiienieniieieeieeeeeeeee, 27

3 NUMERICAL SIMULATION OF LIQUID IMPACT IN LS DYNA................. 29

3.1 Brief Description of LS-DYNA ......oooiiiiiiiiiciteieetete et 29

3.2 Solution Techniques in LS-DYNA ......cccooiiiiiiiieeiee e 30
3.2.1 Common Definitions and CONCEPLS .......cceevvvierrirrcirerieeirierieeieenireeneans 30
3.2.2 Lagrangian Method (Lagrangian Meshes)...........cccccveeviiencieeeciieennnnn. 31
3.2.3 Eulerian Method (Eulerian Meshes) .......c.ccocvvveeiiiieciieeniieeciee e, 32
3.2.4 ALE MeEthOd .....oouieiiiiieiieiee et 34

3.3 Modeling of Geometries Used in Numerical Simulation..........c..ccccceeveneeee. 37
3301 WaALLT . st 38
3.3.2 Void (Background Mesh / Spatial Coordinates) ..........ccccceervereenueennene 39
3.3.3 Water and Void (First Group: ALE Group)......c.cccccevvvevervenicnennennns 40
3.3.4 Germanium (Second Group: Lagrange Group).........cceeeveereveecveererennnnnne 42

3.4 Fluid — Solid COUPLING......cccvieriieiieiieeiieie ettt 42

3.5 Material MOdEIS ......ooviriiiiiiiiiieienieeee e 43
3.5.1 Material Model for Water and Void..........cccceeveriiiiiiiiniinieciieeeee 44
3.5.2 Material Model for Target Plate (Germanium)............ccceeeeveerreerereennenn. 45

3.5.2.1 Selection of the Material Model for Germanium............cccccecuenneene. 46

3.5.2.2 Johnson Holmquist Ceramic Material Models...........c..cccoevvrennnnee. 49

3.5.2.3 Johnson Holmquist Ceramic 2 (JH-2) Description.............ccue....... 50

3.5.2.4 Determination constants of JH-2 model for Germanium................ 53

3.6 Mesh Sensitivity ANalYSiS......cccievuieiiieiiieiiieiiieeieeieeere e see e sne e ees 54

4 TEST FACILITY AND EXPERIMENT CONDITIONS .......ccoocveiiiiiieieienee. 61

xi



4.1 Description of the Test Facility........cccoeviiiiiiiiiiiiiieieeceeceee e 61

4.2 Experimental Conditions...........coveeverienienieriienienieeienecneeie e 67
4.3 Calculation of Number of Rain Drops .........cccceeeieniieiiienieiiieieeiceeeene 70

5 NUMERICAL AND WHIRLING ARM EXPERIMENT RESULTS ................. 74
5.1 Results of the Numerical SImulation ..........cccoeceeverieniininiienienecieeeenne, 74
5.1.1 Criterion of Failure in Rain Erosion..........cccccecevieniiieninienenceieees 75

5.1.2 Numerical Estimation Method of DTV for Germanium....................... 76

5.1.3 Results of Water Drop Impact.........cccceeeviieriiieiiiieiieeeeee e, 79

5.1.4 Results of Water Jet Impact .......ccccoeeieeeiiiiinciiiecieceeee e 82

5.2 Whirling Arm Test ReSUILS .......ooevuiiiiiiiieiiiieceeee e 84
5.2.1 Whirling Arm Results at 125 m/S ...ccceeeviiieeiiieeciieeciee e 85

5.2.2 Whirling Arm Results at 150 m/S ......cccovieiiriiniiiiiniinieieecnecieee 86

5.2.3 Whirling Arm Results at 200 m/S ......ccccoceeviiriiniiineniinecieecneeieens 88

5.3 Review of DTV for Germanium ............cccceevuieriiiniiiniienieeieeeie e 90
5.3.1 DTV of Germanium Obtained by Numerical Simulation..................... 91

5.3.2 DTV of Germanium Obtained by Whirling Arm Experiment.............. 93

5.3.3 DTV of the Germanium given in Literature ............cccoecvverveeiieennennnnn. 94

6 DISCUSSION, CONCLUSION and FUTURE WORK.........ccccccceniiniiiiniinne. 95
6.1 DISCUSSION ..cuutiiiiieniiieiie ettt ettt sttt ettt s te e st e sbeesbeesaneens 95

6.1.1 Comparison of Numerical Results (Water Drop) with Whirling Arm

|25 q 0 1<) 8111121 | S USSR 95

6.1.2 Comparison of Numerical Results (Water Jet) with MIJA Experiments

............................................................................................................. 96

6.1.3 Shape of Damage in Rain Erosion .........c..ccccoeceeviiiiniininiinicncnicnene 98

6.2 CONCIUSION ....ouiiiiiiiiiitieieetc ettt 99
6.3 FUture WOrK ......cooiiiiiiiiiiiicicccereeeeese e 100



REFERENCES . ...ttt et 102

APPENDIX ..ot 107

A.EXAMPLE CALCULATION ON NUMBER OF WATER DROPLETS HITTING
TO TARGET ..ottt 107

Xiil



LIST OF TABLES

TABLES

Table 2.1 DTV (single impact) or SST values of some infrared lens materials for 2
MM dIAMEET WALET ATOP. ..eovviiiiiiiiieiieeie ettt ettt e e e teeeaaeebeessseesaeenneas 15
Table 2.2 Fracture toughness values of some important lens materials..................... 16
Table 2.3 Physical Properties of IR Window and Dome Materials. .............cc.......... 17
Table 2.4 Whirling arm test facilities.........ccecceeiiiiiiieniiieiieie e 19
Table 3.1 Gruneisen Constants for Water [31], [34]....ccovieeoiieiiieeeieeeeeeeeeeeeee, 45
Table 3.2 The Material Model Reference Table (Reduced for the Ceramic and Glass
APPLHCAIONS) [28]. wreeeiiieeiiieeiiee ettt ettt tee et e e e e s e e st e e s e e earae e enreeeenree s 48
Table 3.3 Dimensions of the sensitivity model. ...........ccoccoviiiiiiiiiniiiieee 55
Table 3.4 Properties of the sensitivity models. .........ccceeeuieviiiiiiiniiniieieeeee 57
Table 4.1 Rain erosion rig calibration of rain intensity. ........c.cceeceeveevveniererieeneenene 66
Table 4.2 Test conditions for Germanium SPECIMENS. ........ccuveerrvreerirreerireeesreeenveeenns 68
Table 5.1 The output of the numerical simulations for water drop.............ccceceeneenn. 80
Table 5.2 The output of the numerical simulations for water jet..........c.cccoceeveennennee. 83

Table 6.1 The DTV comparison between the numerical simulation results for water

jet and experimental results found in the literature. ...........ccceeeeeieiniieencieeciee e 97

X1V



LIST OF FIGURES

FIGURES

Figure 1.1 Optical WINAOWS. .......cocuiriiiiiiiiiiiieiieeeeee e 2
Figure 1.2 Electro Optical deVICE........ccueriiriieiiiiiriieiesieiceeee e 2
Figure 1.3 Bug strike damage. ........ccceeevvieiiiiiieiieciieie et 3
Figure 1.4 Rain erosion damage. ..........ccceeeviuiieeiiieeeiieeciie e esiee e eeee e e 4
Figure 2.1 Initial stage of the water drop iImpact. ...........ccceveeieiiiiiiinenceeeeee 7
Figure 2.2 Contact edge of the impacted liquid [9]. ..c.cooveviiniiiiiiiiiieeceee 9
Figure 2.3 Spreading of the drop (out jetting) [9]......ccovveviieeierciieieeieeeeeeeee s 10
Figure 2.4 General finite element model of water drop impact [13]. .......cccvveeeneennn. 12

Figure 2.5 Impact of spherical rain drop to a glass plate at (a) 0 us, (b) 2 us and (c)

20 S [14]. ettt et sttt et 13
Figure 2.6 The general view of the finite element model for Apollo 17 capsule. ..... 14
Figure 2.7 Bell Aerospace Company whirling arm ring [17]. ...cccoovvveevieeeiieeeieenns 18
Figure 2.8 Single Impact Jet Apparatus (SIJA); A, target; B, chamber; C, liquid; D,
NEOPTENE AISK. Looveiiiiiiiiiieiiee ettt et es e eane s 20
Figure 2.9 Multiple Impact Jet APParatus. .........cceecveeeveerueeerieenieerieeereeneeesreeneeeenees 21
Figure 2.10 Shape of the water jet 20mm below the nozzle. ...........ccccccevvveviveennennn. 22

Figure 2.11 Ball indentation test results on both carbon coated and uncoated
ETMANTUIM SAMPLES....eeeuiieiiieiieeiieiee ettt et ete et et eeteesebeebeessseesaesnseenseeens 23
Figure 2.12 Damage patterns after impact of water-jet pushed from 0.8mm diameter
nozzle at 260 m/s for uncoated (left) and 3 um carbon coated (right) germanium
samples. Lowercase characters at every picture indicate (a) first impact, (b) second
impact and (c) third impact. Uppercase character “A” at every picture is a common
feature to compare $ize 0f the Crack.........ccceeviieriiiiiiiiiieiiee e 24
Figure 2.13 Damage patterns after three successive water-jet impacts (0.8 mm
diameter) at 220 m/s on (a) uncoated and (b) 3 um carbon coated Germanium
SAIMPLES. .ottt ettt ettt ettt ettt et et e bt e et e e be e te e e bt e e taeenbeeenaeenbeenes 25

Figure 2.14 Threshold curve for germanium with the nozzle producing non-round

XV



AAMAZE [1 7] ereeeiie ettt ettt et e e st e e s te e e sstaeesssaeessaeeessseeensseeensseeenns 26

Figure 2.15 Threshold curve for germanium with the nozzle polished producing

roUNd damage [L7]. oeeoeieeiieiie ettt ettt e eanees 27
Figure 2.16 A summary of the threshold curves for various optical materials [20]. . 28
Figure 3.1 Shearing of a two dimensional block in Lagrangian technique [22]........ 31
Figure 3.2 Movement of the spatial coordinates in Lagrange Technique [23]. ......... 32

Figure 3.3 Shearing of a two dimensional block in Lagrangian (at top, indicated by

L) and Eulerian (at bottom, indicated by E) Techniques [22].......ccccccveeviveniiriiiennnnns 33
Figure 3.4 Movement of the spatial coordinates in Eulerian technique [23]. ............ 34
Figure 3.5 Movement of spatial coordinates in ALE technique [23]........cccceeveenneen. 35

Figure 3.6 Comparison of Lagrange (top row), Eulerian (middle row) and ALE
(bottom row) teChNIQUES [24]...ccuvieiieeiieiieeie ettt ettt e e 36

Figure 3.7 Impact of a elastic ball to a rigid surface in ALE (left column) and

Lagrangian (right column) Method [25]. ...oooiiiiiiiiie e 37
Figure 3.8 Quarter views of water drop (left) and water jet (right). .......ccccvernrnee. 39
Figure 3.9 Quarter views of voids for water drop (left) and water jet (right). ........... 39
Figure 3.10 Node arrangement for water (left) and void (right). ........cccccevevvverenennn. 40
Figure 3.11 Merged/shared nodes in water-void boundary. ..........cccccceeviiniinninnnnnnne 41
Figure 3.12 Quarter views of assembled water and void configurations for water drop
(Ieft) and water Jet (TIZRL). ...ccovvieiieie e e 41
Figure 3.13 General view of the germanium (diameter = 25mm, thickness = 5mm).42
Figure 3.14 Coupling between Lagrangian and Eulerian methods [27]. ................... 43
Figure 3.15 Description of the JH-2 ceramic model [36]. ......ccceevueriinieniiniinieneene 51
Figure 3.16 General view of the sensitivity model. ............ccccevviieiieiiiieniiiiieieee. 55

Figure 3.17 Sensitivity model A; (a) top view, (b) detail view at the centre, (c)

detailed view through the thickness. ..........cccvieiiiieiiiieiecee e 56
Figure 3.18 Location of the measurement stations on model B................c.ccccoeeeee. 58
Figure 3.19 Maximum Principal Stress at R=0 (Station 1).........cccccecervieviininnennenne. 59
Figure 3.20 Minimum Principal Stress at R=0 (Station 1). .......ccccceviriiniininnennenne. 59
Figure 3.21 Maximum Principal Stress at R=0.5 (Station 2)........c.ccceevevvvercrvereneennne. 60
Figure 3.22 Minimum Principal Stress at R=0.5 (Station 2). .....c.ccccceeveviinenvicnnenne. 60
Figure 4.1 General view of the test facility.........ccooeerviiiiiiniiieiiieeeeee e 62

XV1



Figure 4.2 Rotating arm, rain emitter and test SPECIMEN. .........cceeevvreerveeerieeenneenns 63

Figure 4.3 When the test specimen passes below a rain emitter. ...........ccccceeeveenenne. 64
Figure 4.4 Mounting of the test specimen on end of the rotating arm. ...................... 65
Figure 4.5 Calibration reservoir for adjustment of the rain fall rate. .............c..c........ 66
Figure 4.6 Test specimens subjected to rain at high speed [43]......cccceeevveeiiieennenns 67
Figure 4.7 Test specimen number 46 after experiment...........cccceeveeviieeneeenieeneeennen. 69
Figure 4.8 Test specimen number 45 after experiment...........cccceevveecieeneeenieenneennen. 69
Figure 4.9 Test specimen number 44 after eXperiment...........cccceeveeecveereeenneenveennen. 70
Figure 4.10 Terminal velocity measurements of fall for raindrops [45]......c.ccceuveee. 71
Figure 4.11 Velocity of raindrops as a function of fall distance [45]. .......ccceeuenneee. 72

Figure 5.1 Amount of damage for failure (tenth impact of water drop at 150 m/s)... 76
Figure 5.2 Damage for water jet impact for two times at 200 m/s.........cccceecveeveennen. 78
Figure 5.3 Number of failed elements with respect to impact-number and velocity of
WALET AIOP. ettt ettt ettt et e st e e bt e s it e e bt e saee e beesateenbeesneeenneens 81
Figure 5.4 DTV curve for germanium with respect to water drop.........cccccecveveeenenne 82
Figure 5.5 Number of failed elements with respect to impact-number and velocity of
AL 11S) <1 T USSP 83
Figure 5.6 DTV curve for germanium with respect to water jet...........ccccevvveerieennen. 84
Figure 5.7 Whirling arm test result at 125 m/s impact velocity in 5 minutes through
2.5 cm/h fall rate for 2 mm diameter water drop. ........ccceeveveeeienciierieeieeie e 86
Figure 5.8 Whirling arm test result at 150 m/s impact velocity in 5 minutes through
2.5 cm/h fall rate for 2 mm diameter water drop (1).......ccoeveeviieniieniiiniieieeieeeee 87
Figure 5.9 Whirling arm test result at 150 m/s impact velocity in 5 minutes through
2.5 cm/h fall rate for 2 mm diameter water drop (2).......cceevveeeeiierieeiienieeieeieeeenns 88
Figure 5.10 Whirling arm test result after the impact of water drops at 50, 70, 90, 150
and 200 m/s for 5 minutes at each velocity (25 minutes total test duration)
respectively through 2.5 cm/h fall rate (1). ...oooeeeeieiiiiiee e, 89
Figure 5.11 Whirling arm test result after the impact of water drops at 50, 70, 90, 150
and 200 m/s for 5 minutes at each velocity (25 minutes total test duration)
respectively through 2.5 cm/h fall rate (2). ..cccveeeevieeeiieeeeee e 90
Figure 5.12 Comparison of Water Drop and Water Jet. .........cccccevueriiniininicneenene. 92

Figure 5.13 Pressure distributions on germanium for water drop and water jet at 150
Xvil



