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I

Conver sion factors for U. S . customary to motric (SI) units of measurenwnt .

Th (‘onvert I’ t.oni TI) Muttipi.,’ Itv

angstroln i i i t ’ t i ’ i ’ ’. (III ) 1.11(1(1 1)0(1 X I: - II)
atmosphere (normal) kilo pascal ~k I ‘~i 1.013 25 X K 2
bar kilo pS~~lt (kPa ) 1. 10)1) 1)101 X I- .
h’I rn ~ (~(e r (i l i 1 I . 00)) 000 X K 2
B ritish thermal unit (the riniwht ’inical )  joule (J) 1. (15-I 350 X K ‘ 3
ca lorie (th(’ffl)OChVfl) i(’al) joult’ (J) I. I “-I 000
cal fther iflOt ’heinical )/cI)) ’ int’ga ji suIt ’ Iii ” ~iI i Iii — -I . I ‘s I  001) X K — 2
curie giga becquerel (( .13(4) ’ . . 7111) (1(10 X K -

deg ret’ (an ’le) radian i- :ttIl I . 7 IS 329 X i —2
tk g ret ’ Fahrenheit deg ret’ ht ’lv in (K) Y~ (t ° I • -159 . I; 7) 1.
electron volt jou le (.1) 1. 1.112 19 X i-: — 1 9
erg joti lt’ f l )  1. 000 000 X K 7

wai t (W) 1. 1)1))) (( I II) X I. . 7
foo t i i i t ’ t t ’ r  (in) .1 . l )$o 001) X K - I
toot- pound — l ot- ct )OU1 ( (,.1) 1. :; :- r~ ~~~
gallon f t .  S. liquid) inett r’1 (III ’ ; . 7~ S 11 2 X F:
inch I 1 1 ( ’ t t ’ I ’ (Iii ) 2. S I l l  (MMI X I• . 2
j er k j oul e (.1) 1. 000 100) X F ‘ 9

jou le/kilogram (.1 1 kg ( radiation ,ki~ t-
absorbed) G i ’av ( l v ) ’  ‘ 1. 1)011 1)10)

kilotons tt rajouh~ I .  I “S
hip  (1000 lbf) newton (N I. 22 2  x F:
hip /inch 2 

~k — i t  kil o pa’~ca l ( k Pa) t ; . 757 N F
ktap t t i ’ s t t iiii . . t •t UfluI III

1. 1010 (10(1 N K 2
micron int’ tt i (III) 1. 1)1)1) 0(1 ) N I~. ii

intl  mete r (I l l )  2 . 5_ i l l  II I. I
m ile (international)  meter  ~mn) I .  609 5 I •

ounce ki logr am ~h gf 2. “ 5 )  us~’ N K 2
pound—force 4 I1 ) t a s t i r  r t I t i i9 ) i o)  flt ’WtOii ( N )  I .  Ii 222
pound — force inch newton—int’tt I’ (N ‘in ) 1. 129 s I  X t:  —

pound—force/inch nt -s t  tifli Itle tt9 ’ (N I ll) 1. 751 21; X I
pound— f orct.!foor ki lo  pascal (h Pa) I .  7 — ”  026 X i- : — 2
pound—forc e  inctr  ( p — it )  kill) pascal (k I ‘~~) 1 • ‘it ) I 757
pound—mass ~lbni,,avoi rtlUpoi’i) kilogram (kg) I. 535 92 I X 1 —

pou nd — mass — toot ’ (m oment of ine r t ia)  kilogram — mi te r

~kg- m )  
-~ 1 .2 1 1  011 X I- — 2

pound—mass/Foot3 ki log raIn, mt i t ’ t t -  I- ’

( kg, ‘ mt i ’~ ) 1.60 1 N ~~ x t - : • 1
rad (radiation dose absorbed) ( i -av (( ;v I’ ‘ I . 000 000 N K — 2
roentgen coulomb/ki logram (C kg )  2 . 579 7 ;I ) X F: - -I
shake secontl ~s) 1. 000 000 x I: -

slug ki log ram (kg) 1. -I 59 39(1 X i:
torr (mm 11g. 00 C) ki lo  pascal (k Pa) 1. 333 22 X K — 1

‘The becquerel (Bq) Is the SI uni t  of ra(lioactivi~ ’~ 1 13q I i -v e n t  ~ .

‘The t ;r~ r (Gy ) is the SI unit of absorbed radiation.

A more complete listing of conversions may be found in ‘‘Metri c Practice ( u i t Ic  I S N ( (  - 7 1 , ’’
American Soelt’~ ’ for Testing and Materials.
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1.0 IN TRODUCTION

The potential vulnerabilIty of aircraft and tactical missi le s  to ra in and dust effects may

become more severe as the velocity of these systems continues to increase. Of particular impor-

tance is the erosion mass loss experienced by tactical missile radomes , UI domes , and antenna

windows in a nuclear dust environment. Prototype Development Associates , Inc. (I ’DA) has per-

fo rmed a pr e liminary assessment of the dust erosion behavior of selected electro m agnetic and

optical window materials in the Vulnerability of Tactical Missile Materials Program.

