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l NTRODUCTION 

Space processing has been defined ;IS "using the unique aspects of space 
environment to prc -ess materials. " .As such, it is ,m :tren of technology 
cndemic in origin and function to the Space .Age. Historically, i t  i s  a direct 
descendent of the expcrinlcnts and scicncc dcmot~str:itions of Skylabs 1U and IV, 
a s  well as the experiments p c r f o r n ~ ~ d  during the :\po!lo+oyuz Test Project 
(ASTP) mission. Spacc processing, in a gcncric scnsc, is an effort designed 
to take advantage of the above-mentioned "uniquc aspects of space environment." I 
Specificall;., these aspect3 sten1 from the prcscncc of n low-g environnlent 
during space flight and result in a reduction in dctrimc-nhl cffccts such ss 
thermal convection, sedinlentqtion of lica\y 1~11ticlcs, 2nd thc b i io~:~rrc~ of 
bubbles and lower density particles in a fluid. Thc ultinlatc goal in tzkinfr advant- 
age of these low% charncteristicj is to provide prclducts and prscc-sacs which 
a r e  beneficial to mankind. 

The Space Processing Applications liockc-t (sP.\R) project consists of 
a series  of research rocket flights designed to ;,rovidc oyportunii$ fcr materl.ds 
processing experiments in a short-tcrnl 1o1vy.g cn\-ironnlcnt. The projcct 
currently uses a Black B r a t  VC (BBI'C) sounding rockct as  its vchiclc, 
although a Nike-boosted confijpr:ition \\ill be :tv:~ilnblc in the cvcnt of heavier 
payloads. The BBVC rockct provides 15 n ~ i n  of O ight, including : ~ p p r o s i n ~ ; ~ t ~ l y  
5 min of low-g environclent time i~sablc for thc most critical portions of mnkri;ds 
processi! g espcrin~ents. TIlc hmctions of thc SPAR f!ichts : ~ r c  to c~p:md on the 
space processing-rclcvant d a k ~  yicldcd by Skylab at~d ..\SI.P, ;uld ti) providc. ,m 
experiment ehpr t i sc  and infornlation b:lsc til~icll will :dlo\v for grc:itcr sophis- 
tication of Shuttle./Spacel;~b mr~kr ia ls  processing :~ctivity. 

Specifically, this report cont:tins post-Uil?;!~t 1-cpwts on tllc resldts of thc 
experiments flown onbonrd SP:\R I11 on Dcc.c?li:lrr 1.1, 197(;. Thcsc fivc experi- 
ments were devised by threc industl-i:\l firnls, OIIC mi\-t.rsity, :111d one govcxrn- 
mcnt agency, and coordinated by the ;\1;~r?;li;111 Sp:)recb Flight Ci:ntC'r. E;~ch expcri- 
ment has bccn reported on by the rc~sl~t~ctivc; Pri~lc.ip:ll In\.estig:~tor (PI)  , :tnd 
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t h c ~ e  reports are included in separate sections of this SPAR In report. Editbg 
has been kept to the nlinin~unl necessary for uniformity in format. It i s  expected 
that this report will serve as  a public record of SPAR activities, ,and it i s  hoped 
that it will  provide infomation of significant interest to the nlaterids processing 
comnlunlty. 
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CONFIGURATION 

The total rocket configuration is shown in Figure 1 and the SPAR III 
science payload is shown in F'igure 2. Figure 3 shows the science payload with 
the location of temperature sensors. 

PERFORMANCE 

Trajectory parameters for the flight a r e  shown in Mgure 4. The low-g 
(10" o r  less) duration was approximately 255 s starting a t  90 s and ending at 
345 s. The science payload was shutoff at 660 s, but the telemetry stayed on 
for  967 s to attempt to  cord impact. However, loss of signai at 722 s pre- 
ciuded getting the shock loads and the TIM shutdown signal. 

The science payload battery specification is  28+15 V. The battery - 2 
voltage started at 37 7 and dropped to  35 V at t = 88 s. Recovery back to 37 V 
occurred a t  298 s. 

INSTRUhlENTATION - TELEMETRY 

Temperatures 

The temperatures inside the science payload are given in Figures 5 and 
6. Use these two figures in conjunction wi% Figure 3 to locate these tempera- 
ture sensors inside the payload. The temperature throughout most of payload I11 
ranged between 20 to 25°C higher than on payload 11. The two exceptions to this 
were in the aft end and the top end of the payload. The temperature in the aft 
and of payload 111 (on top of Experiment 74-45) ranged from 20 to 55°C higher 
than the temperatures ia the aft end of payload 11. Tne temperature in the top 
of the payload 111 was 25 to 30°C higher than it was in the top of payload 11. 

The reasons for ?hese h~gher  temperatures are: 
.- . : 
.'", 

Y:..:/ ;] '. 1. The internal heat generation was g r e a k r  on payload 111 than on :;t) ,- 

:A { payload I1 (for example Experiment 74-45). 
I";.. *.:4 3 
y; 3 
. A 2. Higher reentry heating was exprienced on flight In (possibly due 



The final conclusion is, however, that all critZLI,d con~yonents operated within 
their temperature limits. ' 

Pressure 

Pressure in the fonvnrd end of the science payload dropped from 13.26 
psis :it liftoff to 0.19 psi.1 at t = 87 s. Payload 111 carried a 6-range pressure 
trmsducer in the lower part of the science padoad. p his transducer reading 
dropped tn 0.4 psia a t  t = 160 s and stabilized mtil t = 257 s. This pressure 
increased to 0. -1 psia a t  t - 261 s. It increased to 0.5 psia s t  t = 286 s and 
lren~ained there through t = 373 s. At this point it  began to increase sharply due 
to reentry into the Earth atmosphere. 

Experiment 74-45, Epitaxial Growth of Single-Crystal Film 

The furnace ,and its control system \ \ ~ i . i i ~ d  properly until the slider 
mechanism with the suostr:~tcs \\-as moved into contact. with the gro~vth solution. 
Tha temperature readings became ei-ratic at that time, making it difficult to 
determine what ;he temperature was near the growth solution. Post-flight 
i n s ~ c t i o n  showd that the slider mcchanisn~ was broken, either before o r  
during the time the substrate was in contact with the solution. When the slider 
mechanism was withdrawn, it failed to remove the substrate from the grcwth 
solution. 

Experiment 74-33, Contact and Coalescence of Viscous Bodies 

This experin.cnt did not form .,~.ops as planned. Hcwever, dl the timer 
functions were perfol'nled satisfactorily ,and dl subassemblies (camera opera- 
tion, drop injector operation, acoustic fizld, e k .  ) operated within the cxperi- 
ment timeline. The hi lure of this experiment appears to be either the i~nproper 
viscosity fluid o r  the inlproper needle size or  possibly both. ( B  is  difficult to 
correctly set these two parameters, since test results may not lot? reliable in 
a gravity errvironmunt. ) 

1. NASA/ MSFC &morandurn EP44 (77-21). 
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Experiment 74-18/2 and 74-181 3, i,iql~icl hlixin~ 

This experiment performed a s  expected from an rngi~~ccring stnndpoint. 

Experiment 74-36/ 2, Interaction of Rubbles with So! idi tic n t i c  ~ r r  -.- Itite rf3ces - 
The apparatus functioned well from .an engiaeerirtg ~tZUlll~>ch'!t. 

Experiment 7448 ,  Containerless Processing of Dcl-ylliwn 

This experiment functioned properly for almost 3 lniil of low-g time. 
The required processing temperatures were attained, the saniple was melted 
and resolidified while suspended in the electromagnetic field, the camera 
functioned properly, and the processed saiilple was returned intact. There \\.as 
a broken water line in this experiment which was noted a t  the tilnc of recovery. 
It i s  not clear when the water line broke. A l l  of the 74-49 ~lleasurements became 
errat ic  a t  t = 261.5 s. The first irregularity p~ccccding this time was a Jish~r- 
bance in the damping servo signal at t = 249.2 s. Thc servv oscil1;ition damped 
out iu the next 9 s. At this time, t = 258.6 s, thcre was n disturb;ince in dl 
74-48 measurements. Then 3 s later, t = 261.5, ,111 measurements for 
this experiment became erratic for the rest of thc flight, tLo\vevcr, postSight 
aialysis indicated ;%at the experiment worked perfectly nccorciing t~; objectives. 
It levitated, nteltcd, a id  solidified the sainple as  planned. 
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CHAPTER i l 

SCIENCE PAYLOAD I I I E S T  2EPORT 

Mar shall Space Flight Center 



INTRODUCTION 

Purpose 

This report documents the testing and related activities during post- 
r!ianufacturing checkout, integration, prelaunch, and launch of SPAR 
pnboject payload 111. 