M/S TMPACE VEIOCTLY. 1vviieiiiieeiieeeiee et e et e et eette e et e e et eeeae e e s aeessaseeesnseeenaseeenneeans 92
Figure 6.1 Damage observed in the (a) whirling arm experiment at 150 m/s (b) 3th

impact at 200 m/s in numerical SIMUIAtION. .........cocueviiiiiiiiniinieeeceeeeeeeen 99

XViii



LIST OF SYMBOLS

P Pressure

p Density

C Shock velocity

Co Acoustic velocity

k Constant for shock velocity correction

Cy Longitudinal wave velocity

Cr Transverse wave velocity

v Velocity

k A constant in the first order shock correction
d Diameter

T Radius of the curvature

T Time for the high pressures start slowing down
T’ Time for the complete release of the high pressure stage
Vireshold DTV of a specific infrared material

K. Fracture toughness

Cr Rayleigh wave speed

v Poisson’s ratio

Pw Density of water

dy Diameter of the rain drop

Po Initial Density

E Young’s modulus

S Material constant for EOS-GRUNEISEN

S, Material constant for EOS-GRUNEISEN

S Material constant for EOS-GRUNEISEN

Yo Material constant for EOS-GRUNEISEN

a Material constant for EOS-GRUNEISEN

E; Initial internal energy for EOS-GRUNEISEN
V; Initial relative volume for EOS-GRUNEISEN

X1X



PHEL

Normalized strength of the material
Normalized intact equivalent stress

Normalized fracture stress

Damage

Actual equivalent stress

Equivalent stress at the Hugoniot elastic limit (HEL)

Normal stress at x direction

Normal stress at y direction

Normal stress at z direction

Shear stress at x-y direction

Shear stress at x-z direction

Shear stress at y-z direction

Material constant for JOHNSON-HOLMQUIST Material Model
Material constant for JOHNSON-HOLMQUIST Material Model
Material constant for JOHNSON-HOLMQUIST Material Model
Material constant for JOHNSON-HOLMQUIST Material Model
Material constant for JOHNSON-HOLMQUIST Material Model
Material constant for JOHNSON-HOLMQUIST Material Model

Maximum tensile hydrostatic pressure the material can withstand
Normalized maximum tensile hydrostatic pressure

Pressure at the Hugoniot elastic limit (HEL)

Normalized pressure

Actual equivalent strain rate

Dimensionless strain rate

Reference strain rate

Equivalent plastic strain

Plastic strain to fracture under a constant pressure

Pressure constant for JOHNSON-HOLMQUIST Material Model
Pressure constant for JOHNSON-HOLMQUIST Material Model
Pressure constant for JOHNSON-HOLMQUIST Material Model

XX



Rain fall rate
Velocity

Cross sectional area
Terminal velocity

Duration

xxi



ABBREVIATIONS

ADTV : Absolute Damage Threshold Velocity
ALE : Arbitrary Lagrangian Eulerian

DTV : Damage Threshold Velocity

DTV : Damage Threshold Velocity

EO : Electro Optical

EOS : Equation of State

FEM : Finite Element Method

FSI : Fluid Solid Interaction

GE : Germanium

HEH : Hasar Esik Hiz1

HEL : Hugoniot Elastic Limit

JH : Johnson-Holmquist

LLNL : Lawrance Livermore National Laboratories
LSTC : Livermore Software Technology Corporation
MIJA : Multi Impact Jet Apparatus

PMMA : Polymethylmethacrylate

SEM : Scanning electron microscopy

SIJA : Single Impact Jet Apparatus

SST : Single Shot Threshold

xXXxil



CHAPTER 1

INTRODUCTION

This chapter covers the important aspects of rain erosion on optical materials. How
the rain erosion mechanism works and which materials are susceptible for this kind
of damage are presented with the help of illustrative figures. Scope of the thesis is

also introduced.

1.1 Motivation to Rain Erosion Problem

The rain erosion is a kind of damage which occurs when the rain droplets strikes to a
target at relatively high velocities as the name implies. However, why this

deformation is important and needed to be investigated is explained below.

1.1.1 Electro Optical Systems

Electro-Optical (EO) devices, such as thermal cameras basically use infrared lights to
carry out their missions. These lights which cannot be sensed by normal eye are
emitted from outer environment and converted to visible range of colors by these
systems. Even though these technologies are used in defense systems mostly, they

also serve for civil applications.

In order to work properly, EO devices should receive high amount of infrared lights

which are reflected from the objects. These lights are taken into EO device by the

help of optical windows. So, optical windows or lenses (as it can be seen in Figure
1



1.1) are critical components of the EO devices. Materials of these windows are
commonly germanium (Ge), sapphire, and silicon for different optical operation
ranges. These materials have high infrared transmission capability and by this way,

they provide the sufficient amount of light taken into the EO system.

Figure 1.1 Optical windows.

Since the optical windows have a vital role on EO systems, they shouldn’t be
deformed in any shape or form in order not to affect the device negatively. However,
the only interface component between the sensors and outer environment is just these
optical components as it can be seen Figure 1.2. So, these special windows are

exposed to all the external threats during the harsh operating/working conditions.

Figure 1.2 Electro Optical device.
2



1.1.2 Rain Erosion on Infrared Windows

Using EO systems on aircrafts which travels at supersonic speeds means that infrared
window moves at the same speed also. Collision of raindrops, bugs or any other
small particles impacting at relative high velocities can cause damage on the optical
windows and reduce transmission capability accordingly. As a result, EO devices
cannot keep its intended functions with a damaged window, lens or dome due to the

insufficient amount of infrared lights.

Nora Osborne and George Graves [1] made a study with LANTIRN (low-altitude
navigation and targeting infrared night pod system) and FLIR (forward-looking
infrared) windows to investigate the damage on the optical window. LANTIRN and
FLIR systems are EO devices mounted on supersonic aircrafts in order to provide
vision at night and bad air conditions. According to the study, 68 damaged windows
were analyzed and characterized by bug strike, rain erosion, sand erosion, surface
atmospheric etching etc. The investigation methodology includes visual and low-
magnification examinations, profilometry and scanning electron microscopy (SEM).
Among the 68 condemned windows, 35% of them were characterized by rain erosion
damage. Figure 1.3 shows the sub-critical bug strike damage and Figure 1.4 shows

rain erosion damage [1].

Figure 1.3 Bug strike damage.



Figure 1.4 Rain erosion damage.

There are several threats on the optical windows during the high speed flights. In this
study, the rain erosion is investigated among the factors that lead to deformation or
failure on the optical components. In a Defense Standard about the natural
environment [2] the rain erosion is defined as damage caused to solid surfaces by the

impact of raindrops and the liquid impact is described in a paragraph like that:

The behavior of a raindrop on impact depends largely on the velocity of
impact. Based on laboratory observations, it is considered that with impact
velocities up to approximately 300 m/s a waterdrop behaves like a hard
projectile on impact but retains its liquid property of flow. At greater velocities
the drop behaves progressively like a hard projectile which does not flow as a
result of the collision. Tests have shown that a drop colliding with 3 mm thick
1100-HI14 aluminum sheet at 600 m/s makes an impression similar to that
made on the same material by the impact of a 5.5 mm diameter steel sphere at

the relatively slow impingement velocity of 70 m/s [2].

1.2 Scope of Thesis

It is clear that the optical windows can be damaged as a result of high velocity liquid
4



impact during the working conditions of the EO device. In order to avoid such a
situation, having knowledge about the rain erosion resistance of the interested optical
material is very important. If the velocity, under which there is no damage is
occurred, is known for a specific optical window, the usage area of that material can
be determined according to this information. For example, if this velocity is about
130 m/s, the EO device cannot be used in the applications that comprise higher

speeds than 130 m/s such as supersonic aircrafts.

In order to understand the resistance of a specific optical material against rain
erosion, generally experimental studies are conducted. It is understood from these
studies that, the amount of damage is increased by each collision of the water
drop/jet. The rain erosion is dependent not only the impact velocity, but also the
number of successive impacts. There is numerical simulation studies regarding the
liquid impact in the literature as well as the experimental studies, but the most of

these studies are related with the single impact condition of the liquid.

In this study, it is aimed to find out the Damage Threshold Velocity (DTV) (under
which there is no serious damage occurred) for the specific lens material germanium
by the use of finite element method. The durability of germanium against rain
erosion is investigated according to both single and multiple impact (up to 10

successive impacts) conditions.



CHAPTER 2

LITERATURE SURVEY ON RAIN EROSION

In this chapter, the general concepts found in the literature about the rain erosion are
discussed. In the first section, a brief description of the liquid impact, water hammer
pressure and mechanism of the out jetting of the water drop after the impact are
mentioned. Then the numerical studies regarding the liquid impact are presented.
These studies generally cover the single liquid impact onto a specified target. After
that, a term DTV (Damage Threshold Velocity) which is frequently used in the rain
erosion literature and the current work is explained in detail. To find the DTV of an
optical window, an analytical approach with respect to the physical properties of the
lens material is also described in the same section. The following section covers the
most common test techniques used to simulate the rain erosion. Lastly, experimental

studies found in the literature regarding the rain erosion are discussed.

2.1 Brief Theory of Liquid Impact

At high velocities, impact of a liquid mass to a solid surface can generate high
transient pressures and may cause critical damage on the target. This type of damage
may be unimportant for the materials used in the applications where optical
transmission is not required. However, if the target is an optical component of an EO
device, this damage may lead both transmission and strength losses during the high
speed flights. Because of that the understanding the severity of the liquid impact is

important.



Liquid impact can be divided into two phases which are compressible and
incompressible [3]. In the early stage of the impact (compressible phase) the liquid
becomes compressible due to the high transient pressures generated by the collision.
Most of the damages occur during this phase. After the release of the high pressure
period, liquid becomes incompressible and spreading or out jetting of the liquid

starts. Both phases of the impact are briefly described below.

2.1.1 Compressible Phase: Water Hammer Pressure

If a column of water at a finite velocity is stopped by a stationary target, most of the
velocity (kinetic) energy of the liquid is converted to the potential energy during the
impact and high transient pressure occurs. This pressure causes a slight degree of

compressibility in both solid and fluid.

Initial stage of the collision between a spherically shaped water drop and a solid
target is shown in Figure 2.1 [2]. The liquid behind the shock envelope which consist

of many wavelets is compressed due to the momentum of the fluid.

Water drop Shock envelope

Figure 2.1 Initial stage of the water drop impact.

Cook [4] was the first to remark that high pressures can be generated in water drop



impact as a result of the so-called ‘water hammer’ effect. So, in the compressible
phase of the impact, the occurred high pressures can be estimated by the water
hammer pressure. Water hammer pressure, by definition, is the pressure as a result of
impact of a liquid mass to a rigid target. This pressure is also mentioned in other

studies [5-8] and it is given as;

P = pCv or P =pCyv[1+ k(V/Cy] (1.1)

where p is the density of the liquid, C is the shock velocity of the liquid and v is the
impact speed. Shock velocity C is found from the first order shock correction C =
Cy + kv, where C, is the acoustic velocity and it is about 1500 m/s for water and k is

a constant which is nearly 2 for water within the velocity range up to 1.2 Mach [5].
An interesting point should be underlined that the value of the water-hammer
pressure is not dependent to the length of the liquid column and this can be seen in
Equation 1.1. The length the liquid column can only change the duration of the total
impact.

The high pressures start slowing down after a time of [6]:

T=1rv/2C? (1.2)

The complete release of the high pressure stage and the end of the compressible

phase could be defined as [6];

T = 3rv/2C? (1.3)

where, 7 is the radius of curvature of the water drop (liquid mass).



2.1.2 Incompressible Phase: Out jetting of Liquid

Heymann [8], investigated that one of the occurred wavelets at the beginning of the
impact attaches to the spreading edge contact point “e” in Figure 2.2, during the
information of the collision is transferred to unaffected portion of the drop. It is well
known from the impact mechanics that the information of the collision carried by the
shock waves. The speed of the shock wave is about 1500 m/s for water. This shock
velocity is considerably higher than the impact speed which is maximum 300-400
m/s under the normal conditions. It is observed that contact edge “e” (Figure 2.2) has
a velocity nearly ten times faster than the normal impact speed [9]. Therefore, it can
be interpreted that the contact edge moves faster even than the compression wave, if

the impact speeds are higher than 150 m/s approximately.

\4

drop shock envelope

target

Figure 2.2 Contact edge of the impacted liquid [9].

Field and Lesser [9] make an explanation regarding the out jetting mechanism of the
spherically shaped drop. As it has been mentioned above, according to the Heyman’s
principle, the shock envelope must attach to the edge contact point. At the early
stages of the impact, the contact boundary expands over the solid surface with a
speed of exceeding the shock speed in the liquid. However, the speed of the contact
edge is obstructed as a result of the convex surface of the spherical drop. This
process will continue until the speed of the contact edge falls below the speed of the

compression wave. When this occurs, the contact signal moves up the free drop
9



surface as it can be seen in Figure 2.3. As soon as the liquid meets the ambient
conditions, compressed liquid undergoes an expansion. Finally, water spreads out

from the compressed edge region.

(b

Figure 2.3 Spreading of the drop (out jetting) [9].

2.2 Numerical Simulation Studies Regarding Liquid Impact

An important issue should be mentioned before presenting the numerical simulation
studies found in the literature regarding the liquid impact. The main aim of the
current thesis is estimating the DTV of the target material (germanium) against the
rain erosion by means of numerical simulation. The DTV, in a few words, is the
maximum velocity of the impacted liquid (water) without causing any damage on the
target. In the rain erosion literature, the DTV is also described by the multiple
impacts of rain droplets. In other words, in working conditions of an optical system
there are more than one rain drop may hit to the same place on the window and the
damage may be formed after several impacts although there is no damage observed
for the first impact. So, multiple impact condition is important and should also be
considered as well as the single impact in the rain erosion studies. However, it cannot
be found any numerical study that investigates the DTV of a specified target material
(optical window) by considering the multiple impact condition. Most of the
numerical studies in the literature focused on the single impact condition. Generally,
the theoretical aspects of the liquid impact such as occurrence of the water hammer
pressure, lateral jetting of the fluid and stress wave propagation was studied in detail.

Actually, multiple impact condition is generally subjected to the experimental
10



studies. If it is looked at this point of view, the present thesis is said to be one of the
first studies that investigates the DTV by employing the multiple impact of the liquid
as well as the single impact in a commercial finite element software (LS-DYNA).
For this reason, some previously made numerical simulation studies (in which only

single impact condition is considered) regarding the liquid impact are presented here.

The fluid dynamics of the liquid impact onto a rigid surface was investigated in a
computational study by Haller [10] at relatively high velocities (500 m/s) of the very
small sized water drop (0.2 mm in diameter) by using the eulerian technique. The
classical Heyman principle regarding the outjetting mechanism in the liquid impact
was proved by this work. It was shown in the simulations that, a shock wave is
attached to the contact edge of the droplet. As soon as this wave is generated, the
liquid zone under the shock envelope is highly compressed and separated from the
unaffected portion of the droplet. The radial velocity of the contact edge (which
moves with a higher velocity than the shock wave) decreases below the shock
velocity. After the shock wave moves up and releases from the contact edge, the
pressure difference across the free surface triggers the discharge/outjetting of the

fluid.

In a study which consists of two parts by Li N and co-workers [11], liquid impact is
investigated in turbine blades by means of both numerical simulation and analytic
(wave equations) approaches. The first part establishes one-dimensional nonlinear
wave model. One of the important result according to the study is that, for 1-D liquid
— solid impact condition, the peak pressure occurred at the initial stage of the impact

is nearly 10% higher than the classic water hammer pressure.