1. 1 BACKGROUND

Prior to the tests performed in thi s program , an understanding of the erosion behavior

of most r adome and antenna window materials was limited to erosion in rain environments at the

h i g h Speed Test Track at Holloman Air Force Base , New Mexico . While the dust erosion and

rain erosion rates of these ceramics were believed to be similaL in comparable environments,

the hypothesis was untested. Furthermore, erosion data in environi, onts which were represen-

tative of a nuclear dust cloud were not available. Thus , the characterization of the dust erosion

behavior of the ceramics In representative nuclear dust environments and the relationships be-

tween dust erosion and rain erosion were identified as key data requirements for operational and

develepmental tactical missile systems.

1.2 OBJECTIVES

The objectives of the Vulnerability of Tactical Missile Materials Program were as

follows:

1. Obtain relative erosion rate data for each of several candidate

radome and antenna window materials.

2. Obtain quantitative erosion behavio r data for the ceramic

materials in general and for each material .

3. Compare the dust erosion responses of the materials with

predicted responses based on existing rain erosion data.

4. Assess the analytical methods for predicting erosion of

ceramic materials.

5. Evaluate the performance of one infrared (IR) dome material

in a simulated nuclear dust cloud . 

_____ 

____

______
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1.3 SCOPE

The dust erosion tests included L- -.~ following candidate materials for potential use as

tactical missile system radomes , antenna windows , and UI domes:

• R adome Materials

Alumina

Be ryil La

Pyroceram 9606

Rayceram Cordie rite

Reaction Sinte red Silicon Nitride

Slip Cast Fused Silica

• Antenna Window Materials

Ethyl Silicate/3D Quartz

Isotropic Pyrolyt ic Boron Nitride

Jelly Roll Quartz/Colloidal Silica
11) Celcon/Quartz

• lit Dome Material

Magnesium Fluoride (MgF2)

The selection of these materials was limited primarily by the availabilIty of test sam-
ples from a list of operational and developmental materials. The erosion test environment was

defined by a set of conditions which best represented the Holloman rain env ironments , operational
fligh t conditions , and were within the dust erosion tunnel capabilities.

8
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2 . 0 DESCRII’TioN ()F i’ EST SERIES

The dust erosion tests wer e conducted at the Arnold Engine&- ring Development (‘en t e r

IA EDC) . Dust Erosion Tunnel ~DET) . Thi s facility was designed specifically as a particle drag
accelerato r to test the effects of high velocity solid particle Impacts on a wide var ie ty  of materials.

The material s , test apparatus (test facil ty and model) , instrumentat ion , and t ’ -st  metho d are
j iscussed in Sections 2. 1, 2 .2 , 2 .3  and 2 .4 . respectively.