Scope 

All significant testing and operations are presented from the arrival of 
YIIAR project science payload 111 a t  MSFC, Building 4619 for post-manuhcturing 
checkout, through launch operations a t  the White Sands hlissile Range (WSMR). 
Tests  a r e  listed individually in sequence of performance and include procedure 
nuliiber, tes t  title, objcctive(s) , and test  performance. X sumn:cxry of dis- 
crepancy reports (DR's) and test  discrepancy reports (TDR's) written during 
i a  tegration testing a t  Coddazd Space Flight Center (GFFC) and during prelaunch 
atld launch activities a t  IYShIR are listed in Xppendix B. The payload 111 actual 
test schedule i s  shoun in Figure I. 





POST-MANUFACTURING CHECKOUT 

Test Title: Single Point Ground Isolation, Electrical Pourer, and Neborks  
Subsystem 

Procedure Number: MTCP-FS-SP.4R-3-608 

Test Objective: 

The objectives of this test were to veriFy: 

1. Single point gromd isolation. 

2. Proper power transfer between modules. 

3. That the support n~odule network circui'sy conforms to systems 
design. 

Test Performance: 

I'he power and network subsystem was verified to confornl to systenls 
design. N o  anomdics occurred during the test. 

Test Title: Instrmnenhtion Subsystem Test 

Procedure Number: MTCP-FS-SPAR-3-610 

Test Objective: 

The objectives of this test \\*re to verify: 

1. Proper tmnsnli th~r deviation. 

2. Subc;lrricr and commuL~tcd data ch:u~ncls 

3. Proper operation of klenrc.try c:~libr:~tor. 



Test  Performance: 

The objectives of this test  were met successfully. One nnoln:ily occurred 
during the test, Support module voltaqe regulator A 5  output tc rmind  shorted 
to case. The voltage regulator was removed, repaired, and retested sntis- 
factogy.  Reference DR 1386 and TDR hi-SPAR-3-610-1, 

Test  T i t l e  - Subsystem Test  Procedure, Ehperiment 7-1-15:2 .uld 3 - -. 

Procedure Number: MTCP-FS-SPAR-3-613 

Test  Objective: 

To operate the experiment in a payload co~lfigurntion using the ground 
support equipment (GSE) and to verify e w n t  t imer oper3tion. 

Test  Performance: 

The objectives of the test  were tnet successfullv. .Anonlalics occurring 
during the test were: 

1. The heater resistance of 7-1-15./2 thcrn~nl  c u ~ ~ t r o l  unit (TCV) heater 
measured 14.0 and should have been 14.7 to 15.3 12 . The specbi ricntion 11 as 
ch:mgcd, with PI concurrence, to bring mcasul-cd rcsistancc within :tc.ccpk~bltl 
limits. RefcL'ence TDR 31-SPAR-9-613-1. 

2. The heater resistance of 74-3.2; '3 TCI: hcntcr mcnsurcxl 10.3  C :lnd 
should have k e n  11.0 to 11.6 Q . The specification \v:rs c.!lnn~cd ti) t)r111~ 
measured resistance within acceptable limits. Refcrcbncc I'D13 31-SP.lR-3-619-2. 

3, Trmsicnts were generated by support n~odult. nnd Esperinlcnt 7-1-18 
" . 
, i :.! event t imer .  randomly \\hen jmn.rDr \\as npplicd to thc c.\-cnt t i ! ~ i i l ~ ' ~ .  P>.stcm 
:-,q :i - ,$, , ;,! confiprxtion changes due to the tr:msient.s wcrc corrcctcti by p~.oc.~.durc. 
-, .! '"! 

: . .-...- nd ! -2 Reference DR 14 15 and TDR :tI-SP;\R-3-(;13-3. - -4 :.;i ; T q  I .'I ..:. .-. . :. -----------------------------------------------------------------------.- 

.,i :;.I $; 
Ti $1 2 Test Title: Subsystem Trs t  Proccdurc, Errpcrimcant 7 1-53. 
I >I 1 c* 

Proccdwe Number. hlTC P-FS-SP.4R-3-(;14 



Test Objective: - 
To oper:~te the experiment in R payload configuration and to dcrn~o~strate 

cxperimcnt4SE cwmp:~tibili ty.. 

Tcst Prrform:utce: 

The objectives of the test were nlct successfully. One mom:dy \\p.ss 
detected during the k s t .  The experiment cvent timer functions started when 
power was r~pplied to the experinlent instcad of a sign11 from the liftoff relays. 
T\\m transient paths were randomly setting the event timer s tar t  ?el,ay. One 

- path w r s  from the support nlodulc liftcff relay, the transient being generated 
when p~yload po\ver was applied. 'rhe sccod path was from the experhlent GSE 
p:wl sitinllated liftoff circcit, the trnnsient being generated when CSE panel 
power \\.:IS applied. .A r c l : ~ ,  sct by ~spcr imen t  po\treF spplici:tion, was put in 
series  with the liRoff rclay to stop'tt;c transient generated by payload 
power app1ic:ltion. The sin~ul:lted liftoff circuit in the cxqwrimcnt GSE pnnel 
wfls climinakil. The c'ircuit \\.:IS not used for test an2 Ixunch sctivities. 
Rcfercccc 'l'D11 3l-SI~:\H-S-61.I-l, 

........................................................................ 

P r o c e d t ~ r ~  Klmll>c.r: 31'1'C' P- I%-SP.\R-3-61 I 

T ~ s t  ~%jtbctivc': ..,. 

'I'o verify proper opcr:ition of thc cspcrimcnt and to dcmonstratc 
t>xperimcnt-GSE comp:ttibil i ty. 

Tcst Pcrfornlnncc: 

(.')per:~ticln of the r.,slh-riu~t~nt nnd cornpc~tibility of the esp r imcn t  :mi CSE 
were vcrificd. 'i'~.st s:\mplcs wcrr 11c:rttzd to operi~ting tcn~peraturc. No 
:tnom:dics o~.c~iirrc~ii dt,ring tllc t:>st. 

-------------------------------------------.----------------------------- 

l'cst 'l'itlc : Ft~bsystcnl l'cst Proc~cdurc. Csycrimcnt 74-45 

Proccilarc) h'iln)bcr: i\t'l'CI'- I ~ S - P P X I I - ~ - C ~ I  2 



Test Perfarrnance: 

Operation of the experiment and compatibillcy of the experiment and GSE 
were verified. One anomaly occurred during the test, The event times of 
slider extend and retract were 251 s and 307 s, respectively. The extend time 
expected was 254 (*2) s and the retract lime expechd was 314 (*l) s. The 
actual times were acceptable and the spcif i .  ations were changed per CCBD 
SPAR 224 to bring the event times within acceptable limits. Reference 
TDR M-SPAR -3-612-1. 

...................................................................... 

Test Objective: 

To verify operation of the experiment and to demonstrate experiment- 
GSE compatibility. 

Test Performance: 

Operation of the experiment and compatibility of the experiment and GSE. 
were verified. No ancmalies occurred during tl.2 test. 

........................................................................ 
Test Title: All Systems Test 

Procedure Number: hlTC P-FS-SPAR-3-615 

Test Objective: 

To functionally verify systems operational compatibility and to detect; 
nonconformances to test requirements and specifications. 

--..-,-.-.. -... 
9 y yF?----T--- 1 - 
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._ Test Perbmance: 

Tbe objec9iws of this test were me: sucwssfd!_v. All systcrns were 
verified to be operational and covat ib lc .  .&nomalies occurring during the 
test were: 

1. The input cable to the charge mpl i f ie r  for measurement EO2-Ibilbi, 
vibration X-axie, was looso. The cable was reconneckd and the mensurement 
operated as designed. Hcference TDR-hI+P.lR-3-615 1. 