The following publication [12] which is the second of the previous study, liquid
impact is investigated again on the turbine blades in three dimensions. It is
highlighted that the radial shock waves (out jetting direction) is faster than that is
formed in the axial ones (impact direction) in the water drop. It is also mentioned
that the stress wave at the front is almost in spherical shape. There are two regions

specified as the high transient stress zones. One of them is near the axis and the other
11



near the contact edge.

William F. Adler and Dennis J Mihora [13] have built a three dimensional finite
element model to simulate the waterdrop impact on a structured target. The basic
model consists of four different materials which are waterdrop, infrared window
(ZnSe Substrate), coating layer in a protective manner and a bond layer as it can be
seen Figure 2.4. The bond layer is placed between the coating and the substrate
material in order to provide adhesion. DYNA2D and DYNA3D finite element codes
which are the basis of LS-DYNA were used as a solver. In the study, critical stress
states were identified however, the description of the failure modes within the target
has been left as a future work. The available strength data of the target material were
compared with the computational results. According to the study, the protective layer
over the substrate has been of vital importance. The stresses in the substrate were

significantly reduced by using protective layer.

CONTACT SLIDE
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- TIED SLIDE
N LINE
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Figure 2.4 General finite element model of water drop impact [13].

Yale Chang [14] has shortly mentioned to rain erosion of missile radomes in a study
which includes numerical simulation of the liquid impact but the main aim of the

study is not the liquid impact. Rain drop was modelled by using SPH technique and
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the target is selected as glass as it is seen in Figure 2.5. The modelled water is
spherical in shape. Although there is no specific impact velocity is indicated at this
reference, it is seen that the glass plate is perforated as result of the collision of the
water drop. There is no information about the diameter of the spherically shaped
water drop either but, it is seen that the thickness of the glass plate nearly the half of
the diameter of the water drop. At this ratio between the diameter of water drop and
the plate thickness, it is normal to expect perforation on the target if the impact

velocity is relatively high.
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Figure 2.5 Impact of spherical rain drop to a glass plate at (a) 0 us, (b) 2 us and (c)
20 us [14].

Benjamin A. Tutt and Anthony P. Taylor [15] investigate the water landing
characteristics of space vehicles by using ALE technique in LS-DYNA. The general
view of the finite element model is shown Figure 2.6. The model represents the drop
of Apollo Capsule which is a kind of earth landing system onto the water. Occurred

acceleration values in three dimensions as a result of the impact are compared with
13



the test data from NASA (National Aeronautics and Space Administration) and high
level of consistency is acquired from the finite element simulation. Although there is
no water drop or water jet impact subjected into this study, the current work can be
readily regarded as the liquid impact problem since there is a fluid-solid interaction

as it has been in the other studies.

.....

Figure 2.6 The general view of the finite element model for Apollo 17 capsule.

2.3 DTV and an Analytical Approach to DTV

DTV (Damage Threshold Velocity) is a commonly used term regarding the rain
erosion. DTV can be defined easily that; the velocity under which there is no serious
damage on the target material. However, DTV is a general term and there are some
add-ons are used with this term in the literature in order to specify the meaning. This
is because the damage caused by a single impact and several impact can be different
on the target material. The initiation of the failure of the target caused by a single
drop is specified as “Single Shot Threshold (SST)” or “DTV (single impact)”. The

initiation of the failure of the target caused by multiple impacts is specified as “DTV

14



(Number of the impact)” for example, DTV (5 impacts). The highest velocity that
doesn’t cause any damage on the target and if the damage is independent from the
number of impacts, this condition is defined as: Absolute Damage Threshold
Velocity (ADTV). Actually, if there is only the rain erosion of a specific lens
material is interested in, the most appropriate threshold value is the ADTV. The
single impact or several impact results cannot provide the rain erosion resistance of

the target material absolutely.

The threshold velocity values with respect to single impact, DTV (single impact), for
several lens materials are listed in Table 2.1 by Harris [7]. It is seen that the most
durable optic material against the single impact is sapphire which can withstand
nearly 1.5 mach impact velocity of the water drop. However, the least durable optic
material against the single impact is ZnSe. It is also remarkable that the different
atomic structure of the same materials causes different responses against the liquid

impact.

Table 2.1 DTV (single impact) or SST values of some infrared lens materials for 2

mm diameter water drop.

. Threshold . Threshold

Material (m/s) Material (m/s)

ZnS <175 MgF?2 (hot pressed) 340-381

ZnSe 137-152 MgF?2 (single 274-320

crystal)
o Spinel (single

Si(single crystal) <274 crystal) <395
Sapphire 457-533 Spinel (fusion cast) <457

ADTV of a specific infrared material can be estimated by the following

mathematical expression [7]:
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K2 C
Vtreshold ~ 141 fe R/pz C(? d (2-1)
w w

where, K. is the fracture toughness of the infrared material, some of which are listed
in Table 2.2 [7], Cy is the Rayleigh wave speed of the infrared material, p,, is the

density of the water, C, is the compression wave speed (acoustic speed) in water

(~1500 m/s) and d,, is the diameter of the raindrop.

Table 2.2 Fracture toughness values of some important lens materials.

Fracture Fracture
Material toughness Material toughness
(MPaym) (MPaym)

ZnSe 0.5 MgAI204(spinel) 1.9
ZnS(standard 1.0 ALON 1.4
GaAs[(100
face)] 0.4 Y203 (doped/undoped) 0.7
GaP(single
crystal) 0.8 AI203(sapphire) 2.0
Ge(single
crystal) 0.7 Si3N4(silicon nitride) 4.0
Si 0.9 SiC(silicon carbide) 4.0
Fused Si02 0.8 Diamond 7.0

Rayleigh wave speed on an elastic solid can be calculated as [7]:

Cp = (0.862 +1.14 1//1 N V) ’E/Z(l +v)p (2.2)

Where, v is the Poisson’s ratio, E is young’s modulus and p is the density of the

window material.

Physical properties of some infrared windows including the germanium are listed in
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Table 2.3 by Kiocek [16].

Table 2.3 Physical Properties of IR Window and Dome Materials.

ZnS-s/

ZnS-m GaP GaAs Si Ge Diamond ZnSe AlLO; Y03 ALON MgAl04, MgF2
M.P. (K) 2130 1740 1511 1693 1210 3770 1790 2300 2723 2425 2400 1528
o (MPa) 96 100 89 127 93 1000 68 400 125 300 190 52
a (10-6/K) 6.8 53 57 23 6.0 1.0 7.0 53 71 7.8 8.0 8.5-13.7
v (Poisson’s 029/0.32 031 031 028 0.278 0.16 028 027 029 024 0.26 0.27
ratio)
k (W/mK) 17 97 53 140 60 2000 19 34 14 1 15 0.25
o (g/cc) 4.08 413 5317 233 5323 3.51 542 398 503 3.49 3.57 3.176
E(GPa) 745876 1026 855 130 103 1050 709 380 164 317 193 139
G (GPa) 60 90 79 985 77 514.7 40 2496 1302 203.2 134 55
?%dgap 3.58 224 143 112 067 5.40 2.7 9.9 56 — — —

e
Hardness 230/160 845 700 1150 850 9000 137 1800 650 1970 1645 415
(kg/mm?)
Structure Cubic Cubic Cubic Cubic Cubic  Cubic Cubic Hexa- Cubic Cubic  Cubic Tetra-
gonal gonal

Kic 1.0 0.8 043 095 0.6 7.0 075 33 11 20 1.6 -
(MPam1/2)
n (refractive 2.2 29 33 34 4.0 24 24 17 1.9 1.6 1.7 13
index)
do/dT (10°6) 45 100 150 160 400 10 75 13 2 =13 =13 -

2.4 Test Techniques on Rain Erosion

A variety of test techniques was used over the years in order to simulate the rain
erosion or water drop impact over the infrared materials experimentally. The aim of
the experimental studies is to determine/evaluate the DTV of the infrared materials

within the scope of the liquid impact.

Among the various test techniques available in the literature and published by
Seward and co-authors [17], only the most common three methods are explained in
this section. The first one is the whirling arm test technique, the second is the single

impact jet apparatus (SIJA) and the last is multi impact jet apparatus (MIJA).

2.4.1 Whirling Arm

Benjamin Robins (1745) was the first who used whirling arm rigs so as to establish
17



foundations of the aerodynamic drags. Although the test setup was mostly replaced
by the wind tunnels in 1900 in order to serve aerodynamics, whirling arm rigs
continued to its job with the purpose of simulation of the rain erosion by Robertson
(1946) at the Radiation Laboratory of the Massachusetts Institute of Technology
[17].

The schematic of a typical whirling arm is shown in Figure 2.7. As it has been
understood from the sketch below, when the whirling arm rotates in the chamber at a
certain speed, the specimen mounted on the end of the arm strikes to the water drops
released from the rain nozzles above. In this way multiple drop impact results can be
obtained. Multiple impact experiment in the rain erosion can be made in several
minutes (such as 5 minutes) by this technique. However, the exact number of the

drops that impacted to the specimen cannot be measured by this way.

Rain shield |~ oo Rain nozzles

Sand Rain pattern  Pit entrance
hopper ' e and stairway

Figure 2.7 Bell Aerospace Company whirling arm ring [17].

Several whirling arm test facilities are listed in Table 2.4. As can be seen that the

maximum arm radius belongs to the SAAB-SCANIA among the listed test facilities.
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On the other hand, maxiumum velocity (3.0 mach) and rainfall rate (320 mm/h) can

be reached in Dornier.

Table 2.4 Whirling arm test facilities.

Maximum Arm radius Nominal Rainfall
drop
Facility* Mach number (m) size (mm) rate (mm/h)
UDRI 0.8 1.22 2 25.4
NAWC 0.65 1.22 2 12.2
Bell Helicopter 0.75 1.22 Natural rain 76.2
RAE 0.7 1.45 2 25.4
SAAB-
SCANIA 1.0 2.19 1.2-2 1.4-25
Dornier 3.0 1.2 0.5-1.7 1.8-320
*UDRI:University of Dayton Research institute. Wright-Patterson Air Force
Base,Dayton,Ohio,NAWC:Naval Air Warfare Center (formerly Naval Air
Development Center), Warminster,Pennsylvania.Bell Helicopter:Fort Worth,
Texas,RAE:Royal Aircraft Establishment,Farnborough,Great Britain.
SAAB-SCANIA:Linkdping,Sweden,Domier,Friedrichshafen,Germany.

2.4.2 Single Impact Jet Apparatus (SIJA)

The least expensive way to simulate the water drop impact is shown in Figure 2.8
which is developed by the Bowden and Brunton [18]. The nozzle is initially filled
with water or any other liquid which will be fired to the target. A neoprene
diaphragm disk holds the liquid in the nozzle and has a slight curvature to the
outwards in the direction of the air gun. While the air gun fires a bullet towards the
neoprene diaphragm disk liquid inside the nozzle is extruded and strikes to the target.
Velocity of the water jet can reach up to 1000 m/s. By using this method DTV of a
single rain drop can be determined for a specific lens material. All the necessary
velocity measurements of the jet and its motion during impact are recorded by high

speed photographic methods [18].
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Figure 2.8 Single Impact Jet Apparatus (SIJA); A, target; B, chamber; C, liquid; D,

neoprene disk.

2.4.3 Multi Impact Jet Apparatus (MIJA)

Multiple Impact Jet Apparatus (MIJA) is an improved version of SIJA described in
previous section. The main difference between two systems, as the name implies, is

that the MIJA can simulate the multiple impact conditions faster than the SIJA.

The general view of the test setup is seen in Figure 2.9 [17]. The apparatus basically
comprises a horizontal pressure vessel on which pressure sensors and solenoids are
connected. Solenoids control the hydraulic fluid flow and open or close the valve
according to the amount of pressure. When the required pressure is obtained on the
pressure vessel, the solenoid let the compressed air pass down through the vertical
cylinder of the apparatus. Inside this cylinder, there is a piston that can move up and
down within its stroke. The piston stays at the top of the main body initially and is
pushed down as result of the pressurized air released from the pressure vessel. At the
end of the travel through the cylinder, the piston hits to a nozzle which is filled full
of water. The specimen that is required to be investigated against the rain erosion is
placed on the X-Y stage, just below the nozzle. The velocity of the water jet is

measured by ultrafast electronics through the distance between nozzle and the
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specimen. This operation is repeated for each individual impact after cleaning the

residual water over the specimen and returning the piston its initial position.

Solencids
Pressure g |

Pressure

sensor
Pressure sensor

Solenoids
Solenoid
X-Y stage, Peristaltic
pump

Figure 2.9 Multiple Impact Jet Apparatus.

It has been noted both for SIJA and MIJA experiments that the water is pushed from
a nozzle at high velocities in order to realize the impact. However, the shape of the
water does not remain like spherically shaped water. The shape of the water
resembles to a water jet as it can be seen in Figure 2.10 [6] which shows high speed
photographs taken from the MIJA experiment. Moreover, it is interesting that the
diameters of the water jet are not the same as the nozzle diameters. For example, the
water pushed from a 0.8 mm diameter nozzle becomes nearly 2 mm in diameter at a
distance of 20 mm below the nozzle moving at a velocity nearly 120 m/s. The
diameter of the water jet gets larger during its travel from nozzle to the target. Apart
from this issue, one more thing should also be mentioned in Figure 2.10 that the

roundness of the water jet increases as the diameter of the nozzle increases.
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Figure 2.10 Shape of the water jet 20mm below the nozzle.

2.5 Experimental Studies on Rain Erosion

Every infrared material can be damaged if the specific DTV value of the material is
exceeded in the rain erosion simulations or any other damage mechanisms such as
particle impact occurs in the harsh working conditions. Since EO devices cannot
carry out its basic missions with a damaged window, lens or dome as it has been
mentioned previously, the information about the velocity that the material can

withstand should be known primarily.

This section covers mostly the experimental works on germanium and other

materials briefly.

2.5.1 Experimental Studies on Germanium

Zwaag and Field [19] carried out an experimental study regarding the liquid impact
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on germanium which is the one of the most important lens material for optical
systems in 8-12, 3-5 and 5-12 pm spectral transmission. Impact damage caused from
rain erosion was examined on both carbon coated and uncoated germanium
substrates at relatively high velocities (>100 m/s). Furthermore, durability of anti-
reflection, hard carbon coatings was studied separately by means of ball indentations.
At two different thicknesses of carbon coatings (1pm and 3pum) over germanium
samples (2mm as thickness and 25mm as diameter) were examined by using tungsten
carbide balls (0.4 and 1.0 mm as the diameters) and hardened steel balls (2.0 and 4.0
mm as the diameters) as indenters. According to the results, as the increase of
coating thickness and ball radius, the load that cause fracture also increases as it can
be seen in Figure 2.11 [19]. However, it is also mentioned that, although 3pm
coating provide more protection to the substrate (germanium), risk of the debonding
of the coating increases due to the lateral outflow of the liquid on the surface at high
impact velocities. 1um thickness coating served better performance at lower impact
velocities, because thin films are less susceptible to debonding and provide sufficient

protection to the optical lens.
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Figure 2.11 Ball indentation test results on both carbon coated and uncoated

germanium samples.

Damage patterns caused from the impact of water jet pushed from 0.8 mm diameter
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nozzle is shown in Figure 2.12 [19] for both uncoated (left) and carbon coated (right)
samples. Successive three impacts at 260 m/s caused considerable damages on
uncoated germanium, even at first impact. On 3um carbon coated samples,
debonding of the coating was experienced. Light areas in Figure 2.12 (right side) are
the regions that bonding of the coating fails. This is because of the outflow of the

water which causes shear stresses on the surface.

Figure 2.12 Damage patterns after impact of water-jet pushed from 0.8mm diameter
nozzle at 260 m/s for uncoated (left) and 3 pm carbon coated (right) germanium
samples. Lowercase characters at every picture indicate (a) first impact, (b) second
impact and (c) third impact. Uppercase character “A” at every picture is a common

feature to compare size of the crack.