2. 1 MATERIA LS

.\ list of the candIdate materials is presented in Table 1. The list includes the material
supplier , densit , and an identification code p I~)vided with each speci men. All radome and antenna
windo w specimen s were  provided by the Air  Force Mate rials I.aho rato ry 

~~~~ 
F’M L) . and the specimen

Identi fications are those assigned by AF ’M l. .  Two Ut dome samples were tested . One sample was
obtained fro m 11111 r\ ir  F’orct’ Base and the othe r wa~ :‘urchased di rectly fro m the manufacturer .

2 .2  APPARATUS

2.2 .1 Test Facility

— The dust erosion tunnel was design ed to accelerate particles to velocities greater than
5000 ft/sec on a continuous (~~5 minutes) basis. A schematic plan of the tunnel is shown in Figure 1.
A i r  is heated to hi gh temperatures by an electric arc heater , ducted th rough a dust injection system .
and then expanded In a long nozzle. The air flow exits fro m the expansion nozzle into a closed test

cabin which houses a rotatory model injection s stem. Nine model mounting stings are available

which can be programmed to rotate models in to the jet for varied durations . The flow exits the

cabin through a d i f fuser, Is ducted into exhaust compresso rs , and then discharged Into the

atmosphere.

Pressurized dust hoppers are used to inject particulate matter into the heated air.
Materials which have been used to simulate dust are magnesium oxide (50, 100, and t 5(L4ni) , silicon
carbide (lOOum), and glass spheres (100 , 200 , and 650um). The part icle flow rate is determined
by the pressure in the dust hopper. This pressure cannot be varied during a run . However , the

particle flow duration can be varied fro m model to model by turnIng the particle flow on and off .

A laser holographic system Is available for characterizing the dust cloud. A single

exposed hologram can be used to obtain the particle size distribution and spatial coordinates of the
dust particles. A double exposed hologram can be used to obtain particle velocities. Laser shadow-

graph equipment also is available but cannot be used concurrently with the laser hologram , since

9 



Table I . \ Ia ter ial s  list.

M.-\ TE RIAL ID SUPPLIER DENSITY SPI-~Cl~ 11-~N E l )
(gm /cc)

Alumina (Alsimag 753) American Lava D lv . ;  3. sSO A3 -5 . 0- l , 2 , 3 , -l
3M Company

Beryl lia (Al s imag 75-i ) American Lava Div.  ; 2. ~~0 A ( i - 5 .  0— 1, 2 , 3
3M Company

Py roce ram 9606 Co rning 2 . 599 Al 5. OH — 1, 2 , 3 •

Raycerani Cordte r ite Raytheon 2 .510 ~-\ l7-5.  0 10

Reaction Slnte red Silicon Nitr ide Raytheo n 2. 550 A 42—5.  OR— -I

SlIp Cast Fused Silica 794 1 Corning 1.950 A36-5 . OR-i
Martin MarIet t a  1. 91s A 7 3— - l . O R— -I

Ethyl Silicate/3D Qua rtz Avco Co i’po ration 1. 7-I s  A- I  - ~. OR —7 ,

Isotrop ic I’yrolytic Boro n Nitr ide Raytheon 1.320 M ;-4 .  OR— 6 , 7

Jelly Roll Quartz/Colloidal Silica Martin Marietta 1.650 A - I l — S .  O R — 2 , 3

1D Celcon/Quartz Avco Corpo ration 1. 503 A5-1. OR- s

Magnesium Fluoride Bausch and Lomb 3. iSO SD-3 , S

DUST
PART ICLE PORTS FOR LASER

l~~~ER DIFFU5~

AEI )C l)FT
User ’s Uulde

/ / I “~ 
- - ,, ,-~~ 

/

~“igu r(’ 1. Sclu’niat lc vl t ’’w of I)E’l’ .
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both use the same’ optical wind ow In the ’ test cabin . Particle velocIties also can be measured using
a laser doppler ~e i t u Im et e r  (LD V) ,  These L)ULt kl t ’ characterization systems are discussed in
me) re detail in Reference 1. WhI le the laser systems yield good Information , state—of- the - art
methods for reducing the data a ,- t ime consuming and expensive . Therefo re , a particle impact
bar and h igh-  s i t e d  photography are often used to det ermine the cloud cOncentration. ThIs in fo r-
inat ion th e n (‘afl bt’ eoinpart ’d to PaI~ielt ’ mass balance , are heater perfo r m ance , and existing
calibration data to character ize the ’ dust cloud. None of these particle flow eha raete rization
methods were ’ INeel in the present tests .

2 .2 .2  le st  ~t e d l

Fbi ’ t-~ t li me’ an I antenna window test model confi guration was a two —di nit ’nsional (2D)
wedge , shown In Fi gur e ’ 2. ‘I ’he leading edge is watt ’z cooled , while the piece which holds the test
-‘~~~

( (1110 11 I Ufle(k,le’,i. A wedge surface assembly is mounted on the 21) wedge to form an erosion
-~u i -t a t e. i he  n t ilgi- — u  rteece ’ a— ~st •mnl lv ,  shown in Figure 3, Includes two test specimens which art ’
I mx ‘d niechanic al  lv between a silica phenolic retatne r plate and an epoxy glass backing plate.

61

FI gu re’ 2 . Typical wedge test configurat ion.
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}tgure 3. Wed ge surface assembly .

Two di f fe rent 2D wedges were used in the tests. One of the wedges was asymmetric
with the single test surface aligned 13. 5 degrees to the flow. The second wedge was a 9-degree
symmetric wedge. Both sides of this wedge were used for testing.

The two Ut dome models were hemisphere-cylinder configurations with the cylinder
axis aligned parallel to the flow direction , as shown in Figure 4. The two samples represented