2. Water was duniped into the lower cavity of the TCU for both 74-1Y/2 
and 74-18/3 prematurely when po\\.or \ms :~pp:icd to the cxperhnents. The relabs 
con id l ing  the solenoid \-al\es to dump \cater into the lo\vcr cavity for cooling 
were not reset when wabcr was placed i~;to the TC C rsst?r\x~ir. Po\\.cr application 
to the experinrent allowed solcnoid opcrntion and dumping of the water. T h e  
TCU's were removed and dried :md the relay systcni rtwonflgured. Operation 
of the TCU's during the test were normal. Rcfc.rcncc TDR-hfSPAR-3-615-2. 

3, The mensurcx?lont rmgc resistors in sign:d turnditioncr b n r d  A 3  for 
measurenlcnts C29-83, tcmyck~klre 7.1-1$;3 t.stcru:~l, :~nd C'iP-S2, tc i~ ipera tu~~e 
74-18/2 externit1 nvFe of the wrong values prmiucing crroncous mcnsuri merit 
readings. Thc resistors in t l ~ c  sign:~l conditi-111ing bo:~rci \vcrc ch:~nged (from 
1K to 46.4K) .and nie:~suremcnts wcro \-crificd s.~tlsf:icturily. Iiefcrencc 
DR 1396 and TDR's h1-SPXR-3-dl5-3 :md -1. -- 4. The event tinier for Espcrim~lnt 7 1-53 st:lrtctl \vhcln po\v~r \CIS 

applied to the experiment instcad of rc~.cipt of tt~c sirnu1;ltcd liftoff signal. 
Elhiination of the tr:msient paths cictc.ctcd during silbsyst~~nl tr\stinp h:ld not 
elimhzted the problem. This nnr?m:dj \v;ls o\c\l.~,on~c! by applying po\vtar to thcl 
experiment by the IiRoff relays. Hcbrt?ncc Ill1 141.1. 

5. The cmicra for Expcrimeut 7.I-3ti \\.:IS c^rpi\r:~tj 11s nt 1.04 fl.:uncs ' s ,  
out of the specification of 1. O fi':ulic.s .'s n1:1sin\ut1\. 'l'ht. fr:u~u> r:ltc \v:~s 
rrccepkble to the PI, Rc  fcrcncc Uli I 4 IS .  

lib - hicrsuwnicnt 110ti-lS, spnct.. p:~yll~:icl n~nbiorrt p1.cssur~\, input to tolom- 
etry ~vas i t ea te r  tiian G. 5 \' nt :unbiclnt cs: , \~sin~ ~uoisc. GI? tllc tc.l~~nctry cll:u~~~cl.  
Measurement \\*as uscd ":is is, '' I i c f t ~ r ~ ~ n ~ ~ c  1X2 1112. 



Test Title: Network Continuity Test ,- 

Procedure Number: MTCP-FS-SPAR-3-636 

Test Objectives: 

To verifjl t h ~ t  systems operation remains acceptable and that network 
cabling rbmains unchanged after installation in the payload housing. 

Test ~erformance: , 

The objectives of this test were met succes:;llly. No anomalies 
occurred during the test. 

....................................................................... 

INTEGRATION TESTING - 

Test Title: Science Payload Preinkgrntion Test 

Procedure Numbcr: GTCP-FS-SPAR-3-618 

Test Objective: 

To functionally verify that no damcage occurred to science payload systems 
during transporting operations. 

Test Performance: 

Science payload systems were verified to be tiu~ctional. No anomalies 
occurred during the test. I 

----*------------------------------------------*------------------------ 

Test Title: Integration Test 

Procedure Number: GTC P-FS-SPAR-3-619 

Test Objcrtive: 

To verify that thc science pa:;load and rocket systems p r fo rn l  as 
dcsikncd whcn mated. 



Test  Performance: ,- 

operated through n ~inlulated flight sequence. Anomdies occurring during the 
test were: 

1, The science payload battery measurenlent, MOl-ShI, had no output 
through telemetry. The ~lensurenlent nlonitors the h t e r y  voltage through the 
liftoff relay K1G. A wiring e r r o r  in the support nlodule GSE panel simuls;ed 
liftoff switch resulted in n constant voltage applied to the set side of the Kj 6 
coil preventing relay operation. The wiring e r ro r  was corrected and l i b i f  
r e l a l s  and measurement owrated properly. Reference TDR's G-SPAR-3-619- ! 
and G-SPAR-3-621A-1. 

2. The telemetry output of the science payload ambient presstire r: 
measurement, DOG- 18, indicsted s pressure range lower than ambient wi.".. 
sensor was st mlbient pressure. Test of the pressure ineasulrment throug 
three of six rnuges 114th a vacuunl punp sho\ved the measurement ~vould jndicnict 
correct pressure. The pressure i l~ensure~l~ent  \\.:~s used without changes. 
Refercnce TDR G-SP \R-:?-c13-2. 

- - - - - - - . . - - - - - - - - - L - - - - - - - - - - - - - - - - - - - - - -  --I.-- ----- ---------- 

SCIENCE P:I\T,O:ID \:ll3li:\ rION - 

The science payload Ivithout rocket s y s t c ~ ~ l s  \\*:IS vibrated at protoflight 
levels in S ,  Y, :tnd Z %\is. The vibration levels duri;;g tile tcst were: 

Sine Spec. - 10 to 24 H z  i t  0.QT5 in. double :mplitudc 
24 to 110 Hz  at 2.3 g alar;im\un pe,& 
110 to 800 Hz at 5.3 g rn:~sin. :ill pc:~k 
SO0 to 2000 H z  at 15. 0 g xllnsinlun~ pi.:~k 

No science p:~ylond systcnls wcrc nctivc during thc \<bration. A11 
' 

batteries were instdled, but only Experiment 74-45 battery was connected 
electric~dly. The cnt3:rrn for Experimexlt 74-36. which had ken subjectad to 
previous vibration, \\:IS rcnlovcd foz. vibration. EspCrinlcnt 7-4-53 p~si t ive  
yrcssurc systcnl was pressurized to 1200 psi, ;u~d Expcrilncnt 74-45 slider 
~llechnnis~il c~ l inder  \vns prcssurizcd to 100 psi,  \\';\tcr IV;IS not insLdlad in 
the TCU rcsorvoirs, 



- - 
I%- , 

three discrepancies: 

1. Screw loose on cable connector clamp on cable ta Experiment 74-45 

2., Adjustment screw was loose on Experiment 74-45 regulator. 

3. Cnblc connector loose on Experiment 74-53 solenoid. 

The screws and connector were tightened and no rbrther problems with the 
.a-3-Protofll&t Vikauon. 

---------------------.--..c------------------------------------------------ 

Test Title: Post -ProtUilight Vibration Science Payload Test 

Procedure Nunlhr: GTCP-FS-SPAR-3-62L4 

Test Objective: 

To verify that science paylond syskms operation was not degraded when 
subjected to a vibration environn~ent. 

\- 

Test Perforn1:mce: 

The objective of thi; test was met siicc~.!ssfi~lly. .'.11 systems were 
verified to be operational. .-\mm:dics occurring during the test \\-ere: 

1. Exqerimcnt 71-53 did not rcceivc ;I sign11 nt sim~il:ltcd liftoff. The 
error  in wiring of the sh~ul:itcd l i h f f  GSE circuit, :IS discussed previously, 
prevented the signal being sent to the esperiment. After correction of the 
sinlulated liftoff GSE circuit wiring, Ekpcriment 74-53 \\.as tested without 
problems. Reference TDR G-SPAR-3-6214-1. 

2. hlcnsurcrnent hi31-48, '74-4s PF p>nr.r output, was biased a t  1. O V 
instead of &round reference. Pin Z of Exqwri~ncnt 7.1--15 electronic package 
bo,wd KO. 1, which carries rcgulntcd +15 \' to thc servo :md coil power 
monitoring circuits, was broken. The volt.age was routed to the circuits 
through pin Y of electronic h:ird No. 1. Retest of the espcrimcnt w:ls 
satisfhctory. Reference TDR G-SP:\R-3-621.4-2, 



The balance of the total payload, not including nose cone, was nlade a t  a 
rotation of 150 rpm on a spin-balance table. The lower plane for weights was 
in the rocket systems and the upper plane at, 3.0 in. below the top of the science 
payload forward extension section. The balance weight mounted in the science 
payload a t  the upper plane was 1527 gm centered a t  GO dcg £ram 0 certerline. 