Impact velocity was reduced to 220 m/s in Figure 2.13 [19] and damage patterns can
be seen for both uncoated and 3 um carbon coated Germanium samples. Uncoated
samples were damaged completely at each impact. However, 3 um carbon coated
samples were protected except only a few isolated cracks on the coating.
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Figure 2.13 Damage patterns after three successive water-jet impacts (0.8 mm
diameter) at 220 m/s on (a) uncoated and (b) 3 pm carbon coated Germanium

samples.

Coatings with 1 pm thickness were tested also for 220 and 260 m/s impact velocities
under the same conditions. Although these results are mentioned in the text, pictures
of these cases are not provided in the reference. At 220 m/s impact velocity, no
significant differences were reported about the 1 and 3 um carbon coated samples. At
260 m/s impact velocity, 1 um coating provides less protection to the germanium
lens but debonding does not occur. As a result, it was mentioned that thin film
coatings (1 um) showed better performance at lower impact velocities. At higher
velocities, the 3 um carbon coated samples were also damaged by debonding of the

coating.

For the uncoated germanium, Zwaag and Field [19] claim that the ADTV of
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germanium window is 150 m/s according to the impact of water jet pushed from 0.8

mm diameter nozzle.

In a report regarding the rain erosion by Seward and co-authors [17], experimental
studies of uncoated germanium is presented. All the results are given according to
the impact of water jet released from the 0.8 mm diameter nozzle. Two different
methods are used in order to plot the threshold curves for uncoated germanium. The
first the threshold curve (Figure 2.14) is obtained with a nozzle that is not producing
round damage marks on polymethylmethacrylate (PMMA), while the second
threshold curve (Figure 2.15) was obtained after the nozzle had been polished so the
damage produced was round. After 300 impacts of water pushed from 0.8 mm
diameter nozzle, measured ADTV is 155 m/s for the former (Figure 2.14) and 122
m/s for the latter (Figure 2.15).
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Figure 2.14 Threshold curve for germanium with the nozzle producing non-round

damage [17].
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Figure 2.15 Threshold curve for germanium with the nozzle polished producing

round damage [17].

2.5.2 DTV of Other Optical Materials

A very comprehensive work has been done by Seward, Coad, Pickles and Field [20]
on various optical materials including germanium also. The DTV evaluations of all

materials were presented according to water jet pushed from 0.8 mm nozzle. The all

results were summarized in a single graph in Figure 2.16.
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Figure 2.16 A summary of the threshold curves for various optical materials [20].

Among the materials which were used in the scope of the study, it is seen that
diamond is the most durable material to rain erosion. However, the least durable

material is ZnS among tested materials.
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CHAPTER 3

NUMERICAL SIMULATION OF LIQUID IMPACT IN LS
DYNA

This chapter covers the topics regarding the numerical simulation of the rain erosion.
First of all, a brief introduction is made about the LS-DYNA which is nonlinear,
explicit finite element. Afterwards, some of the available solution techniques are
mentioned in LS-DYNA and Arbitrary Lagrangian Eulerian (ALE) technique which
is an appropriate finite element method for modeling the fluid flow and/or liquid
impact problems is described in detail. Since the ALE technique requires a special
mesh algorithm in order to provide the fluid flow, the configuration of the nodes and
elements for water and void are described with illustrative figures within the same
section. The next section covers the coupling algorithm occurred between the water
and the germanium during the collision of these two parts. The material models for
all parts used in the numerical simulation are described in the following section. And

lastly, mesh sensitivity analyses are mentioned.

3.1 Brief Description of LS-DYNA

LS-DYNA is developed by LSTC (Livermore Software Technology Corporation)
and its roots go to DYNA3D/2D from LLNL (Lawrance Livermore National
Laboratories). Both have been developed by Dr. John Hallquist [21].

LS-DYNA is a pure solver, therefore needs an input file in a specific format and

produces results in the form of binary and ASCII data. Input file is generated by
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using a pre-processor such as LS-Prepost (LSTC), ANSA (Beta CEA Systems),
ANSYS/LS-DYNA, HyperMesh (ALTAIR), Primer (OASYS) and Patran (MSC
Software). All the pre-processors have in common that they produce a specific text
file as an input (keyword file) for LS-DYNA. By using the results data in binary and
ASCII format, post-processing can be performed in LS-Prepost as well as, ANSA,
HyperMesh, ANSYS/LS-DYNA, Oasys D3PLOT [21].

Within the scope of the this study, as a solver ANSYS/LS-DYNA is used. LS-DYNA
solver module is embedded to ANSYS software and this solver can be directly
utilized by using the ANSYS interface. LS-Prepost is used for both pre and post

processing operations.

3.2 Solution Techniques in LS-DYNA

Solution of a scientific or an engineering problem via Finite Element Method (FEM)
requires an appropriate solution technique and suitable mesh configuration according
to the problem while developing the model. Three methods are argued in the current
discussion within the scope of the mesh configurations for different FEM
applications. These are Lagrangian, Eulerian and ALE techniques. In each technique,
there are some common points. Among these techniques ALE is an appropriate one

for modeling the fluid impact problem and it will be discussed in detail below.

3.2.1 Common Definitions and Concepts

The main difference between the three techniques is the mesh structure. In each
method, the behavior of the mesh is different. There are generally two main issues
regarding the mesh configuration. These are material coordinates and spatial
coordinates. The former, material coordinates are the imaginary points or nodes
which are on the geometry. The latter, spatial coordinates are the points or nodes at

the space.
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3.2.2 Lagrangian Method (Lagrangian Meshes)

In Lagrangian technique, the spatial coordinates are coincident with material points
throughout the simulation with respect to deformation of the body. Since the mesh
points (spatial coordinates) follow the body coordinates (material coordinates), the
shapes of the elements change with the material. As shown in Figure 3.1, elements
move with the body which is exposed to shearing deformation in Lagrangian

Method.
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Figure 3.1 Shearing of a two dimensional block in Lagrangian technique [22].

At the end of the simulation, each Lagrangian element (mesh) attached to the
material deforms as much as the material. However, the elements should deform up
to some extent. If the deformation limit of a specific element is exceeded, the
simulation may have errors or leads to wrong results. Therefore, Lagrangian
technique becomes insufficient for simulating large deformations such as fluid flows.
However, Lagrangian technique has more straight-forward equations and less costly

relative to Eulerian and ALE technique.

Solution process in Lagrangian technique is simple and shown in Figure 3.2 below.
At t=0, the central node on which the loading is presumed to be applied is at the
initial position. At t=At, central node moves on the direction of the force and if the
loading continues in the same way, the central node proceed to its new position at

t=2At. The spatial coordinates follow the material points as mentioned previously.
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t=0 = At t=2At

Figure 3.2 Movement of the spatial coordinates in Lagrange Technique [23].

One thing is not to be distinguished in Figure 3.2 that the sliding node represents the
spatial coordinates that is attached on the material coordinates. The cells on the

background stand for just visualization.

3.2.3 Eulerian Method (Eulerian Meshes)

In Eulerian technique, the spatial coordinates do not remain coincident with material
coordinates. The spatial coordinates are fixed in the space and coincident with
material coordinates only at t=0. As it is shown at bottom of the Figure 3.3, one time
step later from the beginning, the material starts to flow through the fixed Eulerian
meshes in the direction of the loading. However, Lagrangian elements follow the
material by deforming with respect to direction of the motion (at top of the Figure
3.3). So that, Eulerian elements are never deformed with the material throughout the

simulation.
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Figure 3.3 Shearing of a two dimensional block in Lagrangian (at top, indicated by

L) and Eulerian (at bottom, indicated by E) Techniques [22].

Since the background mesh (spatial coordinates) is not deformed throughout the
simulation, elements are not exposed to any shape changes. Because of that, high
deformations (observed generally in fluid problems) can be simulated in Eulerian

technique.

Solution procedure in Eulerian technique is a little bit different than Lagrangian
technique and shown in Figure 3.4. Due to the loading, central node transforms to its
new position in the half of the one computational time step as it has been in the
Lagrangian mesh. Spatial coordinates are also being deformed initially in the same
time step. However, before the time step has completely finished the following

operations are performed as mentioned by Vesenjak and co-authors [22]:

e Mesh smoothing : deformed nodes in Eulerian mesh due to the loading

move back to their original position.

e Advection : the element state variables such as stresses, velocity

fields, flow fields for all nodes which are calculated at the current time step
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are recomputed (interpolated) so that they have the same spatial distribution
as before the mesh smoothing. Therefore, the mesh smoothing does not affect

the element state variables.

These processes are repeated for all time steps throughout the simulation and it is
provided that there is always non-deformed mesh provided for the deformation of the

material.

\ mesh smoothing
5 ——- *
advection
t=0 t=Atfz t=4t

Figure 3.4 Movement of the spatial coordinates in Eulerian technique [23].

3.24 ALE Method

ALE method takes the advantages of both Eulerian and Lagrangian techniques as the
name suggests. The background mesh (which is fixed in Eulerian technique) can
move in the ALE technique with respect to the spread of the material. The spatial
coordinates are not attached to the material in a similar way but, not fixed in the
space like it has been in the Eulerian technique. The ALE mesh can move arbitrarily
in the space and shape of the elements can also change according to the way of
simulation. The movement of the ALE mesh is usually in the spread direction of the

fluid.

Solution procedure of ALE technique basically resembles to Eulerian techniuge

except the amount of mesh smoothing. In the Eulerian technique, the spatial
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coordinates moved back to their initial positions exactly. Because of that the
background mesh is always fixed in the space. However, although the mesh
smoothing operation is also applied to the ALE elements, deformed nodes do not
return to their exact original positions as shown in Figure 3.5. Therefore, ALE mesh
is distorted a little bit as the material nodes flow through the spatial coordinates.

Because of that ALE mesh can move in the space.

mesh smoothing

—— T/

advection

t=0 t=At t=At

Figure 3.5 Movement of spatial coordinates in ALE technique [23].

Jim Day [24] made study in order to compare all of the mentioned three methods
(Lagrangian, Eulerian and ALE) in LS-DYNA. As it is seen in Figure 3.6, the fluid is
impacted to a rigid surface simulated by means of all three methods. In the
Lagrangian technique (at the top row), the spatial coordinates and the material
coordinates are coincident throughout the simulation. Because of that, there is no
mesh structure such as void or background mesh can be seen in this kind of
simulations. Since the spatial coordinates follows the material deformation in
Lagrange technique, elements are highly deformed across the contact region at the
end of the simulation. In the second technique (Eulerian method — the middle row),
there is a background mesh which is fixed in the space throughout the simulation.
This mesh is the so-called spatial coordinates and bigger than the fluid. It is seen that,
the fixed background mesh is not deformed throughout the simulation and the fluid
freely flows inside undeformed mesh. Lastly, the ALE (the bottom row) was used for
the third technique. In this method, there is again a background mesh. However, this

background mesh of ALE technique can move and expand with respect to motion of
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the fluid. The fluid again flows inside the background mesh as it has been in the
Eulerian technique. Since the background mesh for ALE can move in the space, there
is no needed a big volume to be filled with the spatial coordinates as it has been in

the Eulerian technique. This is the advantage of the ALE technique with respect to

Eulerian.
t=0 t=t1 t=tz
b b

Figure 3.6 Comparison of Lagrange (top row), Eulerian (middle row) and ALE
(bottom row) techniques [24].

Another similar comparison study is made by M hamed Souli [25] regarding elastic
ball impact in LS-DYNA. Two methods, ALE and Lagrangian technique, were
imposed in this study. An elastic ball was impacted to a rigid surface by ALE and
Lagrangian technique. As it can be seen in Figure 3.7 (right), the elements are
exposed to high distortions across the impact interface due to the deformation of the
ball in Lagrangian technique. However, in the ALE technique (left), the background
mesh in which elastic ball flows is not distorted excessively with the deformation of

elastic ball.
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Balls before impact

Figure 3.7 Impact of a elastic ball to a rigid surface in ALE (left column) and
Lagrangian (right column) Method [25].

3.3 Modeling of Geometries Used in Numerical Simulation

Three different media are used in the numerical simulation. The first one is the water
which is used for the impactor in the numerical simulation. The second one is the
void which is required for the ALE technique. The void is the spatial coordinates and
explained in previous section. The last one is the germanium which is the target
material. Since there is no 2-D axis-symmetric ALE elements in Ls-Dyna Rev.

7600.398, full model are used for all geometries.

These three geometries can be divided into two groups. The first group consists of
the water and void and can be called as ALE group of the simulation. Since water is
exposed to large deformations throughout the simulation, water and void constitute

the ALE part of the simulation. However, there is no need to use ALE technique for
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the germanium because there are no large deformations are expected. The only
initiation of damage is aimed to be investigated within the scope of this thesis.

Therefore the second group only includes the germanium and called as Lagrangian

group.

These all three media are explained separately in this section. Geometrical and mesh

properties are described for each media with the help of representative figures.

3.3.1 Water

In numerical simulations, water is used in two different shapes which are water drop
and water jet. These water shapes are determined according to the different test
techniques. In whirling arm test technique (Section 2.4.1), water makes a free fall
motion and can keep its drop shape. On the other hand, it is certain that, the
aerodynamic forces occurred in front of the sample can change the pure drop shape
of the water slightly due to the high rotational velocities in the whirling arm test
technique. However, since the modeling of these kinds of shapes is relatively hard in
the ALE technique, the water is simply assumed as sphere. However, in SIJA and
MIJA (Section 2.4.2 and 2.4.3), the water is pushed from a nozzle at high velocities,
such as 150 m/s. In this case, the shape of the water resembles to water jet due to the
high loading applied on the water before the impact. Because of that, the second
water geometry is selected as the water jet. The quarter views of both water shapes

are shown in Figure 3.8.
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Figure 3.8 Quarter views of water drop (left) and water jet (right).

3.3.2 Void (Background Mesh / Spatial Coordinates)

The void represents the background mesh or spatial coordinates in the definition of
ALE technique. In ALE solution technique, whole periphery of the fluid should be
surrounded by the void completely at t=0. So that, the shape of the void may be a
cylinder from which the water geometry is subtracted. Since there are two different
water shapes, two corresponding voids should be prepared. The quarter views of the

modeled voids are shown in Figure 3.9.

Figure 3.9 Quarter views of voids for water drop (left) and water jet (right).
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3.3.3 Water and Void (First Group: ALE Group)

In order to make a correspondence between void and water, the all nodes on the outer
surface of the water should be in consistent with the nodes on the cutout surface of
the void. The nodes at this contact surface should be shared between the both
geometries. Because of that these two surfaces have the nodes in the same order
initially. So that, when these two parts are assembled, all the interface nodes can be
coincident. After these arrangements are established, these coincident nodes are
merged/shared so that two separate nodes (one of them belongs to the water and the

other belongs to the void) at same location reduce to a single node.

The elements and the nodes of each part are shown in Figure 3.10. In this 2-D
representation, the water (left) and the void (right) can be seen separately. The Figure
3.10 stands just for understanding the establishment of the node arrangement in the
ALE technique. The meshing operation of each part has been done one by one and

the location of the nodes at the contact surface is adjusted in the same order.

Figure 3.10 Node arrangement for water (left) and void (right).

The united configuration of water and void is shown in Figure 3.11. The all nodes on
the water-void interface boundary are merged in this figure. These nodes are shared

and belong to both water and void.
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Figure 3.11 Merged/shared nodes in water-void boundary.

After the geometrical constraints and mesh consistency between the water and void
are established, geometrical the modeling of the ALE group can be finished. The
assembled configuration of water-void geometries are shown in Figure 3.12 for both

water drop and water jet.