slightly different operational configurations , with the main difference reflected in the material
thickness: Specimen SD-3 had an initial thickness of 0. 109 inch , whi le Speci men SD-8 Initially
was 0. 160-Inch thick.

2.3 INSTRUMENTATION

2. 3. 1 External Instrumentation

Standard facility Instrumentation was used to record the test pa~’ametei’s required to
calculate the arc heater performance (arc voltage, current , cooling water flow , .~T, etc.). These
data were recorded on strip chart recorders. Optical thermogage py rometers were focused on
the test specimen midpoint to sense surface brighiness temperatures. Voltage output fro m the
py ro meters and other time-dependent parameters (model injection , part i ’le flow , etc.) were

12
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3.0 PItE—i ’EST ANALYSES

A literature survey of erosion data for the i-adonie ’ and antenna window materials was -

mad e to provide- data for pr e—t t ’st  predictions ot erosion rates in the DET facIli ty . He’cau.se all 
-

existing data were’ obtained fr or ci I io lioman rain erosion tests , it was ne ’cessary to Use rai n data
to estimate the dust erosion response ’. The dust erosion test paramt ’te ’rs were selected to app roxi -
mate conditions used in the t iolloman sled tests in order to minimize the difference ’s between the
expected dust erosion results and predictions based on the rain test data .

The’ rain erosion correlatIons and the range of rain test parameter s are summarized
in Section 3. 1. The se-le-cWtI dust erosion test parameters are summarized in Section 3.2. Pre -

(Iict ( ’eI dust erosion rate’s using the selected parameters are summarized in Section 3.3. No data
were available for the IR dome material; therefore , pvc—test recession predictions were not made
for these models.

3 . 1  R AiN  EROSION C OR R E L A T I O N S

An erosion rate-velocity-irnp jngt .metit angle app roach has been used by the AFM I,  to
correlate rain erosion data (Itefert ’nces 2 through 5). A mean depth of penetrat ion rate (MDPR)
has been defined in which ero sion Is assumod to be uniform across the entire sample area. MOPR
is calculated from weight loss , density , known surface area , and time of exposure. Two e’xpres-
sions have been used to fit the data:

MDPR = KV O
sin 2 (i (1)

and

MDPR sin () = K (V sin (0° (2)

where K and ~ are empirical material constants , V Is Impact velocity , and tI is the particle ’ Impinge-
ment angle relative to the surface.

A substantial numbe r of tests have been i’un at the Ilotloman t rack facility for each of
the radome and antenna window materIals of interest. In general , most of the data reviewed were
in the velocity range 4000 to 6500 ft/sec , with impingement angles fro m 13. 5 to 60 deg rees , and
rain concentrations from 2.5 to 7. 5 gm/rn 3.

MDPR correlation constants are summarized for each material in Tabl e 2. The approx-
imate rain concentrations , w , for which the data were correlated are listed . The appropriate cor-
relatIon equatIon (1 or 2) and the reference fro m which the data were obtained also are presented.
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3. 2 DUST EROSION TEST PARAMETERS SELECTION

The (lust e rosion test parameters for the radome’ anti antenna window materiaLs Wet - ,-

selected pr Imar i ly  fro m the ’ range of available rain data , as well as fi’o m anticipated operational
flig ht cond itions. Operational and developme’ntal designs of radomes and antenn a windows include
stagnatIon impingement  angle-s for uncapped raelomes , shallower Impingement angles for i’adorne’s

equipped with metal stagnat ion caps , and very shallow angles for an tenn a windows. The tactical
mi s si le - s  are desIgned to fly at supersonIc ve’locitie ’s which can exceed Mach 5. Considering these
opt -rational conditions , t h -  following nominal dust erosion parameters were selected from the

range of liolloman rai n test parameters discussed in Section 3. 1:

Particle Velocity , V -1300 ft/-sec -

•

Partie -le Concentration , 
~ 

3. 32 gm ./ m~

1 mpingement Angle

Radome Mate rials 13. 5 deg n~c~s

Antenn a \Vindow Materials 9. 0 de~~re’es

The flow stagnation pressure and total enthalpy , and the particle type and size then

we-re- selected fro m available- DEl’ calibration data to achic -ve the de’si red particle velocity .

Chambe r Pressure , P 1000 psi

Total Enthalpy , h 1~ 00 Btu/lbm

Particle Type Magnesium Oxide

Particle Diamete r 200ILm

3 . 3 DUST EROSION RATE PREDICTIONS

Pre -test predictions of the dust erosion rates for the’ test materials were math ’ using

the selected test parameters presented in Section 3. 2. These predictions assumed that the MDPR

correlations derived for these materials from tests in rain environments could be applied to dust

e-ro slon. Another assumption used was that erosion rate varied linearly with concentration. This

was repo rted by Schmitt In Reference ’ 5 for the’ raIn test regime at the liolloman track. -
~ dust

erosion rate then was computed in terms of the rain erosion rate by the’ equation

MDPR - M1)PR x —
~~~dust rain ~~‘