'I 
. " . . . . . I 

c - .  I I 

I- 

Vibration (Procedure hi~mber: GTCP-FS-SP~U~-~-G~~)  
4 

----. 

BALANCE AND VIBRATION 
I 

i 
Balance 

The total payload was vibrated in X, f, and 2 axes and vibratians of 
sine sweep, sine spec, and r:mdem in each axis. The vibration levels during 
test \\ere: 

. 

S h e  Sweep - 10 to 23 Hz a t  0.25 g peak; 20 to 2000 Hz a t  1 g peak. 

Sine Spec. - 110 to 800 Hz at 3.5 g; SO0 to 2000 Hz a t  10 g. 

Random S:wc. - 20 to 1000 Hz, 0.01 to 0.10 g 2 ~ z ;  1000 to 2000, 
0.10 E*/H Z. 

The science psyload telemetry system and measurement module were 
active duriig vibration, and data trmsmission wms monitored. KO experiments 
were active. Review of telemetry data indicated no :ulon~dies. Yisual insyec- 
tion of the payload showed no structural clamage. Vibration testing was pcr- 
formed witi~ water installed in the reservoirs of 74-1Si2 nild 74-16/3 and a 
flight type battery installed. Experinlent 7-1-53 and 74-43 batteries were 
installed. Expi'inlcnt 7.1-53 "Positive Pressurc" bottle w v : ~  pressurized to 
12C0 psi. The leak rate of the system \\:as less than 2  psi!?^. The camera for 
Experiment 74-36 was removed for vibration. 

Test Title: Science Payload Post-T& E Pr~ in tcg~a t ion  Test 

Procedure Number: CTCP-FS-SPAR-3-620 
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Test  Objective: 

To verify that s!.-stems operation was not degraded when subjected to a 
vibration environment. 

Test Performance: 

The objective of this test  was  met and all systems were verified to be 
operational. No anonlalies occurred during the test. 

Test  Title: Post-Vibration Integrated Test  

Test G>i?ctive: 

To verify that the science payload and rocket systems perform as 
designed when mated. 

% 

Test  Performmce: 

The objectives of this test were met. Flight type payload batteries were 
used for payload p o w r .  Esperimcnt 74-43 Iras inoperative during the test 
because the system muld not be controlled h n l  the GSE. Anomalies occurring 
during the test  were: 

1. Experiment 744.5 furnace tenlperature could not be controlled 
through GSE. Con~ponents in the eqwrinlent fulnace electronic control circuit 
were found defective. The components in the control circuit were replaced and 
the systcnl verified. Reference TDR G-SP=\R-3-621-1. 

2. Esperin~cnt 7 4 4 8  camera stopped opcration during the test. The 
film Me-up reel wns not seated on the motor drive md did not take up the film, 
rcsu1tir.g in jamming of the c.u,lera. Film \\-as replaced in the camera and the 
camera was retested s:~tishctorily.  Reference G-S!'AR-3-621-2. 

3. JIcasurenlcnt K03-36, c:unci'a octput pulse, showed er ra t ic  camera 
operation of E ~ ~ ) ~ r i m r ~ n t  74-36 c:rl?lera for npprosinlatcly 2 s. No cause could 
be f0ur.d for thc e r ra t ic  operation. l i cks t  of tile canlcrn was without problems. 
Re fercncc TDR G-SPAR-3-G21-3. 



4. 'l'lrt* unrhUlcd ~x~tmctor on r;sE c:\kdr, \\'I9 \\'~xdd not lock. The 
corurt*t*tor \v:\s ralrlncwd. Hc fc*~t*rrca TI111 c; +P:\H -3 4 2  1-4. 

IIEKD TEST 

'rt-st ' I ' i t l t b  : l'ost-i:t*lnl Intt*gr:\:ccl 'rest 



2. Experiment 74-53 event tinies wrc <*hanged prior to the post-bend 
integrated test. The actual event tinies were :c maximum of 4 s o,,lt cf specifica- 
tion. The actual event times \wrc acccyt?.blc to the PI and the timer was used 
as set. ~ekarence  TDR G-SPAR-3-621-7. 

:.:j -1 
;".I ! 
2.. ; PREL-ILWCH TESTING .AND LAmCH 
. I  ! 

:I - :  

. ;  
Z Test Title: Science Payload Preintegration Test 

- 1 
i 
.i 1 Procedure Number: WSTC-FS-SPAR-3423 

. *  { 

Test Objective: 
- .! -. - i 
- r  -i To functionally verify that no dani.we occurred to science pajload 

% 

. 1 systems during transporting ~ p e r ~ t i o n s .  
: i 

Test Perfornlance: 

! 1 -411 systenls were verified to be functionnlly operational and no damage 

i 1 had occurred. No anoliialies occurred during thc test. 

- .  
. . :i I ....................................................................... 

', I 
I 
I Test Title: Rocket 21.031 Horizontal Test 

Procedure Number: U'STC-FS-SPAR-3-625 

Test Objectives: ' 1  
To verify that the science paylc.id and rocket systems opcratc as designed 

and that ground support systcnls a re  ready to support a launch. 

Test Perforn~ancc: 

The objcctivcs of this tcst were n ~ c t  successfully. All systems were 
operated through a simulated mission. The TCUfs for Expriments 74-18/2 
and 74-19/3 werc opcratcd with water quench. E x ~ r i n l e n t s  7-1-45 and 74-4$ 
contained flight s:unplcs and wcrc not cpcrated throug!~ :r siniulated flight 
sequcncc. Anomdics during thc tcst were: 



1. Tinles of Experiment 74-53 event tinler were changed prior to the 
horizontal test. The actual event t imes were not as specified by the PI but were 
i~cceptable. The event t imer was used \vith times set. Rekrence TDR 
W-SPAR-3-625-1. 

2. hleasurcnlent C8143,  temperature 74-18/3 So. 2, \us noisy during 
a period of heat m d  water quench. The noise \\as not cscess iw and was used 
**;IS is." Reference TDR W-SPAR-3-625-2. 

2. During installation of the flighi :. .uc?les in the Tclb*s of Esqwrinlcnts 
74-13,!;! 3r.J 74-18/3 (after conlpletion of the horizontal test) .  tile hcatcr coils 
for cml\~lds 4 ma 6 of the TCI! for 74-1S,'3 broke. The TCU \\3s ieturned to 
h!t I.C mcl new heater coils installed. The TCU 1~1s verified :lt liSFC before 
rx'bg returlled to the launch site and insk.2l~ation into the y:ryload. 1:cfcrencc 
TTR \\'SPAR-3-625-3. 

Test  Title: Rocket 21.034 \'ertic:d r e s t  

Procedure Number: WSTC-FS-SP-\R-3-62G 

Tes t  Objccti\?c: 

To mr i fy  tk.c launch rcx-lincss of thc rocket systenls. 

Test  Perfornlnncc: 

-411 systcnls esccpt Ehwriments 7-l-lS*'2, 7-1-1s 3, 74--15, :rnd t-I--!S, 
which \\.ere pre.;:.onsly readied for lsi~nch, \\vrc operated tlrroiqh a sin1ulstc.d 
flight sequence. KO anon1 d i e s  occurred during the test. 

The po\ver control switch on Ex+crinlcnt 7-1-36 CSE TCI: \\:IS daullngcd 
during installation on the 1;iunch to\\-er. Thc s ~ ~ i t c h  \\.:IS rcp1:rccd and wrificd 
through use during the vertical test .  I l e f e r e ~ ~ ~ e  TDR \\'-SP;\11-3-62Ci-l. 

Test  Title: 21.034 h'l' Science P3ylo:rd C'ountdo\vn :rnd 1~nlmc.h l'roccdiirc 



5'0 p e r k  close-out preparations of systems and to establish the 
systems configuration and mceseary condfai~ns of experiments for launch. 