Figure 3.12 Quarter views of assembled water and void configurations for water drop

(left) and water jet (right).
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3.3.4 Germanium (Second Group: Lagrange Group)

The second group only consists of the target material germanium which is the third
part of simulation. The mesh arrangement is done by Lagrangian method and there is

no need to use an extra part such as void.

The target material is a cylinder disc which has a diameter of 25 mm and thickness of
5 mm. These dimensions are selected according to the specimens used in the
experiment and is clearly mentioned in Chapter 4. The general view of the

germanium is shown in Figure 3.13.

Figure 3.13 General view of the germanium (diameter = 25mm, thickness = Smm).

3.4 Fluid - Solid Coupling

The simulations that include the interaction of a fluid with solid is known as FSI
(Fluid Solid Interaction) and requires a special coupling algorithm. This coupling is
generated between solid which is constructed generally using Lagrangian elements
and fluid which is constructed using ALE (or Eulerian) elements. This coupling
based on penalty formulation which tracks the relative displacements between the

Lagrangian surface and ALE fluid elements [26]. LS-DYNA always seeks an
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intersection between the Lagrangian and ALE elements. When the intersection is
detected, the independent motion of two materials is tracked over the current time
step and afterwards penetration distance is computed. Then coupling forces

computed from penetrations are distributed to both materials.

This process is seen in Figure 3.14 between Lagrangian shell elements and Eulerian
material. The point X which is on the Eulerian material is at the fluid-solid interface
initially at left. When the shell elements start to move into Eulerian elements,

penetration occurs and this penetration creates the coupling forces [27].

Lagrangian shell segment

Eulerian
material Coupling point i
Fluid-solid
Interface — :
-

— I

Moving shell segment

Penetration =¥ coupling force

Figure 3.14 Coupling between Lagrangian and Eulerian methods [27].

The coupling algorithm between solid and fluid can be constructed by using
CONSTRAINT LAGRANGE IN SOLID card in LS-DYNA. Details of this card
can be found in the LS-DYNA user’s manual [28].

3.5 Material Models

Nonlinear, explicit finite element programs need material models in order to define
the behaviour of the materials throughout the simulation. The material models are
actually the mathematical formulations by which the response of the material is
settled down. These mathematical expressions in some material models may require

very complex parameters/constants in order to define.
43



Different material models may come up with the different results. So, the material
model selection and determination of its parameters properly play very important

role in explicit simulations.

There are two different material models needed for this study. Water and void use the
same and one material model according to definition of the single material ALE [28].

The other one is required for the germanium.

3.5.1 Material Model for Water and Void

Water is generally represented by MAT NULL material model in LS-DYNA [29],
because the null material has no yield strength and behaves in a fluid-like manner.
However, this material model needs an EOS (Equation of State) in order to simulate
behaviour of the fluid material. The EOS calculates the hydrostatic pressure in the
material. EOS is needed in the situations such that; when the pressure in the material

is far in excess of yield stress and/or when there are high strain rates [30].

There are EOS formulations for different applications such as water, air, explosive
etc., in the library of the LS-DYNA. An appropriate and the most common EOS in
the literature is EOS-GRUNEISEN for water applications such as [31], [32], [33],
[34]. MAT NULL + EOS_GRUNEISEN combination is also used in the current
study for both water and void and the constants are given in Table 3.1. Density is
defined in MAT NULL card and the other parameters are defined in the
EOS_GRUNEISEN card.
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Table 3.1 Gruneisen Constants for Water [31], [34].

SYMBOL PROPERTY WATER VALUE
Po Initial Density 1000 kg.m™
Co Shock velocity 1484 m.s™!
S Material constant 1.979
S, Material constant 0
S3 Material constant 0
Yo Material constant 0.11
a Material constant 0
E; Initial internal energy 0
V; Initial relative volume 0

The pressure in the compressed material is defined as [34]:

|

sl (-p)u-gw] |

+ (Yo + an)E; (3.1)

|
|
[[1—(51_1)# Szulj_l S3(ll+1)2

where: u = p/po —

3.5.2 Material Model for Target Plate (Germanium)

The other material model is required for target plate germanium which is generally
used as infrared window of the EO devices. Germanium is brittle, silverly-white,

semi-metallic element under normal conditions.
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3.5.2.1 Selection of the Material Model for Germanium

In real life, use of ductile materials such as metal, composite, plastic etc., is much
more common than brittle materials. Therefore, most of the material models in the

library of the LS-DYNA are for the ductile materials such as steel or aluminium.

All options can be reviewed / assessed in order to make a good selection for
germanium in the LS-DYNA library. Material Model Reference Table in the LS-
DYNA Keyword User’s Manual [28] is a good comparison tool for this operation.
All the material models in LS-DYNA library are listed in this table and basic
properties such as strain rate effects, failure criteria, damage effects, EOS etc. are
presented. Moreover, the applications such as composite, metal, ceramics, glass,

fluid, foam etc. are also given in the same table.

Ceramics are the general name of the window and dome materials used in the EO
devices [7] so that, ceramics applications are well suited to germanium. Moreover,
since the germanium is a kind of glass also, the Material Model Reference Table is
reduced only for the Ceramics and/or Glass applications as shown in Table 3.2. In
order to understand this reduced table well, the explanations made in the LS-DYNA

Keyword User’s Manual [28] is exactly given here:

If a material model includes any of the following attributes, a “Y” will

appear in the respective column of the table:

SRATE - Strain-rate effects

FAIL - Failure criteria

EOS - Equation of state required for 3D solids and 2D
continuum elements.

THERM - Thermal effects

ANISO - Anisotropic/orthotropic

DAM - Damage effects
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TENS - Tension handled differently than compression in some

manner

Potential applications of the material models, in terms of classes of physical

materials, are abbreviated in the table as follows:

GN - General

CM - Composite

CR - Ceramic

FL - Fluid

M - Foam

GL - Glass

HY - Hydrodynamic material
MT - Metal

PL - Plastic

RB - Rubber

SL - Soil, concrete, or rock
AD - Adhesive

BIO - Biological material

clv - Civil Engineering Components [28].
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Table 3.2 The Material Model Reference Table (Reduced for the Ceramic and Glass
Applications) [28].

Material Number and . = o Avolicati
o e = = w | Application
Description § 5 8 g % % 5
n| | K| = < /| =
MAT17-Oriented Crack v v v v HY, MT,
(Elastoplastic w/ Fracture) PL,CR
MAT32-Laminated Glass Y CM. GL
(Composite) ’
MAT33-Barlat Anisotropic
Y Y CR, MT
Plasticity (YLD96)
MAT59-Composite Failure % % % CM. CR
(Plasticity Based) ’
MATG60-Elastic with
Y Y GL
Viscosity (Viscous Glass)
MAT110-Johnson
Y Y Y Y CR, GL
Holmquist Ceramics (JH-2)

The all material model options for the target material germanium are listed in Table
3.2. Among the listed choices for the germanium above; MAT17, MAT33, MATS59
is for ceramic applications and MAT32, MAT60 is for glass applications. However,
MAT32, MAT33, MAT59 and MAT60 have no damage effects. MAT33 and
MAT60 have no failure criteria either. MAT17 needs an EOS definition separately

for the pressure constants in order to work and has no damage effect either.

In addition to these mentioned material models, MAT110 is recommended for both
ceramics and glass applications in the reference table. MAT110 contains damage

effects and failure criteria together that are useful tools in post processing.
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Furthermore, JH-2 is a complete material model which has also the EOS constants at
the same time and there is no need to utilize a separate EOS formulation for this

material model.

Consideration of all these suggestions together makes MAT110 (Johnson Holmquist
Ceramics — JH2) the most appropriate choice among the other mentioned alternatives

for the germanium in the present study.

3.5.2.2 Johnson Holmquist Ceramic Material Models

Johnson Holmquist ceramic models are in three types: JH-1 (Johnson and Holmquist,
1992), JH-2 (Johnson and Holmquist, 1994) and JH-3 (Johnson, Holmquist, and
Beissel, 2003). All of these models have damage parameter that shows the state of
the ceramic material varying from intact to completely fractured. The strength of the
material is defined in two boundaries which are intact and fractured. The main
difference of the JH-1 and JH-2 is the exactly right here. The JH-1 model [35] is not
designed to give any response between these two boundaries. So, only completely
intact and completely fractured state can be seen while the material undergoes
transformation from the intact state to the fractured state under the applied load.
However, in this transformation region the damage is being accumulated and JH-2
model [36] captures all this progress in the material during the simulation. In other
words, the JH-2 model incorporates a mechanism of gradual decrease of strength
(damage evolution rule) and accumulation of bulking pressure as damage increases

[37].

The JH-3 model given by Johnson and Holmquist [38] is the latest version of the JH
models and incorporates most features of the JH-2 model with a modification
(simplification) on shape of the strength envelope. The capability to include a phase
change under the conditions of high velocity impact is the primary new feature of

this model. Moreover, projectile dwell phenomena can be more accurately simulated
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in the JH-3 model than the JH-2 model as explained by Gazonas [39].

Since multiple impact case is thought in this study, damage proceeds progressively at
each impact in the material. So that, JH-2 model more convenient material model
than JH-1 for the present study since JH-2 material model allows for gradual
softening of the material under the increasing plastic strain. Furthermore, since there
is no need to model projectile dwell phenomena in the simulation of rain erosion, the
JH-2 model is also more convenient than the JH-3 model. Therefore, JH-2 model
which is already implemented and validated into LS-DYNA [40] is used for this

thesis.

3.5.2.3 Johnson Holmquist Ceramic 2 (JH-2) Description

JH-2 material model is improved for brittle materials such as ceramics and glass
subjected to large strains, high strain rates and high pressures by G. R. Johnson and
T. J. Holmquist and is compatible with both the Lagrangian and Eulerian codes.
There are mainly three set of equations within the body of the material model. These
equations control the strength, damage and pressure in the material as shown in

Figure 3.15.

The strength of the material is defined as [36]:

" =0; — D(o; — 07), (2.1)

where, o; is the normalized intact equivalent stress, of is the normalized fracture

stress, and D is the damage (0 < D < 1). When D = 0 the material is said to be
intact, and when D = 1 the material is completely damaged or fractured. Between 0

and 1, material softens gradually with increasing plastic strain in JH-2 model.
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Figure 3.15 Description of the JH-2 ceramic model [36].

The general form of the normalized equivalent stresses (¢*, a7, gy) is [36]:

0" =0o/oygyL, (2.2)
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where, o is the actual equivalent stress and oyg; is the equivalent stress at the

Hugoniot elastic limit (HEL). The equivalent stress is [41]:

o= \/ 1/2[(0x — 6,)2 + (05 — 6,)% + (0, — 0,)% + 6(2, + 13, + T2,)] (2.3)

where, gy, 0, and o, are the three normal stresses, and 7, T, and 7, are the three

shear stresses.
The normalized intact strength in the material is defined by [36]:

of = AP*+THV(1 + Cln&Y) (2.4)
and, the normalized fracture strength is defined by [36]:

of = B(PY"(1 + Clné"), (2.5)

The material constants are A, B, C, M, N and af*max. The normalized maximum

tensile hydrostatic pressure is T* = T/Pyg,, where T is the maximum tensile
hydrostatic pressure the material can withstand. The normalized pressure is P* =
P/Pyg., where P is the actual pressure and Pyp; is the pressure at the HEL. The
dimensionless strain rate is €* = £/€,, where € is the actual equivalent strain rate and

&, = 1.0s71 is the reference strain rate.

In a study [41] in which the determination of the constants of the JH-2 model is
explained in detail, there is a statement regarding T* that; “T* is the maximum
hydrostatic tensile pressure, or spherical stress, the material can withstand and the
authors are not aware of any test technique that is capable of explicitly determining
its value. The parameter T* is obtained indirectly by using the model and
experimental data. The general form of Equation 2.4 is driven through the HEL, the

spall, and an estimate of the high rate uniaxial compressive strength and then
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Equation 2.4 is solved for T [41].

The damage for fracture is accumulated with this expression [36]:
D=YAe, /e, (2.6)

where, Ag, is the equivalent plastic strain during a cycle of integration and ezf =

f(P) is the plastic strain to fracture under a constant pressure P. The specified

expression is [36]:
el =Dy(P* + TP, 2.7)

where, D; and D, are constants and P* and T* are as defined previously in Equation

2.4. According to Equation 2.7, the material cannot undergo any plastic strain at

P* = —=T", but eg increases as P* increases [36].
The hydrostatic pressure, prior to damage (D = 0), is [36]:
P=Ku+ K,u? + K33, (2.8)
where, K;, K, and K5 are constants and u = p/p, — 1 for current density p and

initial density py. For tensile pressure (4 < 0), Equation 2.8 is replaced by P = K u
[36].

3.5.2.4 Determination constants of JH-2 model for Germanium

JH-2 material model constants are comparatively hard to define relative to the other
material models in LS-DYNA. There are mainly four categories for the constants in

JH-2 model apart from the density. They are elastic, damage, pressure and strength
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constants. Since the JH-2 material model reflects the dynamic properties, defining
the constants of JH-2 model for a specific material requires a several dynamic
experiments and corresponding test setups. After gaining the results from the
experiments, some special methods are used to reach the value of the constants of the

JH-2 model.

In ASELSAN Documentation System there is a report for JH-2 constants of
germanium [42]. This report which is prepared by Mustafa Giiden and Alper
Tasdemir in Izmir Yiiksek Teknoloji Enstitiisii includes the results of the tests for the
determination of JH-2 constants. The germanium samples which are needed for both
dynamic and static experiments were also provided by ASELSAN. The detailed
information regarding the test methods and all other required knowledge about
determining the constants of the JH-2 model is available in the work by Holmquist

[41].

3.6 Mesh Sensitivity Analysis

Four models were prepared with different element sizes for the mesh sensitivity
analyses. Spherical water drop was used in the mesh sensitivity analyses. The only
difference between the four models is the size of the used elements. Water drop is
impacted to germanium at 250 m/s in each model. The general view of the model is

shown in Figure 3.16 and dimensions are given in the Table 3.3.
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Figure 3.16 General view of the sensitivity model.

Table 3.3 Dimensions of the sensitivity model.

Radius (mm) Length (mm)
Void 2 2.5
Water, spherical 1 2
Germanium 12.5 5

Variable size is used for the elements in the germanium model. Since the impact is
occurred at the center of the target material, using variable mesh sizes and
concentrating on the centre is more feasible. So, the smallest elements are located at
the centre and the size of the mesh is progressively increases with a convenient
proportion from centre. At each model the increasing ratio of the elements are also
the same. Water and void are meshed with the same element sizes which have been

used at the centre of the corresponding germanium model.
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The first model which is labeled with capital letter “A” is the coarsest model and
shown in Figure 3.17 below. There are 40 elements in the radial direction, 44
elements in circumferential direction and 21 elements through the thickness. The
radial length of the elements at the center is 0.125 mm and progressively increases to
0.65 mm at the perimeter. There are totally 40364 solid element used for Model A.

Similarly, models with finer elements are created in models B, C and D. The number

of elements is given in Table 3.4.

uy

“’——— _-—~.~. .\
== =
e PR R
T ey
SN =
SESRRSEY =

7 O I AT
ity
S
SN

SO

o
X
BT

%
"""'
FATATT
o

:'

Y57

i

.
oy L

e

\EAVAYAY
mme

Tulphay
e

P s

i 0 .

Figure 3.17 Sensitivity model A; (a) top view, (b) detail view at the centre, (c)
detailed view through the thickness.
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Table 3.4 Properties of the sensitivity models.