where MDPP. wa-s de-termine ’d fro m the corre-latlon data in Table 2 , ~ Is the selected dust con-rain p
centrat ion (3.32 g - m ) ,  and ~i) is the rain concent ration reported in Table’ 2.

17
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P rvdk’tt ’d p re’ —te st e- roslon rates and th e- te ’-st paratnete ’ rs used In the’ p rt ’dit-t ions a r t  -

summarIzed in Table 3.

Table’ 3. I’r e— te - s t  erosion rate - predictioa~ .

MAT ERIAL D
~~~rain ~ p 

~~

‘ 

-
~ 

MDPR
e1u t

t iN / S E C )  (GM/M ’ ) ~i ;M ~i k iN s~:1’)

Alumina 2.9 1 x 10 “ 3.32 2. 3 .4 5  x l0~~
’

(Alsimag 753)

Be’ryllia .3.15 x 10 3.32 2. ~ 3. 7-1 ~ 10(Alsinlag 754 )

Ethy l SilIcate , 
0. t ) -iO O 3.32 t ; . 5 0. 020-I3D Qua rtz

Isotropic Py rolytic 0 0430 3 7 ~ ~ 01—3Boron Nitr ide -

Jelly Roll Quartz/ 0 ~~~~~~~ 3 32 ~ 5 0 00~’3Colloidal Silica -

Py roceram 9606 0.0022 3.32 3. (1 0. 002-1

Rayceran Cordiertte 0.0002 3.32 2 . ~ 0.000 2

Reaction Slntered 0. 0071 3.32 3.0 0.0079Silicon Nitride

Slip Cast Fused Silica 0.0152 3. 32 6.5 0.0 191(Co rning)

Slip Cast Fused Silica 0. 0155 3.32 3.0 0,0205(Martin Marietta)

1D Celcon/Quartz 0.0060 3 32 6. 5 0, 0031

Calculated from correlation data reported In Table 2 ; V = 4300 I t - s e e - ;  t~~~~ 13.5
and 9 degrees for radome and antenna window materials , respee-tlve-ly .
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1’he actual test parame-te ’ rs a ~~ su nt iuu r I -~ed in ‘l able -I. it should ht- ii~~~ t t  - I that  the

e’onelitions to r the lIt dome- — we i c  s ign iiicantly eIli t ’t ’ re-nt than to t -  t h e- a-adome and ante -tutu window

t uttle ’ r ial- - . Lliuit e’cl  p t e ’\ ions exile’ dent’t’ with Mg l , tlOflle ’s Indieate ’el that the speeit’ie ’et radotue-

t - ~ t e ’omti t ion -s would Ik ’ ove rly s ,-v , -r , - to t -  this ni a ter ia l  In te ’t’ t ie— oI Ikitl i erosion resistance- and

therma l  shoc’k i- ,- st s t , me- t- . Thereto i t , , the ’ 111 elontes Wi - i t -  tt ’ste ’d in it se-p at at e ’  run with t h e ’ le-s--

5, -v t -re ’ t-nv i ro ,tiiit~nt l is ted in Table ’ -I . The’ me’asure ’eI e ’ n s ltin t :ite~- (specimen tf l i th i le ) iti t  i e e e

r at e atiel average t i i a ~ li ‘-~s t a t e - I  for  the - t aclome ’ and ante’anu window materials  a l e  sutuma  I~i it ’d

in ‘L al4e’ :- . Tht- erosion pt -t -t o imane -e  ot the’ i-adome- tuiel antenna window t i t a t e t -j a i s  is di &’usst ’t I

l it Section 1. 1 , while ’ the pe rio n u a n c e  t i t  the ’ ll~ chim e mate - dat Is t ie — c nthe ’eI in S -ct ion -1. 2.

i t n e -i qua l i t a t iv e  chit i’at-te ni~ atIons of the’ te st envi rofline’ttt anti the- mod el pento rnuanc’e’ are - pt ’e’ -

—et - i t t t - eI in Se ’ctt ,ins -1 . 3 tenet -I. -1 , re- sp ect lvelv

Fu ti le - - I .  I’ c— t con d lt loi t—

RA I R M K S  . \N L )
\ N l l - N N A  t\ l N l ) ) \\ lU IX ) M l - , S

(‘lt t t t i iLie ~i I’ r e - s su i e - , i’ -si ~m 3- ’

i ’td F:ntktl;~ ~t u u a — s  a~- e- m - age - t l ) , I t tu  Ibm 16-I ’
Fot.tl ie’mtie i a t u r e , °R aSSt l  26 1

-‘ti i~ ~‘I ac ti N umlut ’ i- -‘.4  ~l . -
~

Particle 1vp - Magn e -s iunt  t )xIde - M agn e-s ium

l’a ru d e’ Diamete ’ r (nominal)  • mie eons 200 Si)

I’a rti cle ’ V c -b elly , it -sec -1-100
- 0 -, r -Particle I once’ntration , gn u in — . .1 0. I’

-1.1 ItADOME AN L ) AN ’l ’ENN:\  WINDOW MA’l ’ERlAlS  P E R I O l (M A N C ’ E

t .  1. 1 Materials Ranking

ihe’ t’ndomt- un-id antenna window materials each are’ ranked ac-co rd ing to the- measured

spt ’cirnt-n mieh Ix)int nt- ce- sslon u-ate in Table 6. ‘l’his m id point recession rate’ was used taste-ad of tht’
mass loss rate’ to evaluate ’ the’ erosion behavior of the ’ materials because- many of the materials

e rotic-el only at the ’ spe’e-imt’n leading edge. Thi s non— uniform e’rosion was caused by the ’ difie-re’nt

e’ rosion be’havlo r of the upstream silica phe’ t ic holde m~ material.  Material  ele ’nslt ies are’ included

in the’ rankings , since’ there ’ is a strong correlation of e’roston rate ’ with material density .

II)
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i’able’ 6 . Mate-ti al-s u-anking.

RADO ME _ MAT EItI A L-S

1)ENS!T Y Elt () Sl( )N
MA’l ’ EItL A I l(:~TE

U M  C C)  t I N  SE C)

.-\ l umina ~Al simag 753) -3 . ~~5t )  0.000 1)

ite ’rvllia iAls imag 754) 2 , ~~~~0 0.0001

Pyi-oce- i-ani 960k ; 2. 599 0.000-i

Rav ec u-am Cordie rite 2. SIt) 0.0005

Sli p Cast  I - u se - t I  Silica 
1 . 9 5 0  0 . 0 1 2 0(Corning)

Reaction Sinte’re’d Silicon Ni t r i d e  2 . 550 0.0140

Sli p Cast Fused Silica 1. 915 0.0190(Mart in Mat -te tt a )

\N i E N N A  Vi- INI)OW MATERIALS

DENS ITY EROSION
M A T E R I A L  RATE

(GM/CC) (IN/ SEC)

1D Ce’lcon/Quartz I. ~03 0.0007

Je lly Roll Quartz Colloidal Silica 
-
~~~~~ 1.6 50 0.0170

Ethyl Silicate/3D Quart z 1.7-1~ 0 .0220

Isotropic Pyrolytic Boron NitrIde 1.320 0.02~ 0

The results In Tables 5 and 6 indicate that , for the present test conditions , alum ina and

beryllia are the most erosion-resistant materials tested. The performances of Pyroceram and

Rayceram Cordlerite also were very good. These four niate i’tals were substantially better than the

other three candidate radome materials (the measured recession rate of the next best radon-ic mate-

rial was a facto r of nearly 25 greater than the recession rate of Rayceram Cordlerite) and should

be included in any future evaluatIon and/or characterization programs.