Test Performance: 

The objectives of the countdown and launch procedure were met success- 
fully. Flight payload battery SN07 was used hr flight. The environmental 
tempezature around the science pyloed was maintained at  71. O0 F prior to 
launch. Two anomalies occurred during the countdown to launch: 

.- . 

1. The voltage-output of Experiment 7448 battery as n~onitored through 
telemetry was indicahd to be below the minimum voltage of 24.0 V when sub- 
jected to a load. The battery was removed and an additional charge was applied 
to the battery. After additional battery charge, the battery was reinstalled m d  
tested satishctorily. Reberence TDR W-SPAR-3-628-1. 

2. No audible sound of film admnce could be detected for each camera 
shutter operation during test of Experiment 74-36 camera. The camera M a s  

removed a d  the film repl:u?ed. Retest of the camera wttsls satisfactory. 
Reference M7-SP.4.R-3-628-2. 

- \\'EIGHT AND CENTER O F  GRAVITY B1EASUREBIEt:T 

% 
Measurements of weight and center of gravity were made of the science 

p:~yIoad and rocket systems prior to mate to the rocket motor. h1easurement.s 
taken of the payload, minus the igniter housing and nose cone, were 754 l b  
weight and 72.G in. &om aft end of RCS unit for center of gravity. 

LANDLINE VERIFICATION 

Landlines between the blockhouse and launch tower were verified to be 
o p e r a t i o d  prior to science payload testing on the launch tower. 
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APPENDIX A 

DISCREPANCY REPORT AND TEST DISCREPANCY 
REPORT SLMMARY 

POST-MANUFACTURING CHECKOUT 

Number Written/Closed Description/Disposition 

Puppcrt module voltage regulator shorkd to case. 

Closed - Voltage regulator repaired and 
reverified. 

IIeasurement C78-52, temperature, 74-l8/2 
external, indicated wrong temperature at 
ambient. 

11/12/76 Closed - Resister changed in signal conditioner 
board to provide measurement with correct range. 

11/12/76 Measurement (229-33, temperature 74-18/3 
external, indicated wrong temperature at  a13t)ient. 

11/12/76 Closed - Resistor changed in signal conditiol *r  
board to providc n~easuren~ent with corrcrt  
range. 

1 11/12/76 Premature starts of Experiment 74-53 electronic 
1 timer. 

11/12/76 Closed - Use "as is." Correct by procedure. 

11/12/76 Shutter for Ex?>erinrent 7-1-36 c,w~cra operated 
at 1.04 ~ulses/b,  should be operating : ~ t  1.0 

'pulses./s mqsimunl. 

11/12/76 Closed - Use "as is." 

11/12/76 hlcasurement DOG-18, science payload anlbicnt 
pressure, inputs greater than G ,  5 V into telem- 
etry causing noise on adjacent ch.mcls. 



Nun~ber W ritten/Closed DescriptionfDisposi~on 

11/12/76 Closed - Use "as is." 

Heater resistance of 74-18/2 TC U measured 
14.0Q, should be 15.0 i 0.3S2, 

11/12/76 Closed - Use "as is. ** 

Heater resistance of 74-18/3 TCU measured 
1 0 , s n ,  should be 11.3 & 0.3 Q .  

11/12/76 Closed - Use "as is." 

11/12/76 Periodic erroneous operation of support module 
relays occurred when power was applied to 
payload. 

11/12/76 Closed - Use "as is." Correct by procedure. 

M-SPAR- 11/'7/76 Reference DR 1386. 
3-610- 1 

11 /9/76 Closed - Voltage regulator tested satis kctorily. 

hl-SPAR- 11/7/76 Reference DR 1401. 
3-613-1 

11/12/76 Closed. 

31-SPAR- 11/7/76 Reference DR 1402. 
3-613-2 

11/12/76 Closed. 

ill-SPAR - 11/7/':6 Reference DR 1415. 
3-613-3 

11/12/76 Closed. 

M-SPAR- 11/8/76 Reference DR 1414. 
3-611-1 



DR/TDR Date 
Nuniber Ll'rltten/Closed 

M-SPAR- 11/5/76 
3-611-1 

M-SPAR- 11/11/76 
3-615-2 

M-SPAR- 11/11/76 
3-615-3 

Closed. 

hIeasurement (214-36, temperature 74-36/2 
externd,  output was not within specification at 
'ambient. 

Closed - I rvdid  calibration curve data used. 
RIcasurenlent tested s3isfactory wjth valid 
calibration data. 

Extend and retract  time :xfter simulated liftoff 
of Exqxrinlent 74-45 slider mechanism not 
\vithin specification. 

Closed - Specification tolerance changed to 
bring slider nlech,dsm operation within 
specification. 

RIcasuremcnt E02-hlhI, vibration X-axis, hac! 
0 \' output, should bc 2.5 V. 

Closed - Cabie to ch,arge an~plifier loose. Cable 
connected acd il~easurenlent tested satisfactorily. 

\V:~tcr lcak a t  lower cavity of Experiment 74-18/3 
TCU. 

Closed - Relays controlling solenoid rese t  to 
prevent dump of \\vdcr into lower cavity. TCIi's 
renlot:d, wnter removed, and unit dried. U n i t s  
retested sntisfactorily. 

Iie fcrcnce Sit 1396. 

Closed. 

Itcfcrencc DR 1395. 



11; 12;76 Closed. 

11:12;76 Closed. 



APPENDIX B 

TEST DISCREPANCY REPORT SUhlMARY 
INTEGRATION AND PRELAUNCH TESTING 

TDR Number W r i t t en /~ losed  

G -SPAR -3- 
Proto flight 
Vibration 

Bieasultnlent 310 1431, science payload 
battery voltage, read 0 \' during inte- 
grated test, sho~lld have rend 3.0 V. 

Closed - Liftoff relay K1G was provided 
a consttrnt 34.0 V fro111 the GSE to the 
se t  coil, prcvcnting relay operation and 
voltage to mcasurcnlent 3101-Shl, GSE 
rewil-ed and measurcnlent verified. 
Iicfcrencc TDH G-FP~\R-;i-Ci21.-1-l. 

hltnsurement DOG-18, science payload 
~~nlbier,: pressure,  indicated p r s s u r c  
lower than anibknt during integrated 
test. 

Closed - U s e  "as is." 3Ic;lsureiutnt 
operated properly when tcstcd with 
rtlcuum punp. 

11/24/76 Closed - Screws tightened ;md verified 
to h? tight after sacond vibr~~tion. 

G -SPAR-3-62L.l-1 11/18176 Esperimcat 74-53 t imer functions did 
not start  at s i i l~ulakd  liftoff. 

11/20/76 Closcci - 1,iftoff rc\ny I < l G  \v;ls providcd 
n const.mt 34.0 1' fro-.. the GSE to the 
sc t  o i l ,  pnlvonting relay operation at 
siniud:ltccl liftoff. C;SE rcwircd and 
cxpcrinlcnt s tar t  vc!riBcd. 



r l ;  
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Date 
TDR Number Written/Closed Description/DisposiUon 

G -SPAR -62 1 A  -2 11/18/76 Measurement M31-48, Experiment 74-48 
R F  power output, was biased a t  1.0 V 
during integrated test, should be at 
ground voltage. 

12/2/76 Closed - Broken pin on electronics 
board rdpaired. Experiment retested 
satisfactorily. 

11/26/76 Experinlent 74-45 furnace temperature 
could not be controlled from GSE. 

12/1/76 Closed - Electronic card for grourld 
control repaired ,md replaced. Purnac 
control from GSE tested satisEzctorily. 

11/26/76 Ex~er imen t  7-1-4s camera stopped opera- 
tion during iritegrakd test. 

11/26/76 Closed - Film did not take up on reel. 
Take up reel and film icplaced and 
camera retested s:~tis&ctorilr. 

11/26/76 Expcrinlent 74-36 camera output 
mcasurenient, K03-36, showed errat ic  
operation for 2 s during integrated test, 

11/2$,/76 Closed - Film mplaced .md canlera 
retested satisfactorily. 

Umbilical.connector on GSE cable W19 
will not lock to tunbilical J 12. 

I I 

Closed - ~ n k i c t o r  r cplaccd on cable 
W ~ J .  

Wire loose on cllgineering temperature 
thcrn~is tor  for n ~ ~ a s u r c n ~ e n t  C 114-4s. 