MODEL | MODEL | MODEL | MODEL
A B C D
Number of elements in radial
40 64 84 102
direction
Number of elements in the
44 72 96 116
circumferential direction
Number of elements through the
21 32 42 66
thickness
Number of total elements 40364 147920 346008 939724
Radial size of the elements 0.125/ 0.083/ 0.0625/ 0.05/
at centre / at perimeter [mm] 0.65 0.4 0.3 0.25
Thickness of the elements 0.072/ 0.072/ 0.072/ 0.072/
on surface / at bottom [mm)] 0.36 0.24 0.18 0.12
708 3180
Run Times [seconds (minutes)] | 75 (1.1) | 288 (4.5)
(11.5) (53.0)

At every model, two measurement stations are defined at the R=0 and R=0.5 as it can
be seen in Figure 3.18. The size of these stations is 0.25 mm X 0.25 mm in each
model and consists of only the top layer elements in the germanium. There are only 4
elements filled this area for model A and number of elements at the same area
increases to 9, 16 and 25 in models B, C and D respectively. In order to obtain the
same volume for the measurement stations, the thickness of the top layer elements is
kept constant at each model. Therefore, two stations with equal size and volume in

each model are created for the sensitivity models.
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(R=0.5)
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[ |

Station 1
(R=0)

Figure 3.18 Location of the measurement stations on model B.

As it is known that the maximum principal stress theory is very useful for the brittle
materials as the yield criterion. According to this theory failure occurs when the
maximum principal stress in a system reaches a value that is over the elastic limit of
the material in simple tension. Since the germanium is also a brittle material, the
principal stresses are thought to be convenient for the comparison of the models
within the scope of the mesh sensitivity analyses. Moreover, since the stresses in the
germanium are dominantly compressive, the minimum principal stress graphs are

also plotted at two measurement stations for the comparison of the models.

The stresses for the selected elements inside the mentioned stations are saved
throughout the simulation for each model. In order to make a true comparison, the
average values of these elements are taken for both stations. The first two figures
(Figure 3.19 and Figure 3.20) show the maximum and minimum principal stresses of
the elements at R=0. It is seen that stresses are always the compressive throughout
the simulation for both graphs at the center. As the size of the elements is reduced,

both the amount of the peak values and the difference between the models decreases
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at nearly one microsecond. So, at t=1 us, the curves converge to each other with peak
values of -75 MPa for maximum and -350 Mpa for minimum principal stresses in

Figure 3.19 and Figure 3.20 respectively.
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Figure 3.20 Minimum Principal Stress at R=0 (Station 1).

In a similar way, the maximum and the minimum principal stresses are measured for
R=0.5 mm station. In contrast to central zone, there is a tensile region for a short
duration between 0.8 and 1.25 microseconds in Figure 3.21 due to the tensile stresses
seen at the xx and yy directions at the same interval of the time. On the other hand,

the minimum principal stresses are compressive at R=0.5 as it can be seen in the
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Figure 3.22.
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Figure 3.22 Minimum Principal Stress at R=0.5 (Station 2).

It seen in all the figures that, the peak values converge to the model D which is the
finest among the all sensitivity models. However, since the values for model C are
very close to the model D in the all graphs, the convergence is said to be satisfied for
model C especially for Figure 3.20 and Figure 3.21. Keeping in mind that, since the
run time for model D is about 5 times greater than that of model C, one can sacrifice
some amount of accuracy for gaining from the run time. Therefore, model C is used

for the further simulations regarding the rain erosion throughout the current thesis.
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CHAPTER 4

TEST FACILITY AND EXPERIMENT CONDITIONS

In the experiment of the rain erosion within the scope of the current study, whirling
arm technique, mentioned and described briefly in Section 2.4.1, was used. This
section covers description of the test facility and experimental conditions. The
whirling arm experiment was performed in SAAB Aerosystems in Sweden and

financial support was provided by ASELSAN.

4.1 Description of the Test Facility

The general view of the test facility is shown in Figure 4.1. In the whirling arm test
technique the specimen is mounted at the end of a rotating arm which can move
centrifugally at different speeds. While this motion continues, the target material is
exposed to rain erosion by the released water drops from the emitters. The rain
emitters are placed at six places around the circler test field in order to provide the
desired rain fall rate. In this test technique released water drops hit to the target
randomly and number of the drops that hits to the specimen cannot be known
exactly. However, there is an approach which is explained at the end of this chapter
(Section 4.3) that estimates the number of rain drops which impacts to the target in a
specified rain fall rate with respect to diameter of the water drop, impact velocity,

duration time and terminal velocity of the water drop.
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| Rain emitier
1 | | (at 6 places)

Test specimen

Figure 4.1 General view of the test facility.

Technical details of the test facility [43] are below:

Dimensions:
e Arm radius :2.19m
e Number of the Rain emitter 16
e Test specimen : 50 mm
Performance:
e Speed range : 0-300 m/s
e Drop size : 1.2, 1.6 and 2 mm (Mean diameter)
e Rain density : From 1.4 mm/h to 25 mm/h in 16 steps
e Attact angles :90°, 60°, 45°
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Rain density is the fall rate of the water droplets on a flat surface and generally given
by the length of the fluid accumulated after a certain amount of time such as one
hour. In order to measure the density of a natural rain in a region, a reservoir in
which the water is collected can be used. For example, 25 mm/hour of rainfall is

equivalent of 25 litres of water per square meter in one hour.

The components of the test facility are shown in Figure 4.2. After required rain fall
rate adjusted on the rain emitters, the arm starts rotating with a constant velocity. At
each tour, the rotating arm passes through the six rain emitters located symmetrically
in the test field. According to the rain fall rate, the specimen exposed to liquid impact
at each time when the rotating arm at the bottom of the rain emitters as shown in
Figure 4.3. As the rain fall rate increases, the number of impact also increases at each
tour of the rotating arm. Similarly, as the velocity of the rotating arm increases, the
number of completed tour increases at fixed test duration (for example 5 minutes),

and number of liquid impact increases too.

. -
Test specimen

Rotating arm

Figure 4.2 Rotating arm, rain emitter and test specimen.

63



Test specimen

Figure 4.3 When the test specimen passes below a rain emitter.
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The mounting of the specimen at the end of the rotating arm is shown in Figure 4.4.
The dimensions of all specimens are the same and the shape is cylindrical with 25
mm in diameter and 5 mm in height within the scope of the current study. The
specimen is fixed at the bottom surface as it is understood from the Figure 4.4. And,
since the centrifugal force is applied to specimen in the course of the experiment, the

lateral surface of the specimen is also fixed.

Figure 4.4 Mounting of the test specimen on end of the rotating arm.

The adjustment of the rain fall rate is made by using a calibration reservoir which is
seen in Figure 4.5. The amount of the water inside the capsule gives the rain
intensity. After the desired intensity of the rain is acquired at the desired velocity, the

test setup is ready for the experiment.

Table 4.1 shows the calibration study made by the authorized staff member. At
different rotating arm velocities (50 m/s, 70 m/s, 150 m/s and 200 m/s), the rain fall
rate was tried to be adjusted about 25 mm/h. Among the 10 tries, test number 2 is

seen to be the best approximation for 50 m/s, test number 8 is the best for 70 m/s, test
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number 6 is the best for 150 m/s and test number 7 is the best for 200 m/s.

Figure 4.5 Calibration reservoir for adjustment of the rain fall rate.

Table 4.1 Rain erosion rig calibration of rain intensity.

Rain Erosion Rig Calibration of Rain Intensity
Drop| Rain Run | Total Collected . . Water
1;35'[ dia | Emiters Time | Rounds RPM ' Speed Water Density [ Rainfall Pressure

© O mm| number s T r/min  m/s g ml/m3 | mmhr kPa

1 2 6 600,0 | 2161 | 216,1 49,5 9,9 1,308 28,3 1,2
2 2 6 600,0 | 2183 | 2183 50,0 8,7 1,138 24,6 1,2

3 2 6 600,0 | 2182 | 2182 50,0 9,1 1,191 25,7 1,2
4 2 6 600,0 | 1325 | 1325 303 5,9 1,272 27,5 1,2

5 2 6 600,0 | 3036 | 303,6 69,5 10,1 0,95 20,5 1,2
6 2 6 300,0 | 3282 | 6564 1503 13,0 1,131 244 1,2

7 2 6 300,0 | 4356 | 871,2 199,55 18,3 1,2 25,9 1,2

8 2 6 600,0 | 3045 | 3045 69,7 13,1 1,229 26,5 1,2
9 2 6 300,0 | 3278 | 6556 150,1 12,4 1,08 23,3 1,2
10 2 6 300,0 | 3285 | 657,0 150,55 12,4 1,078 23,3 1,2
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Various materials can be tested against rain erosion under the specified environment
conditions. There is an example of rain erosion damage on flexi glass, composite and
glass fiber in Figure 4.6. Damage starts appearing at low speeds (100 m/s), and

enhances while the velocity increases.

Test specimens subjected
to rain at high speed

Material
Plexi Glass
Composite

Glass Fiber

Test case

1.Reference

2.Low 100 m/s, 1.5-5h
3. Medium 200 mfs, 5 min
4 High 300 m/s, 5 min
Drop size: 2 mm

Rain density: 24 mm/h

Figure 4.6 Test specimens subjected to rain at high speed [43].

4.2 Experimental Conditions

In the experimental there are three different velocities were used according to the
environmental conditions that aerial platforms are exposed to. The specimens are

cylindrical with 25 mm in diameter and 5Smm in height as mentioned previously.

Velocity profiles and other conditions that the germanium specimens were tested are
shown in Table 4.2 which is obtained from an internal report in ASELSAN [44]. The

rain fall rate adjusted constant to 25 mm/h and diameter of the raindrops used in the
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experiment is 2 mm. The all of the six rain emitters were used in the experiment.

Table 4.2 Test conditions for Germanium specimens.

Test protocol Customer '.T.sF“edeE pate 005
Rain Erosion Test Aselsan A.S
Rain Rain | Drop- | Impact . Total | RPM | Impact |Weight| Weight
Date Sp;—(?isn:en emitters | fall size angle Run time rounds velocity | before | after
number [mm/hr] @ mm| deg. |min.|sec. r r/min m/s g g
26.05.2009 |44 6 25 2 90 5] 0] 1081 | 216,2| 49,51 | 13,61
26.05.2009 |44 6 25 2 90 51 0| 1523 | 304,6 | 69,753
26.05.2009 |44 6 25 2 90 5 0 1965 | 393 | 89,997
26.05.2009 |44 6 25 2 90 5] 0| 3278 | 655,6 | 150,13
26.05.2009 |44 6 25 2 90 5] 0| 4359 | 871,8| 199,64 13,607
26.05.2009 |45 6 25 2 90 5] 0| 3282 | 656,4| 150,32 | 13,62 13,623
26.05.2009 |46 6 25 2 90 5 | 0| 2742 | 548,4 | 125,58

Although the detailed microscopic views are to be presented in the next chapter
(Section 5.2), the pictures of the specimens after the experiment are also given here.
The specimen number 46, exposed to rain erosion at lowest impact velocity 125 m/s,
can be seen in Figure 4.7. There is no damage is seen by normal eye in number 46.
The next specimen is the number 45 which is seen in Figure 4.8 and some surface
disorders can be distinguished relative to the number 46 specimen. The last specimen
is the number 44 exposed to the worst condition can be seen in Figure 4.9. The
damage can be seen even by a normal eye. Of course, microscopic views of these
specimens which are presented in Section 5.2 are needed to be investigated in order

to make a damage analysis.
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Figure 4.7 Test specimen number 46 after experiment.

Figure 4.8 Test specimen number 45 after experiment.
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Figure 4.9 Test specimen number 44 after experiment.

4.3 Calculation of Number of Rain Drops

As mentioned previously, the exact number of liquid impact cannot be known
through a rainfield. However, this can be calculated approximately with the formula

below [7]:

. 10j VAt
impacts = J 6 nd3v, (4.1)

where, j is rain fall rate (cm/h), V is travelling velocity through the rain field (m/s), A
is cross sectional area (cm’ normal to the velocity vector), t is duration (s), v, is

terminal velocity which is expressed by:

v, = 9.65 — 10.3¢706¢ (4.2)
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where d is the diameter of raindrop in mm.

The mathematical expression for the terminal velocity of the rain drops comes from
experimental studies and is confirmed by other authors also [45]. Figure 4.10 shows
the measurement of the terminal velocity for rain drops in different diameters by
Gunn & Kinzer 1949, Beard & Prupacher 1969, Gossard et al 1992, Best 1950 and
Uplinger 1977. It is seen that for 2mm diameter rain drop reaches about 6.4 m/s in
the air. If it is calculated by using the Equation 2.10 for 2 mm rain drop, the terminal
velocity is; v, = 9.65 — 10.3e(799)®@) = 6,55 m/s. These two values are close to

each other in an engineering accuracy.
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Figure 4.10 Terminal velocity measurements of fall for raindrops [45].

The terminal velocity measurements of the rain drops mentioned above have been
studied experimentally under the natural conditions and this is true for the outer
environment. However, the same situation is not true / realistic for the rain erosion

test (whirling arm) since the rain is generated artificially from rain emitters above the
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target as explained in Section 4.1. Since, the distance (between the position of the
rain emitters that the droplet releases and the target) is also a parameter in this
condition, the terminal velocity of the rain drop in whirling arm experiment should

be determined in a different way.

Figure 4.11 shows the terminal velocity of the rain drop as a function of fall distance
of rain drop up to 2 meters as well as the diameter [45]. The drops of 0.1 to 0.4 mm
diameter reach their terminal velocity before 1 meter. However, drops of 0.7 mm

diameter and larger need a fall path of more than 2.0 meters to reach their terminal

velocities.
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Figure 4.11 Velocity of raindrops as a function of fall distance [45].

In order to use this knowledge about the terminal velocity, the travel distance of the
rain drops should be known. In Figure 4.3, the distance between the rain emitter and

the target (germanium) can be seen. This value is approximately 0.15 m if the
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diameter of the specimen (25.4mm) is scaled to the distance between the target and
rain emitter. It seen from the Figure 4.11 that the fall speed of 2mm diameter rain

drop is 1.75 m/s approximately for the fall distance of 0.15m.

In order to calculate the number of rain drops strikes to the target in whirling arm
experiment, the vertical fall velocity of the drop (terminal velocity) before the impact
is found as 1.75 m/s. An example of the calculation number of drops hitting to the
target by considering the whirling arm experiment conditions for the 125 m/s impact

speed is given in Appendix-A.

As it is calculated in Appendix-A, there are approximately 17438 drops hitting to the
target in five minutes for the defined experimental conditions in the whirling arm
experiment. However, a shock accelerometer can be used with this test setup to
measure the exact number of water droplets. Moreover, if high speed cameras are
used in two directions, the location of the impacted water droplets can be

investigated.
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CHAPTER S

NUMERICAL AND WHIRLING ARM EXPERIMENT
RESULTS

The first two chapters have presented the general view of the rain erosion problem as
a result of high velocity liquid impact. Chapter 3 has gone through the details of the
numerical simulation technique in LS-DYNA and the experimental setup regarding
the rain erosion has been explained in Chapter 4. This chapter covers the outcomes of
the numerical study and the whirling arm experiment results. Additionally, the
damage threshold velocity for the germanium is reviewed with respect to numerical

studies, whirling arm experiment and experimental studies discussed in Chapter 2.