Of the candidate antenn a window materials , 11) Celcon/quartz clearly was the most
erosion - resistan t In the’ conditIons tested (a facto r of almost 25 lower recession rate than the next
best material). Future evaluations of thi s material also should consider the compatibility of abla-

tion performance and erosion rest-stance with rep resentative hcatshteld materials in order to pre -

vent the development of surface protube rances during flight.
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-I . 1.2 Comparison of Dust E rosion With EquIvalent Rain li i~)s iofl

In Se c tion 3. 3, dust t -m-usio n u-ate-s we-re ’ predicted fro m the rain e iosiun  data cone—

latio ns . lie-c-a u -se - the actual te’st conditions (Table -1 ) we - ic  somewhat different  fro m the spe -ific ’d

conditions (Section 3. 2), the- measured dust c~ rosiun rate- s cannot Is ’ compat-ed di re-ctly wi th  the

pt - c- —te st p r e d I c t e d erosion ra tes ,  Fhe assumption was made- that i-am and (lust erosion rates were

the’ same’ in equivalent env i ronm ents  (V . ~t , ti) , and this assumption allowed P l c - -tes t dust erosiOn

predictions to be’ mad e fro m rain data . Thi s assumptIon can Ix- checked by computing the erOsion

rates th at the MDPR ct)rrelations would have predicted for the actual tc’st conditions and compat-ing

the results with the measured em -stun  rates, ibm - s was pcrfoi ’me’d fou the actual test pat -ameters ;

i . c. , V - -1- 1)0) ft/s e- c - , ~ 2.51 gm/rn 3, and 0 13. 5 ck’gre-e ’s or 9 degrees . Again , the- assumption
was made’ that erosion rate varied lineai-ls with the particle concente-ation , .e~. The results at- c’ prea-

seated in Table- 7.

-: In genez-al, the m e - - s u l t s  in Table 7 indicate- that the- relative ’ e’l-osion perfo t-mance of tht ’

candidate materials is approximatel y the same’ in both i-am and dust  environments .  That is , the

rnate ’rials that Performed well in the u-am environment s also performed we’ll in the dust erosion

t c ’s t - ~ . hlowe - ve-r , the absol ute’ magnituck’s of the rneasuu -e’d and predicted erosion i’ates are in gen-

e-ra lly pool- agr -e’ nient. The recession i- ate’ pre d ic t ions  base-cl on the correlation expressions fro m

the ’ rai n t t - .sts were- fo und to underpredict the ’ measut-ect rcce-ssion rates for soni c matei’ials and to

ove- rp redict the- recession rates for other materials . The discrepancies range from - 100 percent

to - 710 percent. This lack of agreeme-nt strongly suggests that the existing correlation expressions

are’ not suitabl e ’ for performing flight response predictions of radorne and antenna window mateu-ial s

in nuclear dust environments.

There are several possibl e reasons for the observed differences in the predicted and

measured recession rates , and the very limited dust c’z’oslon data base precludes selection of the

specific reason(s) at this time. Some portion of the diffe rence certainly must be attributed to the

differences in the types of particles , For example , water drops are affected more by the shock

layer than are dust particles. The d roplets tend to break up and/o r vaporize in the shock layer ,

causing a reduction of the incident mass fl ux as well as more deceleration and deflection of the

particles prior to surface impact. There also may be significant dIfferences in details of the

crate ring phenomena produced by the different particle materials.

Other differences in the observed material responses in the rain and dust environments

may be related to uncertainties in definition of the test environments. It was not possible in the

22 
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present limited study to assess the precision with which the various flowffeld and erosion param-
eters were measured at the ilolloman sled facility . However , certain critical test parameter -s in
the DET facility were subject to errors of unknown magnitude. (Some of these possible e-rrot- -

sources a re disc-usse ’d briefly in the following section. ) Thus , the matex-ia l response predictions
can be in erro r because ’ of erro r-s in the defined environment. For mateu-ial s with very small u-c ’ -

cession rates , small ct-i-o r-s in the absolute magnitude of the i-c-cession rate c-an produce relatively

large- discrepancies betwee n the measured and predi ct ed erosion perlo rrn ance .

In any eve-nt , i t must  Ix’ conclud ed at this t ime that the dust erosion m-espons e of radoni e

and ant -nna window materials e- annot be pi-edicted with confidence by expr e ssions based on tc ’-st -~
perfo t-med in rain e-nvironme’nts . Additional tests al-c the u-cfou-c required to: 1) define the soul-ce(s)

of the discrepancies mo l e- accurately , 2) expand the data base to obtain an estimate of the no m -m al

scatter- in the measui- e-d erosion rc-~ ponsc , and 3) measure the erosion response as a function of

changes in seve-ral key paramete r-s (e .g . ,  particle- size , impact velocity , impact angle , and mate-

rial temp eu -atur-e) in o rder to define more comprehensive erosion mass loss models for the’ mate-

rials of most Interest.

4 .2  IR DOME PERFORMANCE

The c- rosion per-formance of the m agnesium fluoride (MgF 2 ) ft dome material was c m -
satisfacto ry in the p u-c-se-nt test envit -onment (Table 4). Model SD-3 , which had an initial thickness

of 0. 109 inch , fractured immediately following initiation of the particle flow. No po rtion of this

mode-I was available for post-test examination. The second model (SD-s), which had an initial
thickness of 0. 160 Inch , survived the full duration test exposure of 10 seconds of clear’ a u -  preheat

and 2 .75 seconds of particle flow. However , this model experienced complete bu rn-through in the

stagnation region , as illustrated in Figure 5. (The time at which burn-through occurred is not
known since motion picture cove rage was not available for these two models.) A burn -through of

this type In a flight environment would , of cou rse , constitute a complete system failure since’ the
Internal components would be exposed to direct aerodyn amic heating and particle impingement.