Closcd - Thermistor ieplnccd 3 r d  
verified. 



Date 
TDR Number Written/Closed 

Wire loose on Experiment 74-45 slidcr 
position monitor. 

Closed - Wire resolderer' ..nd ve.crgified. 

Experinlent 71-53 acoustic field opera- 
tion not within specification. 

Closed - Use "BS is." 

Experiment 74-53 acoustic ficld apera- 
tion not within spc.cification. 

Closed - Use "as is." 

hleasuremcnt C 51-83, t e n ~ p ~ r a t u r e  
74-1$/3 No. 2, noisy during krnnc'c. 
operation. 

Closed - Usc ":IS is." 

E~ye r imcn t  7-1-1 8 '3 TCU coils for 
s anp l - s  -1 and ti bl-ol;e during snmplt? 
rcmnvd. 

12/11/76 Closed - Coils rcplnccd and vcrifivd. 

W-SPAR-3-626-1 12/5/76 Toggle switch on Eqwrilnent 74-36 GSE 
TC U. 

12/9/76 Closed - S\vit,!h rcp1:lced and wrificd. 

W-SPAR-3-628-1 12/14/76 Battery voltngc of Espcrimcnt 7-1-4s 
battery did not indic:ltc ~nininium 
rcquircd voltage of 24.0 \' \\.hen tested. 

12/14/76 Closed - Bnttcr~ '  :'cch:~rged :~nd ~~rif ic tc t .  

W -SPAR-3-628-2 12/13/76 No audible sound of film ndnncc  of 
Experiment 7-1-36 c;Inlcrn when tc~sttld. 

12/14/76 Closed - Film rtylnccd :md c:uner:l f i l ~ n  
adv,mce verified. 



CHAPTER I 1 I 

LIQUID MIXiNG 

Experiment 74-18 

BY 

C. F. W a f e r  and G. H. Fichtl 

Marshall Space Flight Center 



The SP.W 1 payload, flo\\-n in December 1975, contained an experiment 
uhich had the objective of observing the effects of residual acceleration of the 
pzyload on a confined fluid system. The. fldd system \\:as chosen to be sirnil zr 
in geometry and in fluid properties to a class of materials science experin.c?nts. 
The smnples \\-re composed of hvo cylindrical s-.ctions each 2.2 cm long and 
0.6 cm in diameter (Fig. 1). One cylindrical sectioc \\.as composed of pure In 
and the other of an alloy of SO \vt '% In and 20 5 Pb [I ]  ('Pf,. 2). The samples 
were enclosed in aluminum containers and placed in heaters. The experimental 
procedure consisted of melting the samples ahr the low-g portion of the payload 
trajectory had been achieved and then queriching them to solidification before 
leaving low-g. The returned samples \vere a-dy zed using X-ray rdiogmphic 
techniques (Fig. 3) to deternlinl: \vhcther flow had taken place due to the action 
of any residual accelerations on the density-stratified liquid ivetal samples. 
The results a re  shown in Figure 4. Snnlpl~ 3 eshibited largr scale, roughly 
antisymmetric fiow with respect to a plme containing the cylinder mus. 
Samples 1 and 2 exhibikd no large scalz llo\vs. Thesc resalts were related to 
theoretical moaels and to ground-based exwrimcnts [2 ] ,  both of which \\ill be 
discussed in some detail. Thc predictive valce of these theoretical and experi- 
mental consicleraticns \\xs an opcn question pending a renetition of the SPXR I 
experiment. The opportunity catne to repeat the ;;;\I3 I csperinlent and to 
extend the experinlent to cover samples of different aspect ratios on the SPXR III 
flight. Two TCU's were made ?\-illable (Fig. 5). These \\-ere designated 

FOR SPAR I - ALL SAMPLES HAC d = 0.6 cm 
FOR SPAR Ill - ) SAMPLES No. 1. No. 2, No.3, N0.4 HAD d = 0.6 cm 

SAMPLES No. 5 HAD d = 0.45 cm 
I SAMPLES No. 6 No. 7 HAD d = 0.3 cm 

Figure 1. Samples for the SP:\.R liquid mixing elcpcrin~ents. 



P t  INDIUM In 

Experiments 7-1-18'2 and 74-1813 ar-c! were mounted in the pa;lc:ic' in the con- 
figuration shown b Figure 6. Thc SP.m I11 experinlent timeline is she\\-n In 
F i r  7. It is noted that total experit:cint tiwe i s  sliglltly shorter than for 
SP-\R I, with the sanlples being molten for , ~ p r o s u i ~ a t e l y  IEi) s. Tllr returned 
samples were subjected to X -ray radiographic .md_vsis to dctcrniinc whether 
flows had occurred. 

-. -. 
Tke SPAR I liquid mising cxpcriment yiclacd res:::& cousistcnt \s-itl; the 

application of a constant in magnitude radial force (arising konl  ;&id,ual 
rotation) on the liquid samples with a magnitude in the lod g to 10-I g hi,". 
If we 'anticipate that the SPAR 111 payload i s  subject to the snnlc conditions, w : ~  
s e e  that forces on s a n ~ p l ~ s  2, 3, and 7 acted par.2Ucl to the original i n k r t i c c  '. 

between C.. In ,and In-PB (Fig. S) . The fluid nlechanics problc~il prescntcd 
hcrc is that of a cylinder lying on its side with a constant body force :lpjjlicd 
vertically. ;he density distribution in the s,mlplc i s  o r i g i n i l l ~  given b> :1 step 

, I . .  1 " 
, , , I  . I '  

i . .  , .  . 







Figurc 5. Thermal control unit. 



. 
l- MOUNTING PLATE 

Figulv 6. -I'herm:J control units :IS n:ourtcd in pay1o:zd. 

H E P i  ERS ON HEATERS 
OFF QUENCH 

i SAMPLES 1 SAMPLES 
iMELTED i iSOLIillFfE0 

t I 

EXPERIMENT 74-18i2 EXPERIMENT 74-18C 

Y -' 

'I 
2 ROTATED 90° 

fi------- 
9 EFFECTIVE 

.111131) 
Q EFFECTIVE 

Figurc S. ;\c'c*c-1cr:ltic)n cli:'cctic~ns for SP:\!l I11 snmplcs. 



function gradient (Fig. 9). Tile solution to this plwblem is  not available. There 
emst nnnlyticcll solutions for ;t situation \\-hich can provide :I nlodcl for the sys- 
tem of interest, however. If \\-c approsimate this systein with 11 two-dimensional 
(rect:w.dar) model with a linear density gradient, \\-e can apply tllc nonlinear 
analysis of Cormach, I.cd, and Ild.wrger [ 3 ) .  Thcse results a rc  used to conlpute 
fldw \r?locities in the neighbgrhood of the origi~a! interface nnd parallel tu the 
cylinder axis of the sample. I f  \ve assunle that the detectable interE~ce nlotions 
( in ter fax  velocity tinlcs experiment duration) is on the orcier of  the thiclaess 
of the diffusion region (approrrinlt~tciy 0.2 cm) , \ye obtain a plot of interface 
nlotion a s  a function of accclcration 1c\-cls for thc n r i o u s  sample sizes. These 
a r c  sho\\-n in Figwc 10 uvhcrc it m:~y ~IC notcd that an  :~ccelcrntion lcvcl sufficient 
to cause xn observable interhcc nlotiou \\ill bc n fc\v tlmcs 10" g 01 grc:ttcr. 