5.1 Results of the Numerical Simulation

In this section, the results obtained in the numerical simulations are presented. The
main aim of the numerical simulation is to find out the impact velocity at which the
failure is realized. However, a question is aroused at this point that; what is the
amount of damage that is sufficient for failure? Because of that, first of all, a
criterion for the failure of the material is stated in this section. Secondly, the DTV
estimation for the germanium is established by using a method in which several
operations are performed. For this reason, the explanation of this method is also

mentioned before the presentation of the numerical results.
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5.1.1 Criterion of Failure in Rain Erosion

The JH-2 material model used for the germanium includes a damage parameter “D”
changing between 0 and 1. As it has been mentioned previously, when the material is
undamaged (intact) D = 0 and when the material is completely fractured D = 1.
When post processing the results, the D is used for the fringe parameter during the
impact and the change of this parameter can be seen in different colours on the
germanium. The completely fractured regions are indicated by red, and intact regions
are indicated by blue colour. The number of the elements marked by red colour
shows the progress of the damage on the germanium. However, under which
circumstances the material can be regarded as failed? Or in other words, how many

elements are required to be red (D = 1) for the failure of germanium window?

Failure due to the rain erosion is defined in a publication [17] like that:

“...With SIJA it is clearly impractical to fire this many impacts, and it is
therefore suggested that DTV data published from SIJA quote the values for
the first appearance of any visible circumferential cracking at x200

magnification after 1, 3 and 10 impacts” [17].

In the numerical simulations, the edge length of the element at the centre is 0.06 mm.
This distance becomes 12 mm at x200 magnification level. Since 12 mm is
sufficiently big enough to be diagnosed, even a small region that is failed on the
germanium can readily be recognized at this magnification level. It is seen that, this
is a very strict failure criteria for the rain erosion. Therefore, it is understood that,
whenever a red (D=1) region is seen on the germanium, the material can be regarded
as failed. On the other hand, the minimum red region comes up with the size of a
single element only throughout the all impact cases for the numerical simulations.
This situation can be seen in Figure 5.1. So, under these conditions it is possible to

make such an assumption for the failure in the numerical simulation:
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- If'there is any D = 1 (fully fractured) region diagnosed on the germanium,

even in the size of a single element, the material is regarded as failed.

The sufficient amount of damage to regard the material as failed is shown in Figure
5.1. Although the observed damage is relatively small in Figure 5.1, this could be
interpreted as a failure of the window according to the assumption which is
mentioned above. It is clearly seen that there is a red region which is labelled as
D =1 in the fringe between four elements and nearly in the size of single element.

Since this region is fully fractured (D = 1), there is a crack can be expected here.
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Figure 5.1 Amount of damage for failure (tenth impact of water drop at 150 m/s).

5.1.2 Numerical Estimation Method of DTV for Germanium

A series of simulations was performed in LS-DYNA in order to predict the DTV of
germanium against rain erosion numerically within the scope of the thesis. The DTV
is searched in a velocity range of 100 m/s - 250 m/s. The intermediate velocities are

120, 135, 150, 175, 200 and 225 m/s.

In the rain erosion problem, expectation of damage after a single impact may be true
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for higher impact velocities, but it is not true for the lower velocities. Depending of
the velocity, failure of the window may be observed at the first impact, may be
second or sixth etc. The number of impacts is also related with the failure of the
window material as well as the velocity. Because of that, two kinds of DTV stand for
as explained in Section 2.3. One of them is single impact DTV and the other is
multiple impacts DTV. The latter can be indicated that DTV(X impacts) where “X”
shows the number of impacts. In the same way, single impact can also be presented

as “DTV (Single impact)”.

In order to simulate the multiple impact conditions numerically, restart module of the
LS-DYNA is used for the present study. If the failure is not observed at the first
impact, the germanium is conserved at the same stress level (at the same amount of
damage), and the impacted water is replaced by the new one. The same velocity is
attained to the new water and the second impact loading is applied to the target that
preserves damage of the previous simulation. This process continues up to 10

impacts until the damage is observed as it can be seen Figure 5.1.

In order to predict the single and multiple impact DTV’s for germanium against rain
erosion, the number of impact versus damage threshold velocity curve is used.
However, there are three steps required in order to draw this graph. These steps are

as follows:

1. Counting of failed elements (D=1) in all simulations and making a table with

these values.

2. By using the table in step 1, plotting “impact velocity versus number of failed

element” graph with respect to number of impact.

3. By using the graph in step 2, plotting “number of impact versus damage

threshold velocity” graph within the scope of failure criterion.
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The first step is counting of the failed elements one by one. For example, in Figure
5.1, the damage is in the size of one element nearly, so it is understood that the
failure is initiated and the number of failed element can be counted as 1 at this
situation. This example is for impact of water drop for ten times at 150 m/s. Another
example may be given from impact of water jet for two times at 200 m/s in Figure
5.2. In this case, it is seen that the all red regions correspond to nearly 48 elements in
total. Therefore, the amount of damage can be measured in this way. After these
measurements are completed for all the simulations, the data is collected in a table

for the first step.

LS-DYNA user input £

Time = 0.010302 Fringe Levels
Contours of History Variahle#2 1.000e+00
min=0, at elem# 1 T
max=1, at elem# 547 9.000e01

8.000e01
7.000e.01
6.000e.01
5.000e 01
4.000e 01
3.000e.01
2.000e01 |
1.0008.01 _
0.000e+00 _

Figure 5.2 Damage for water jet impact for two times at 200 m/s.

The second step is plotting “impact velocity versus number of failed element” with
respect to the measured failed elements in all simulations. In this graph the horizontal
axis shows the impact velocity and the vertical axis shows the number of failed
elements. The vertical axis is arranged in a logarithmic scale in base ten. The reason
for the logarithmic scale is examining the failed elements between 1 and 10 in detail.

The series of the graphs show the successive impact numbers.

For the third step, the “number of impact versus damage threshold velocity” graph is
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derived by using the “impact velocity versus number of failed element” graph drawn
in step 2. Initially, a horizontal line is drawn which passes through 1 on the vertical
axis. The reason is that only one element is sufficient for the failure of the window
according the failure criterion. Then, the intersection points between this line and the
number of impact series are determined. By using those points “number of impact
versus damage threshold velocity” curve is obtained. The interpretation of the DTV
of the germanium against rain erosion becomes easy to understand by this graph. The
DTV values for germanium between one impact and ten impacts, such as DTV (3

impacts) or DTV (7 impacts) etc., can be read in this graph.

5.1.3 Results of Water Drop Impact

In the light of the explanations mentioned in previous section, the failed elements are
listed in Table 5.1 with respect to the impact velocity and the number of impact. In
this table each filled cells represent an individual simulation. However, there are
some empty cells also such as fourth impact at 225 m/s. For these situations, no
simulations are needed to be performed since the damage has already reached

beyond the required at previous impact.

Although “no damage” should be indicated as zero normally, it is indicated as 0.1
both in the Table 5.1 and Figure 5.3. The reason is the logarithmic vertical axis used
in Figure 5.3. In this axis, zero and negative values cannot be plotted correctly. Only
positive values can be interpreted on a logarithmic scale. Therefore, in order to show
the lines (the number of impact series) between 1 and 0, the zero damage is indicated

as 0.1 in the graph of this chart (Figure 5.3).
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Table 5.1 The output of the numerical simulations for water drop.

Impact Velocity (m/s)
100 120 135 150 175 200 225 250

Number of Failed Elements

1st impact 0.1 0.1 0.1 0.1 0.1 0.1 0.1 4
2nd impact 0.1 0.1 0.1 0.1 0.1 0.1 17 226
3rd impact 0.1 0.1 0.1 0.1 0.1 15 204
4th impact 0.1 0.1 0.1 0.1 0.1 114
Sth impact 0.1 0.1 0.1 0.1 1 323
6th impact 0.1 0.1 0.1 0.1 10
7th impact 0.1 0.1 0.1 0.1 56
8th impact 0.1 0.1 0.1 0.1 146
9th impact 0.1 0.1 0.1 0.1 286
10th impact 0.1 0.1 0.1 1 433

The graphic version of Table 5.1 can be seen in Figure 5.3 and each impact number
can be seen in different colours (step 2). For the first impact (which is at the right
hand side), there is no failure up to 225 m/s and four elements are failed at 250 m/s.
Similarly, for the second impact, there is no failure up to 200 m/s, 17 elements are
failed at 225 m/s and 226 elements are failed at 250 m/s. The other curves can also

be interpreted by this way.

80



§ B / /1 Pyl e
:Z 10 —L‘ 77 i.-';:'ij’ -"I:i’
é 1 W/ ’_/i ’/ / .-‘/i
i ,"';/” j "/: "'/i
) 100 120 135 150 175 200 225 250

Impact Velocity (m/s)

Figure 5.3 Number of failed elements with respect to impact-number and velocity of

water drop.

As it is explained in step 3 in previous section, “the DTV versus number of impacts
curve” can be constructed by using Figure 5.3. The obtained new graph is seen in
Figure 5.4. It is seen that, the DTV decreases as the number of impacts increases.
Each successive impact on the same position decreases the strength of the material as
expected. Therefore, the DTV is high for the first few impacts and low for the further

impacts.

According to Figure 5.4, the germanium can withstand water drop impact up to 250
m/s for the first impact. However, the DTV reduces to 211 m/s for the second and
187 for the third impact due to accumulated damage from previous impacts. This rate
of fall continues as long as the number of impacts increases and after the sixth
impact, the DTV curve starts slowing down. The influence of number of impacts on
the DTV decreases as long as the impact number increases. Finally, the DTV of

germanium reduces 150 m/s after the tenth impact.
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Figure 5.4 DTV curve for germanium with respect to water drop.

5.1.4 Results of Water Jet Impact

The results of the water jet impact on germanium window are presented in this
section in a similar way. The number of failed elements is listed in Table 5.2 with
respect to impact velocity and the number of impact. The graphical representation of
these three parameters (impact velocity, number of impact and number of failed

elements) is shown in Figure 5.5. Finally, transformation to the DTV curve for one

failed element is presented in Figure 5.6.
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Table 5.2 The output of the numerical simulations for water jet.

Impact Velocity (m/s)

100 120 135 150 175 200 225 250
Number of Failed Elements

1st impact 0.1 0.1 0.1 0.1 0.1 0.1 1 41
2nd impact 0.1 0.1 0.1 0.1 0.1 48 200
3rd impact 0.1 0.1 0.1 0.1 32 265
4th impact 0.1 0.1 0.1 3 161
Sth impact 0.1 0.1 0.1 19 363
6th impact 0.1 0.1 2 75
7th impact 0.1 0.1 8 197
8th impact 0.1 0.1 42
9th impact 0.1 3 115
10th impact 0.1 4 220
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Figure 5.5 Number of failed elements with respect to impact-number and velocity of

water jet.
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Figure 5.6 DTV curve for germanium with respect to water jet.

According to Figure 5.6 the germanium can withstand water jet impact up to 225
m/s. Under that velocity, no damage occurred for one impact. However, the DTV
reduces to 185 m/ for the second and 160 for the third impact due to accumulated
damage of previous impacts. This rate of fall continues as long as the number of
impacts increases and after the fourth impact, the DTV curve starts slowing down
gradually. The influence of number of impacts on the DTV decreases as the number
of impact increases. Finally, the DTV of germanium reduces 112 m/s after the tenth

impact for the water jet impact.

5.2 Whirling Arm Test Results

In this section, the results of whirling arm experiments are presented for three
different velocities which are 125, 150 and 200 m/s. Details of the whirling arm test
technique are given in Section 2.4.1 and the test facility is described in Section 4.1.
Additionally, the test conditions for the whirling arm experiment are explained in

Section 4.2.
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5.2.1 Whirling Arm Results at 125 m/s

The first sample is exposed to impacts of water drops at 125 m/s for 5 minutes.
Since, in whirling arm experiment, there is no exact data was provided regarding the
number of water droplets hitting to the target, the approximation technique which is
explained in Section 4.3 is used here. The specimen travels at 125 m/s through a 2.5
cm/h rain fall for 5 minutes. It is calculated that there are 17438 drops hitting to
specimen which is 25.4 mm in diameter (see the example in Appendix-A). Since the
conditions in that example is the same as the experimental conditions for 125 m/s

impact speed, the result (17438 impacts) can be used here directly.

The approximation of how many drops hit to the same place on the window can be
estimated roughly by proportion of window area (11252 /4) to the cross sectional area
of the rain drop (122/4). Since the geometries are the same, this proportion is just
the square of the diametric proportion which is (25/2)? = 156. So that, the number
of drops hit to the same place over the window becomes approximately
17438/156 = 112 drops at the 125 m/s impact velocity. This approach is surely just
an approximation and shouldn’t be interpreted as the exact value. This calculation
only gives a reference value in order to make sense the number of the drops hitting to

the same point.

The microscope view of the first specimen after the test is seen in Figure 5.7. Among
the total 17438 striking to germanium, only 112 of them hit to the same position
approximately. It is seen that there is no visible crack observed on the germanium
window after the impact of water droplets more than one hundred times at the same
point. Although there are some asperities seen on the surface of germanium, those
are not caused from the collision of the raindrops. They are the production induced
damages and cannot be regarded as the rain erosion. However, it should be noted that
there is a very small hill which is taken in a circle in Figure 5.7. This hill is different
from the surface asperities aroused from the production and can be regarded as the

very beginning or the signature of the initiation of the damage. The surface at this
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location is swelled a little bit but it is seen that there is no crack observed. Therefore,
it can be said that the ADTV of the germanium window is very close to 125 m/s.
Since this damage is just a small hill and needs a further load in order to turn into a

crack, the ADTV of germanium is said to be higher than 125 m/s.

634 pm

Figure 5.7 Whirling arm test result at 125 m/s impact velocity in 5 minutes through

2.5 cm/h fall rate for 2 mm diameter water drop.

5.2.2 Whirling Arm Results at 150 m/s

The second test condition in the whirling arm is the impact of water drops to the
germanium sample at 150 m/s for 5 minutes through the 2.5 cm/h fall rate. If the
impact velocity increases at the same rain fall rate in the whirling arm experiment,
the number of water drops hitting to the target also increases expectedly. Since only
the velocity is changed with the previous test condition and the calculations are

linear, the number of rain drops impact to target can be obtained directly by using the
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existing value that is found for 125 m/s previously. If there are 17438 drops hitting to
germanium at 125 m/s, by a linear relationship, there should be 20925 drops hit to
the sample at 150 m/s. Moreover, by using the same areal ratio, the number of
raindrops hitting to the same place becomes approximately 20925/156 = 134 drops at
150 m/s.

In 5 minutes, there are approximately 134 drops hitting to the same place on
germanium at 150 m/s in the second test condition. The damage can be clearly seen
in Figure 5.8 and Figure 5.9 which are the views on the surface of germanium. In
some locations on germanium, the damage can be interpreted as the circumferential
cracking which is seen in Figure 5.8. There are two partially (may be quarter of a

circle) circular damage seen in upper left and lower right corner of the view.

G634 pm

Figure 5.8 Whirling arm test result at 150 m/s impact velocity in 5 minutes through
2.5 cm/h fall rate for 2 mm diameter water drop (1).
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Figure 5.9 Whirling arm test result at 150 m/s impact velocity in 5 minutes through
2.5 cm/h fall rate for 2 mm diameter water drop (2).

5.2.3 Whirling Arm Results at 200 m/s

The last test condition is different from the other two cases. In the first two tests (125
m/s and 150 m/s); the duration was the same and 5 minutes for both velocities.
However, this time, the germanium specimen exposed to rain erosion for 25 minutes
continuously and the impact velocity is changed five times throughout the test. The
specimen waits 5 minutes for each velocity and after this time is up, the velocity is
increased to an upper level. The starting velocity is 50 m/s, the second is 70 m/s, the
third is 90 m/s, the fourth is 150 m/s, and the last is 200 m/s. The number of water
drops hitting to the same position on germanium is calculated in a similar way. In
this test condition, there are approximately 45 drops hitting to same place at 50 m/s
on germanium and there are 63, 81, 134 and 179 drops hitting to the same place for

70, 90, 150 and 200 m /s impact velocities respectively.
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After the test, which is the worst condition between the all three test conditions, the
damage patterns can be seen in Figure 5.10 and Figure 5.11. Although the dimension
of the view shows a little portion of the specimen on the surface, everywhere has full
of similar damage patterns. Since no damage is diagnosed for the 125 m/s in the first
test condition, it is hard to expect any damage for the lower velocities such as 50 m/s,
70 m/s and 90 m/s on germanium for the current test condition. It can be said that
most of the damage occurred at the end of 150 m/s and 200 m/s impact velocities.
However, circumferential damage patterns, which exist in 150 m/s, cannot be seen in
this test condition. This situation can be explained by the propagation of the damage
during 200 m/s impact velocity. Those circumferential damage patterns occurred at
150 m/s are enhanced/propagated by the impacts of water drops at 200 m/s and

boundaries are disappeared due to the severity of the test condition.