It also should be noted that , even if the particle flow had ended befo re burn-through

occurred , the performance of the ZR sensor probably wou ld be degraded significantly as a result

of the particle-Induced surface roughness on the dome (Figure 5). To quantify this effect , the in-
frared transmission characteristics of the surface were measured before anti after the test, It was

found that the post-test transmittance In the wave length band of interest was less than one-third
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l” rt ’estreani pai’tk’le concentration Is ete’termlne ’e i ironu the total m u ss-s of Particle’s In

j e’ctt’d and the total t ime ut pa i’ticlei injecUon . Such an ave rage’ tiot ’s nut ac count tot  pa rtleit’ h o w

t m’ansients which ai~e’ caused by turning the’ pi~ rticle’ h o w  on and e)t l fo t -eho t-t elu rations lb roug luout

the’ run . For a vt’iy sho rt tat is t  ut particle’s k -— - 1 se’conei) . the pa ettele’ conceal t uition could bt’ sig

n ilicantly tu t u - re -n t  th~en the ’ fi v e-m gi- concentrut ion [or the ’ enti me- r un .

Although not List -ti In this program, lase- r holug rams ot the particle ’ e’nv ironnu ’nt have ’

been u- m ed at AEDC to evaluate particle size , velocity , and concentration. Sue-h a me-thud of evalu

ation should be employed in any future tests ot this type te) obtain a melt-c’ accurate t ’haracte-rl-iatlon

oh the erosion cmvi monnit ’nt.

-1. -I TEST MODEL DESIGN ASSESSMENT

The overall performance’ ot’ the wed ge’ model design was sati s facto my. The wed ge- sue

face’ assembly can bt’ nrodifieel slightly to improve the’ ablation unifo i-mity ut the’ te’st spe’cinie’n . The

silk- a phenolic retainer plate’ upstre’am of many spe ’inie’ns e’roded at a different i-ate’ fro m the’ s~s -& -i

men. This resulted in non—uniform e’rosion at the’ sample leading edge’. Re’placing the’ silica phe’-

nolic Just upstream cr1 the’ test sample’ with a small , separate p1cc-c of sample mat e-i -h al will greatly

i educe non—un iform erosion at the leading edge’ .
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5. 1) CONCL USIONS

:‘ limite ’d g round test  p log i-st ir ~d f i - s  t’o~ d~~ te’d to obtain a iu re . lEmI na  ry asse ’ssment of

the pe- rio r manee - ci t  seve ’ial c-anti iela t e- rui e lomue antI Unte ’nfla wIndo w t ru a t er ia l s  in a slmu lui t e ’ti n ut-Ic-am

eius t cmvi ronmn e ’nt . An site- m ate ’ objt -e ’t ive c i i t h e ’  po igrani  w a- s to e- ( i m pa l- e’ t h e ’  d ust  e’fl)sIOfl pe - m t o m - i m i

ance’ of the ’ mate ’ i-Isis to the ’ Intl me ’ t ’x t t -ns iv e - it - su I ts t o t -  th e’ sa t i l e ’ mat e- i-is is  in main ~
- rosion tt sts .

The - Ie ~~ t s eet -  i e  h a ’ i-t o m it-el  in the-  Dust i- ro sion Tunn e ’l it .\  E i ) (’  it e ’cineih( lo~ s i m n i l a  i to I ltf )
~~t t i - s e- c l

in the ’ mau i t~i ( r ~4 i f r t 1  he - st - s  - Courpa i- ison-~ w ith  I lie tile ’asU i- eel te-~~t t (t w e  me made- with erosion e ’xpr .  -- ,

stuns de’rtvt ’d trotr i  t h e’ main da l i .

Uhe ’ i- c-suits of the tests inti ic-a te ’d substantial eil f ie ’ i- c- ne - c -- s iii pc-i -lu l tna n e - e’ among the-

e-andietate ’ mate ’i- Ials _ Alut i r i n a  and be- i~’llLa we ’re- the ’ most e- mo sl on — t- e-si st mtn t ma ci on ic ’ m ate i- iaL s in

the ’ L)E T I c - - s t  e-nv i ninme -ot , althoug h I ‘vi -~ ie- e ’ ma in anti H :ty cc - i-a nt (~e i t - t i l t -  t~j t e ’ t I -si c p t - i - t o t - l i l t ~I l  V t  - i~~~ ~% t i l .

The - i-oslon 1i c - r t i i  i - inan e - c- of the ’ t ithe ’ i three e -tu ne llela te- i t t io m e- irr ite i-l et s o is  5 igniiic mt ly  cc r -~c-

than the ’ ~a- u-to roland - c - of these tou i mate’ t -tal s - Si mila  i-ly , ii) Ce - i t -umi qu a  i - i . - e -xh t  h i t - 1  t ime- li g t e a t .  - F

t ’ mo tIon re-s ist~ure- - iii the ’se- test t- c ineil t l ons t han  the ti the ’ i’ t i t  re ’e ’ e - zu r t l id a t t ’  u r te i r i ra  wit tei o w h i a t t ’ i i  .1 1- - .