DENSITY I 
ACTUAL GRADIENT 

DLSZLACEMENT 
ALONG SAMPLE 

DENSITY I 
MODEL GRADIENT 

- 
DISPLACEMEh!T 

ALONG SAMPLE 

The o r i c n k ~ t i ~ ~ n  of s:ln:plcs 1, 4, 5, :md 6 (Fig. $) with r c s p c t  to :I 
rncli:uly out\\.nrd ciircctetl forcc pr~*scnts n different fluid d~n:unic;il problem. 
'Chcsc a:~mplcxs arc cy;indric;d fluid systcl~ls wit11 :I hcn\icr liquid ovclrlnying s 
li,:,H.~. liqtiid in :I vci-tic:lll\- do\\.n\\ :lrci dirc.c.kd io1.c~ fic*ld. :\gain, \vc 11:lve n 
prol)lcn\ that is not trncklhlc :\n;llytic.:~lly. Sonw insig1;ht into tlw problc~u call be 





gained through, first, the applic~tion of H:tyleiglftl-Taylor instability theory [-I) 
and then by ccnsidcrurg nonlinear effects. Thc systcnl nlo&lcd here is in a 
state of unstable equilibrium until sonre perturbation initiates flow. In 

. . Reference 2, it \v3s dctcrnlined that the nrost wlstablc mocb corl'c.spondcd to an 
mtisynrnretric flow relative to a-pl'ulc cc;ntail*ing thc cylinder mid. In additior, 
the growth rate for such a rlisturbn~rcc was fouud by :~pplying fro111 
Chmdrasckhnr [41 md &om inviscid thcorp for a finite cylinder. For a sample 
2.2 cm long and 0.6 cirl in dimlck-r, the c-fold titllc for distu~.b:u~ce gro~sCr wl=s 
50 s for g 10'~ g and ?30 s for g lo4 g. 'Tllis indicntcs that disturbance 

eff = eff = 
i can growr significantly a t  11)'~ g for this configuration in :I time on the order of 

I our esperin~ent duration. 
I 
I Once the instability h:ta de \.eloped, the problem lxcomcs nonlinezr and 

a solution for the problem does not exist. Onc nuJ' birr. to rcsults of eqcri- 
nrentsl work by Taylor 151 am1 IVooding [cij to prouidc insight into eh~cctecl 
results. Thcsc yuthors found tila; for long c:tpillary tubes contniiung a nrorc 
dcnsv liquid overlaying n lighter liquid, :\ finscr of the fiuid l>rneti'ated 
a diskance illto the li&ter fluid in an ant isyn~lu~~lr ic  f:~sliion il:itinll?.. :\her s 
!;cried of time :I s L d . 4 ~  situation was rcncix*d (Fic. 11)  which 1v:ls ch:~rscterized 
by the more dc~rsc tluid still ovcrlnying the l i g l ~ t ~ r ,  but with a resiou l>et\vccn 
them having n linear density gracicnt. The ixilk of the llo\\- \\.:IS obsCrvcd to 
occur rapidly with respect to total cxvcr i~  1c.11t \tur;\tioa with tiit% find sk.k 
achieivd by diffusion. This fii:~l stab? i s  cIi:~r:ictc.rizcd by ;t i.riticrd liaylcigh 
nuntwr for n linear d c n ~ i t y  gr:\Acnt in :tn infinitkt cyli~lder (csscnti:dly the s:unc 
r c s d t s  ~ w r c  obk~incd in Rcfcrcncc 7 for a finite cylinder) : 

R a  (criYc:d) - = (;7.9.4 "cff 2 p 6  IJD 

R:I (criticnl) -- thc -cri t icd 12a:;lcigh 11t11nllx. r 

p = thc dcnsity 

n = thc snnlplc radius 

6 -: tht? pcnctr;~tiun dist:u~cl! of the- hc :~ \ i c~-  matcri:d into thc lighter 

r = tllc kin(!ll i~tic viscosity 

D = Lh'. diffusion c-oc fficicnt. 



9 EFFECTIVE 

Figure 11. Model for predicted final skLk densi@ gradient. 

This penetraticn depth is plotted as a function of gcff for the thrcc s m ~ p l e  
diameters in Figure 12. 

To sunlmnrizc the espected s ;mplc low behavior then, w e  \vould expect, 
given a radi'dly directed residual accclcration \vitil 3 rnqpitudc of Iwt\vct.n 
lo4  g and g, no l~leasurnble CO~\?S in smlples  2, 3, (i, and 7. \vo~dci 
ehqxct n1,sasurable flows in s:un?'es 1, 4, and 5. 

The exwctc,! results rkscribcd scrvc to r.spl:lin tllc kh2\ior of tilo 
SP.4R I esncriment a s  well 3s to provide a prediction of the hl~n\ ior  of the 
sPXR I11 samples, X f t c r  ~pcn ing  the exierilneht cartrickcs :u~d subjcctitlg t l ~ c  
samples to visual obszrl ation and X-ray mdiogrnphy, \\.e c;un cBonstruct Yic 

r': 
sketch of results shcwn in F i y r e  13. rhe experiment p>rfornlcd ~ c l l  in :m 
engineering sense in that dl samples melted and were qucncl~cd : ~ t  the prc>pcr 
tinics. Samples 4 and 5, however, did not good joints bet~vccn thc In and 
In-Pb sections so that no flow could have occurred in &csc san~plcs .  F:ullplc 1 
cxprier,ccd flow as  cspeckd and by an amount cc~nsistcnt with n radidly 
directed zcccieration with n magnitude in thc l o 4  g to IL ' -~  g :.inge (;ipproxi- 
nlately 5 x lof: g) . San~ples  2, 3, 6 ,  and 7 cspcriellcc no flew. :IS cxxycctcd for 
radial accclerntion of that mngnitude. I n  swnmnsy, the Sl'XIl T I 1  results wcrc 
predicted by thc considerations uscd to fully chqlain the Si'i\li I snlnplc rc?s~dt,s. 
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We cttn conclude that these theoretical considerations constitute :t predictive 
capability (in ;m order of magnitude sense) for these sanlyle systems, and 
further that the flows observed here \\.ere induced by rcsiduli ace - 1er:ltiqc;j In 
t l ~ e  lo4 g to log5 g range and directed radially outward &on\ t h ~  2,lylond 
cylinder axis. 
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CHAPTER I V  
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The for ma ti^^ of voids and tbe beh1.f3r of bubbles were studied during 
l o w s  solidification of CBr,. With the-exception of a burfold increase of - 

the:temperature gradient to 20°C/cm and the use of higher purity material for 
one .of the four specimens, this experiment \\as identical to the experiment 

. pr-edously pe rh rmed  on SPAR I. In this experiment we observed cylindrical 
' rather tban spherical voids in the commercial purity material, irrespective of 
gravitational forces (1 g versus 10" g) . The high purity material, however, 
shifted h m  cylindrical to spherical voids in tllc low-g experiment. No la ige  
scale thermal ~nigmtion of bubbles, bubble pushing by the solid-liquid interhce, 
o r  bubble detqchment from the interface \\ere observed. .A unique bubble 
rotion-fluid flow event occurred in one syecimen: a large bubble moved 
do\vn\\-ard a d  pushed several neighboring snlall bubbles. These observations 
and plans fc.r t!!e final flight e-uperiment are discussed, 



This report p rcwnts  t l ~ c  resulk of tlw SP;\LZ 111 fligl~t of  EX^ . r imcnt 
74-3G; this flight \\-as the wcrmd in n series of f f ~ r t ~ t a  pl:~~u\cd Q r  ffw ylwgl:~m. 
l'hc o \ u r d l  objectiws of this stutly arc to illscstig:~tt* tlw cfftact of gr:lvity on the 
intcr:~ction of bt~bblcs with solidificr~tion intcrf:wtba s l ~ l  to gp~lt.r:~te p r ~ l i n ~ i ~ ~ : ~ r y  
&:\h ca the thcrn1;d ~nigrrttion of buk&lcs. SjkxSi ;'it. oirjcct i \vs  i i ~ r  this flight 
\\.clv t3 1vbc?3t the f i i ~ t  flight C S ~ ~ I - ~ I I I C I I ~  witil :I lrigllr\r t ~ i ~ q ~ ~ ~ - : i t u r e  gradient :~nd 
to cur~\pwc thc h-hn\icbr of big11 purity r.o1lc rc I ' i~ \~~t i  c'1:r: t1.l t lu t  of C O I I I I I I C ~ ~ ~ : ~  

purity mntt.ri:d. The ch-wrinrt.l~t:d spp:~ratus ita~~-titjnt-ti c-orrcctiy o~lcc : tpin,  
m d  thc ~ysults of :m:dysis of tllc flight film :mi 1t:\v-y p~z>ccsst*d sp-cinlr-11s ; ~ l c  
described herein. 