Figure 5.10 Whirling arm test result after the impact of water drops at 50, 70, 90, 150
and 200 m/s for 5 minutes at each velocity (25 minutes total test duration)

respectively through 2.5 cm/h fall rate (1).
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Figure 5.11 Whirling arm test result after the impact of water drops at 50, 70, 90, 150
and 200 m/s for 5 minutes at each velocity (25 minutes total test duration)

respectively through 2.5 cm/h fall rate (2).

5.3 Review of DTV for Germanium

The main aim of the rain erosion studies in the literature is to find out the DTV
values for the different window materials. If the durability of a specific material
against the rain erosion is known, probable hazards in the harsh environmental
conditions can be prevented in advance. Because of that, knowing the rain erosion
resistance of the infrared windows that are used in high velocity applications is very

important.

Discussions in this section are only about the germanium window. There are three set
of results coming from different sources about the rain erosion resistance of

germanium. The first source is the numerical simulation which is the main objective
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of the present study. In this context the Figure 5.4 and Figure 5.6 (which are the
output of the numerical simulation) are evaluated. The second source is the
experimental study which has been held on the whirling arm test facility in Sweden.
And the last source is the previously made experimental studies found in literature
and discussed in Section 2.5.1. In this context, MIJA experiment results (Figure 2.14,

Figure 2.15 and Figure 2.16) are evaluated.

5.3.1 DTV of Germanium Obtained by Numerical Simulation

In the numerical simulations, there are two different geometries used to make
comparison with different sources. The first geometry is sphere which is modeled to
make a comparison with the whirling arm experiment and the second geometry is the
water jet which is modeled to make a comparison with the MIJA experiment in the
literature. Therefore, both of the geometries are designed for the different experiment

conditions.

Obtained threshold curves for both water shapes (Figure 5.4 and Figure 5.6) are
plotted in one singe graph as it can be seen in Figure 5.12. It is clear that, the trend of
slope is more or less similar in both curves. In other words, the change in the DTV
decreases as the number of impacts increases in both curves with a similar rate and
most of the change occurs between 1% and 4™ impacts. However, the water jet curve
is following the spherical water curve with an offset. Mainly, the threshold velocity
for water jet is less than the spherical water at each impact. Therefore, it can be
interpreted that the damage caused by the water jet is more than that is caused by the
water drop. The reason of this difference can be explained by the pressure
distribution curves on germanium for two water shapes. As seen in Figure 5.13 the
pressure distribution at the center of germanium different for water drop and water
jet. Although the peak pressure values are nearly the same for both shapes, the
duration at the peak is longer for water jet than that is for the water drop. Therefore,
it can be said that the damage effect of the water jet is more than the water drop.

Incidentally, although both pressure curves start to reach at the peak value at the
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same time actually, the water drop curve is translated to a little bit right on the time

axis intentionally in order to show the both curves in a single figure.
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Figure 5.12 Comparison of Water Drop and Water Jet.
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Figure 5.13 Pressure distributions on germanium for water drop and water jet at 150

m/s impact velocity.

There is another remarkable point that should be mentioned in the Figure 5.13. The

water hammer pressure is given in the first chapter by Equation 1.1 which is
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P. = pCv and occurs at the first stages of the liquid impact. According to the
formula, water hammer pressure is calculated as 270 MPa at 150 m/s. It is seen that,
the pressure occurred at the center of germanium is consistent with the literature and
can reach up to calculated water hammer pressure. This pressure prevails for very

short durations (fractions of a microsecond) for both water drop and water jet.

5.3.2 DTV of Germanium Obtained by Whirling Arm Experiment

In the whirling arm experiment, it is impossible to measure the single impact
resistance of germanium due to the nature of the test conditions. Therefore, the
whirling arm experiments provide the multiple impact damage resistance of the

materials.

In the first test condition, it is seen that there is not any crack observed at 125 m/s
(Figure 5.7) for total of 17438 drops hitting to germanium sample in 5 minutes.
According to a rough estimation (area ratio of water drop and the germanium
sample), there are more or less 112 drops hitting to germanium nearly the same
place. Therefore it can be said that, germanium can withstand against the rain erosion

at 125 m/s or below velocities for 2 mm diameter rain drops.

The second test condition is performed at 150 m/s impact velocity. The rain erosion
damage can clearly be seen at views of 0.845 mm x 0.634 mm in Figure 5.8 and
Figure 5.9. This kind of damages can be readily regarded as a failure of the

germanium window.

In the third test condition, a different experiment design is utilized relative to
previous two considerations. Instead of a constant velocity and duration as it has
been in other two ones, there are different velocities; starting from 50 m/s and
reaches up to 200 m/s. Since there are velocities above from 150 m/s, the damage is

enhanced and can be seen in Figure 5.10 and Figure 5.11.
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The experiments revealed that the rain erosion damage starts between 125 m/s and
150 m/s. Since there is no obvious crack observed at 125 m/s, the ADTV of
germanium should be higher than 125 m/s. On the other hand, the cracks at 150 m/s
are too much with respect to the amount of damage which is sufficient for the
initiation of the failure according to criterion mentioned in Section 5.1.1. Therefore,
it can be interpreted that, the initiation of the damage is below 150 m/s for

germanium.

5.3.3 DTV of the Germanium given in Literature

The single impact resistance of the germanium is changing between 225 m/s and 250
m/s according to the Figure 2.14, Figure 2.15 and Figure 2.16. On the other hand, the
ADTV values changing between 122 m/s and 155 m/s. Moreover, since these
experiments are performed by MIJA, the intermediate values such as DTV (second
impact) or DTV (fifth impact) can also be read in those figures. It is seen that the
threshold velocity reduces progressively while the number of impact increases.
Moreover the trends of the slopes largely change between 1 and 10 impacts and after

that the curves start to smooth out.
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CHAPTER 6

DISCUSSION, CONCLUSION and FUTURE WORK

6.1 Discussion

In SIJA and MIJA test techniques the target (such as germanium) is stationary and
the water has a high impact velocity. Because of that the water resembles to a water
jet due to the high pushing forces applied on it. On the other hand, in the whirling
arm test technique, the water drop (released from rain emitters) makes only free fall
motion and reaches up to only 1.75 m/s (Section 4.3) while the target hits water
drops with high velocities. Since the water drop does not exposed to a large shape
change (like it has been in the SIJA), it is assumed as spherical (water drop) in the
whirling arm test technique. Therefore, it is more convenient to compare water jet
simulations with respect to MIJA results and the water drop simulations with respect

to whirling arm experiments.

6.1.1 Comparison of Numerical Results (Water Drop) with Whirling Arm
Experiment

The numerical simulations for water drop show that the DTV (ten impacts) of
germanium is 150 m/s. On the other hand, the ADTV of germanium is between 125
m/s and 150 m/s in the whirling arm experiments as explained in Section 5.2. So, it is
clear that, numerical simulation overestimates the experimental study within the

scope of the multiple impacts.
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According to the definition mentioned in Section 5.1.1 regarding the failure criterion
of the optical lens material, the damage obtained at 150 m/s is beyond the initiation
of the failure. Therefore, the damage is said to be developed/enhanced at 150 m/s in
the whirling arm experiment. On the other hand, there is not any cracking observed
at 125 m/s. Therefore, in order to make a true comparison between the results, the
exact velocity at which the damage is just initiated should be known for the whirling
arm experiment. However, there is no such an intermediate data between 125 m/s
and 150 m/s. Because of that, there is a need for an estimation between these values
for the determination of the initiation of the failure in the whirling arm experiment.
Since the ADTV is above from 125 m/s and below from 150 m/s, it is thought to be
convenient to take the mean of these two values in order to assume the initiation of
the failure very roughly in the whirling arm experiment. Therefore, if the ADTV is
assumed as 138 m/s for the whirling arm experiment, the amount of error in the
numerical simulation is approximately %9 for the numerical simulation within the
scope of multiple impact threshold comparison. However, the single impact
threshold comparison between the water drop simulations and the whirling arm

experiment cannot be made due to the nature of the test technique.

6.1.2 Comparison of Numerical Results (Water Jet) with MIJA Experiments

Water jet simulations are performed for the comparison of the numerical results with
the MIJA results found in the literature. This test technique allows investigation of
both the single and multiple impact cases. Therefore both DTV (single impact) and
ADTYV values can be obtained together in this experiment. In order to see the effect
of each impact to the DTV, generally “number of impact versus DTV” curves are
used in the MIJA experiment (like in Figure 2.14, Figure 2.15 and Figure 2.16). To
make a comparison, same kind of graph is drawn for the numerical simulations as
shown in Figure 5.4 and Figure 5.6. Since 10 successive impacts are used in the
numerical simulations, the comparison can be made up to ten impacts by using these
graphs. In order to see all the results together, Table 6.1 is prepared for the first,
third, fifth, tenth, one hundredth, two hundredth (and more) impacts by using the
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numerical simulation results and the MIJA results.

Table 6.1 DTV comparison between the numerical simulation results for water jet

and experimental results found in the literature.

Ist 3rd Sth 10th 100th 200+

Impact Impact Impact Impact Impact Impact

FEM (water jet) 225 160 142 112 - -

Figure 2.14 225 190 175 160 155 155

Amount of error 0.0% 15.8% 18.9% 30% - -

Figure 2.15 250 192 170 162 136 122

Amount of error 10% 16.7% 16.5% 30.9% - -

Figure 2.16 250 200 170 155 135 130

Amount of error 10% 20% 16.5% 27.7% - -

It is seen that, the first impact results obtained in the numerical simulation
underestimates the MIJA results with 10% in Figure 2.15 and Figure 2.16. There is
no error with respect to the Figure 2.14 for the first impact. However, it is clear that
the amount of error is growing up as the number of impact increases. The maximum

error is 30.9% which occurs at the tenth impact with respect to Figure 2.15.
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6.1.3 Shape of Damage in Rain Erosion

A special damage shape occurs in water drop impact problems generally. Damage
patterns on the target material which is brittle generally take a circular like shape
with an undamaged central zone after the impact(s). This form of the cracks in the
rain erosion is also observed by other referenced studies such as [6], [18] and [19].
The reason of this type failure, according to the mentioned studies, is the Rayleigh
surface waves that are emanating from the impact region. Since the brittle materials
can withstand high compressive loadings which occur at the centre of the impact,
material does not fail due to compressive loading at the initial stages of the impact. It
fails due to the Rayleigh surface waves generated by the impact which causes tensile
loading on the material surface. There are two partially circler regions can be seen in
Figure 6.1 (a). One of them is in the upper left corner and the other is the lower right
corner of the view. This type of damage can also be seen in the numerical simulation.
It is seen in Figure 6.1 (b) that the shape of the damage in the numerical simulation is

almost circler.

The time step is automatically calculated in order to investigate the shock waves
throughout an explicit simulation. The size of the time step depends on the minimum
edge length on the elements. At each time step, the minimum edge length is searched
and if a change is detected (such as deformation of the element), the time step value

is updated according to the new length.
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Figure 6.1 Damage observed in the (a) whirling arm experiment at 150 m/s (b) 3th

impact at 200 m/s in numerical simulation.

6.2 Conclusion

In this study, the DTV of germanium, an optical window, is estimated by means of
the finite element method. Both single and multiple impact conditions are considered
within the scope of the current thesis. Additionally, two different water shapes (water
drop and water jet) are used for the numerical simulations in order to make a

comparison with different type of experimental studies. The DTV (ten impacts) is
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estimated as 150 m/s by the numerical simulation for water drop and it is found as
138 m/s in the whirling arm experiment. It is seen that the numerical simulation
results for the spherical water drop over estimates the whirling arm experiment by
9%. However, this comparison is not made at the same number of impacts condition.
There are roughly 156 impacts calculated (see the Section 5.2.1) on the same place at
125 m/s in whirling arm experiment, whereas there are just 10 successive impacts
considered in the numerical simulation. Although the DTV curve is almost smoothed
out after ten impacts in Figure 5.4, the slope still shows a falling tendency in the
DTV with the increase of the number of impacts. Therefore, if the comparison can be
made over 100 impacts, it is thought that the amount of error in numerical simulation

may be reduced some more.

Since a special test setup is required, the rain erosion experiment may not be found
easily everywhere. However, if the material model constants are known, one can use
FEM in order to estimate the rain erosion resistance for that interested optical

material.

6.3 Future Work

The numerical simulations for the water jet are compared to MIJA experiment results
which are found in the literature for germanium. Since the individual impact results
can be captured in this test technique, the comparison can be made with respect to
number of impacts. To make a comparison, the 1%, 3" 5™ and 10" impacts
conditions are considered for both numerical simulation and MIJA experiment
results. It is seen that, the first impact results are close to each other. However, as the
number of impact increases the amount of the error increases also and the maximum
error is %30.9 in the numerical simulation after the 10™ impact. What causes this
error at higher number of impacts is not known exactly, but it is clear that water jet
diameter expands in MIJA as it can be seen in Figure 2.10. Moreover, the length of
the water cannot be known exactly in the experiment. Since a logical explanation

cannot be made with this information currently, the investigation of this error is left
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as future work.

The rain erosion resistance of germanium is changing between 122 m/s and 155 m/s
for multiple impact conditions as it can be seen in both experimental and numerical
simulation studies. However, as mentioned before, the use of special protective
coatings can enhance the DTV of germanium against the rain erosion. 1um carbon
coated germanium samples can withstand higher impact velocities, such as 220 m/s,
as it is mentioned in Section 2.5.1. On the other hand, another important
consideration about the coating is the optical performance as mentioned by Goldman
and Tustison [46]. Protective coatings should be transparent through the spectral
region of the optical material in order not to degrade the performance of the lens. The
transparence of the coating depends on the compositon of the coating and the

thickness.

The effect of a coating depends on thickness (in the order of microns), bonding (in
the order of nanometers), internal stress and the mechanical properties of the coating
and the substrate. Moreover, while the production of the coatings on the substrate
material, some process parameters such as temperature and/or material composition
can also change the effect of the coatings. However, modeling of the coating in
explicit finite element software is complex. The numerical simulation of the coated

optical windows is left as the future work for the current thesis.

Lastly, the shape of the water drop is assumed as spherical throughout the current
study. However, although the water drop resembles to a spherical shape, the exact
geometry is not a pure sphere. The actual shape of the water drop can be modelled as
a future work and the differences between the spherical geometry can be

investigated.
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APPENDIX-A

EXAMPLE CALCULATION ON NUMBER OF WATER
DROPLETS HITTING TO TARGET

Question:

How many impacts are expected for a 25.4 mm diameter window travelling 125 m/s
through a 2.5 cm/h rain fall consisting of 2mm diameter raindrops released from
0.15m above the target in 5 minutes?

Solution:

The terminal velocity for 2 mm diameter raindrops released from 0.15m above the

target is:
v = 1.75 m/s. (from Figure 4.11)

Equation 4.1 gives the number of impacts:

impacts = 10 2:5)(125)(m x 1.25%)(5 X 60)/6 @175 = 17438
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