l’his relative- pe- i-to c-macwe of the’ mate - mints is tr ~ gene-vat agree-me-nt with tht ’ qualitat ive ’

pe’rfoi-inane ’e ’ t-ankIngs pm edi c-t t-d by the i-ala erosIon te-st i- t ’sult s - I h t i wev e  r , the - ura gn i tuc ie -s  c i t  t he

me-a sum- e-c l i- c-cess ion i-at e ’s al- c’ substantIally diff e ’m- cn t than the i-ate ’s that  wemt ’ P i-e’ellete ’ei wi th  c- ti i i i ’

lation equations ti~~ e’d tin main test data. Thus , the’ rain—ba se ’eI e ’Xprcssions e-ahiflti t Ire ’ t ist ’t l to tlt ’stgir

madomes and ante-ann wIn d ow mate-i-isis fo i- scm ev lva l  in nuek’ai- dust envi ron ,ne ’nts , Althoug h the- Fe ’

at-c’ st ’v c ’ i a l  ixissible ’ explanations for this eilscr ’pane-y , the pre ’se’nt d ata base’ is too l imited to li e ’ r

mit aecut-ate definition of the eliife ’me-nt response’ inechanisnrs in the’ two type’s c) f  e -i -eistv e

envt i’onme-nts.

Two samples of one’ Infr ai- e’ei (ZR) eiome’ material  c i t  cur l-eat ink-t -e ’st ~magnesIum ilu -

orlde) also we’re’ te’ste ’ei In an erosIve’ e’nvi i-onmc ’nt cr1 less se ’ve ’i -itv than was used toe tir e’ P mc-ce ’eiiiig

mate’rlals , The’ e’i-oslon pe’i-formanc-e’ of thIs 111 dome h iatt ’ i la l  was found to Is- unsatisfacto i-y In
the’ te’ -it environment. One’ mode-I ft actum e ’d upon Init i al e’xlx sume’ to tile ’ par -ti d e’ flerw anti ~-as corn—

plc’teiy de’stroye’d. The second mock-I expt’rie’neeei -o nipl e-te ’ h art -n -throug h In the stagnation region

afte r a 2.75—s econd exposure to the particle’ flow. in addition , the ’ dornt- sum-face ’ was s- t ’ve’rt ’ly
roughened by the’ partIcle’ impacts turd the’ i-t ’sultant infrared tman smlttan e-e’ of the’ niate ’vial was le ss

than one- —third the’ transmIttance- e r f  the ’ vi i-g in un it - m imrl  - —\tkil t hoirai  tt ’sts a Fe ’ reelul i’e’ei to ti e’f in e’ the’

e ’ iosion i-e’sponse- anti transmittance e’haraete’ristlcs cr1 tire ’ nizigne ’sium t lueirieie - tiotr ~e i~ iite ’ mlii i as a

function of the’ &m e’vt’rlty of the - e ’nsivt ’  i-’nv lrern ,ne ’nt. ‘L’hre’ vulne ’rah ri i ity cit the-se’ window mate’t-tal s
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pt -oh ) ah ) Iv lie-s in the transmittance losses associated with tow density dust encounters , mo re typical
of a dusty battlefield than the DET environment.
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MODEL PHOTOGRAPHS

Pre-test and post-test photographs of the model erosion surfaces are presented to allow
qualitative comparisons to be made between materials. The pre-test photographs include the speci-

men identifications . The pre—test specimen positions are preserved In the post-test photographs.

Non-uniform erosion can be seen best from the post-test photographs which show perspective views
of the erosion surfaces,

Photographs are presented in Figures Al through A9. Material and strut/position

Identifications are included In the figure titles.

_
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Figure A2 .  Pre- and post-test photographs of Be” ryilla (Strut 2 , Positions 1 and 2),
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PRE-TEST ________________________________
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POST—TEST
PYROCERA M POSITION 1

POST—TEST ~- 
~~

-
~~~

-
_______

Figure A3. Pre- and post-test photographs of Pyroceram 9606
(Strut 3, Positions 1 and 2).
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~ ~~t 
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- TES T ___________ ‘-

________ 
-) 

-
~ 
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- - -~~~ 
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if POST—TEST
_______  

RAYCERAM
CORD IERITE
POSITION 1

Figure A4. Pre - and post-test photograph s of Rayceram Cor dier ite (Strut 4 , Posit ion 1)
and Reaction Sintered Silicon Nitride (Strut 4 , Position 2).
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PRE—TEST

POST—TEST
SLIP CAST

FUS E D SILI CA
(MARTIN MARIETTA )

POSITION 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

POST -
TE ST

- 
. POST—TEST

SLIP CAST
FUSED SILICA
(CORNING)
POSITIO N 1

Figure A~ . I’re’- and post-te- st  photographs of Slip Cast Fused Silica: Corning
(Strut 5, PosItion 1) and Martin Marietta (Strut 5, Position 2) .
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a’PRE-TE ST

POST—TEST
ETHYL SILICATE/3D QUARTZ

POSITION 2

1-iti!!;!, ~~~~~~~~~~~~~

POST—TEST

Figure A6.  Pre- and post-test photographs of Ethyl Silicate/3D Quartz
(Strut 6A , Positions 1 and 2).
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POST-TEST
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-
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-
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_ _

POST-TEST $~

Figure’ A7 . Pre ’— and post—te st photographs of Isotropic Py rolytic 130 i-on Nitride
(Strut 611, Positions 1 and 2).
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PRE -TE ST

POST—TE ST
1D CELCON/QUARTZ

POSITION 2-,

POST—TEST

Figu re A9. P rt’— and post—test photographs of l’yroct ’ram 9606 (Strut 713, Position I)
and 11) Celcon/quat-tz (St rut 713, Position 2) .
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