'fht- s:mc :~py;tr:lttrs \\.:IS cn~ l~ l : \ y~*J  i ~ b r  this tli$?t ::s 1l;\c1 \ lC~ t~u  used on 
flight I .  Dce~i l s  o i  f f~c  ihtsiq11 :mi ~-c)~~str~.~. t i , :~r  :II-L* gi\-<>11 in tiit\ SP.\i< i fi1u1 
rcprt 11 1. +l'llt> :\l\k~~r:tP.i~ W:IS ~nrbiiiiit>~i bligiitl! I,> : ~ ~ - i ~ i t - v t *  :I lligilc8r tCn!wr:ttk~r~- 
gr:\dicnt \vhilc ~ r l ~ s r - r v i ~ ~ ~  dw s:ln\t8 f rk*t~ . - . i~ l~  r:tt<.. L'his niCb~i;tic:ltit>n i~lvolvt~d 
wp1:lc'ing ;drrtnit\tuu q~tbc-imt-n nnlt!~*r l,:L-:~tc.~- &dlji,ii \\ itii ;t slishtly s11ortc.r 
but o t l w n ~ i s ~ ~  idc.~~tic;~l \wit i:lbric;lkct ir,,111 >;.I inic.ss s t L b L > ! .  '!'!w ~ 1 1 ,  wtcr 1cngt-h 
and lo\vc‘r tlw rmal c ~ ~ n d i ~ c t  ivi tx ~ b f  thb ~ 1 . r  :?\Ic*s': s tl'c-l :\\lo\\ <XI :I fot~rfold incrc:~sc 
in thc tt!n~lwr:lhlrc gr:l~lit\nt ta 2c)"C' "nn. 'i'l;,. i~;:l\;i~;;u:lr. l t - ~ i r { k ~ r ; ~ t t ~ r ~  (:lt thc8 tap 
Mcwk) \\.;is p u ~ ~ ~ . - s t \ 1 y  kept 1o\v to tni l i i~~\ i  :L> tlrt. lt>n~ti: 0 5 :;IL\ l iqt~itl 7i.11~- ; ~ t  ~ : ~ \ u I c ~ I  
:~nd s~q)p~'c 'ss ckbc.ompc>siticl~~ of the c' nr, . 

1:illing of tlrc s;~lrlplr tuih\s \\.it11 c'I;r, it, .IS L.!' i i .~t l~ci  it\ :I niainws idCntic:~l 
to tll:lt cicsc-rihd in I<(. ir.rt*nc*rx 1 . l-'tbr t11 i s  !I i ~ l l t  ;II I (1 t !i!t* sp~r* i t r~ t* i~s  \yCrt8 

s:th1r:lt~4 with 11i1rogt-11. 'SNO o f  l . l k k  it>111. S ~ * C ~ I I ~ ~ ' ~ I I S  ~ ~ ~ ~ r : >  c - c ~ I ~ ~ I ~ I ~ ~  Lsi;~l pi~rity 
1 )  I ; i  I :  t v C  I i t  1 I'llt* Iligll purity ( %H) 

~n:\tc.ri:~l \\.:IS prt-lx\rcbd bx 1 . 0 1 k b  rc filri~rs. ' 1 ' 1 1 ~ b  ;O~IC- r t~iir , i tr~ \Y:IS t-:irsicci cliit at 
(.l:lrkson c'oll1\gt- of 'I“~c.llnt>lt,gy in :I nitrtlifir.t! I~i.-;ll~.r Szic.rlti fit. (''1. :~pptr:thls. 
I'urific.:ttic\n by .r..ontl r c l i n i ~ v  rr\thlccd tlr~t r ~ \ l . ~ t i \ c  ,r)\ti~-:~l : ~ l > s a r \ ~ t i ~ i t y  of 11 

0 . 7 ;  1 t i  f c I 1 I f 1 I I 0. i t 0 . .  lirc~nlinc' is 
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thought tb be the impurity responsible for this coloration; i ts  concentration w3s 
substantially reduccd by zone refining. The other major residual impurity was 
bromoform, its concentration was monitored by gas ch'romatography. Complete 
details of the purification procedures and results are given in Reference 2. The 
CP specimens were installed in positions A and B and the ZR specimens in C 

The intenckd sequence of operations fbr this experiment \\.as: 

t -15 min heater on 
0 

t 4 min heater off 
0 

to 
launch 

t +lo0 s 
0 

camera starts 

to +330 s canlera stops. 

The actual sequence followed this plan nith the exception of a 16 min hold 
which occurred a t  t -13 s. During the hold the heaters were reactivated, the 

0 

count was reset tir t -15 min, and the nornlal sequence of operation followed. 
0 

We chose to begin cooling the san$e before launch because ground base experi- 
ments had sh0v.n that sc\~ccral mini~tcs were required for a stable cooling rate 
to be establisher! after the heaters sere shut off. 

Curing the rocket flight the apparatus functioned perfectly and the experi- 
ment v,as performed according to plan. The telemetered data show that the 
c m c r a  began operating a t  t +I00 s and took pictures at a rate of 1.08 banles/s. 

0 

A cwo part 16 mm mcvie was made from the 35 mm x 226 exposure flight 6lm. 
'fhe first part was step printed with each original frame repeated eight times. 



The second part was priuted one fur one. Therefore, when projected a t  24 
fkames/s, the movie film shows the experiment speeded up by factors of 3 and 
24, respectively. A copy of this fiim bas beer, submitted to the SPAR program 
office at hlSFC: . 

Growth and 3folpholngy of Voids 

Figure 1 shows the appearmace of the specimens a t  101 s after liftoff. 
Payload de-spin occurred at approximately 65 s and all accelerations were below 
lo4 7 at 78 s. Betwen 85 and 338 s no accelerations greater than 10* were 
p r e s e ~ t .  Figures 5 3, aud 4 show how solidification proceeded in specimens 
B, C, m d  D during the low-g inter-.d. The figures show that in specimens B 
and C a: .nerous cylindrical voids deleloped and grew. The growth direction 
was  up^ trd and sharply inclined toward the center of the specimen. The locus 
of the inner ends of the voids defines the solid-liquid interface; this appears to 
have been roughly hemispherical and concave towards the liquid. Voids 
nucleated repeatedly, apparer~tly near the periphery of the sample. Figure 5 
is a transmission optical nlicrograph of specimen C and s h o ~ ~ s  that the cylindrical 
voids have uneven surhces and usually begin a t  a large (approximately 0.05 to 
0.1 nun diameter) fkceted, roughly spherical void. It is also seen that many 
small spherical voids are present which did not give r ise to cylindrical voids. 
From stereoscopic observation i t  can be seen that the voids are totally enclosed 
by C Br,. They a re  always situated a t  a small distance (approximately 0.1 mm) 
in hom the outer (cylindrical) su rhce  of the sample. Figure 6 is a micrograph 
of specimen X showirg the overall distribution ,and nlorphology of the voids a s  
previously described. Spccimetls -1, B, and C dl showed similar void 
morphologies. 

The fourth specimen, D, does not show the same inclined cylindrical 
void morphology (Fig. 4). From the flight photographs, it is difficult to decide 
ox: the number and shape of these voids. It seems, however, that some large 
voids were grown in and that they are  generally of a spherical morphology. 
They are much less  distinct than the spherical voids observed in flight I. An 
optical micrograph of specimen D is shown in Figure 7; there a re  indications of 
spherical voids in the flight grown portion of the specimen. I t  is also evident 
in Figure 1 that a t  t = 101 s the interface of specimen D is more planar and more 
distinct than thc interface of tlle other three specimens. Specimens A, iS, and C 
had a more extensive mushy zone than specinlen D. 



Piglre 1. .\ppenmncc of the spccil- ~ens  :it 101 s after l i h f f .  Thc spcci~l~cns 
am designntcd \ through D born 1cR tu right. \*crticd Iiducid gmot-cs 

in tlhc heat Icvclcr I~lock :trt! spncrd 10 111111 cunkr ta c%:ntcr. 



Figure 2. Montage photo 
The frame 

liftoff fs cq 



ontage photograph of the growtb of specimen B during SPAR In. 
numbers are shown a b w  each view; the tlme since 

liftsff Is equal to thc frame number plus 100 s. 



Figme 3. Montage ph 

1 



Montage photograph of the gmarth of speclmen C during SPAB Ill. 
Same conditions as Figure 2. 

1V-9 



Figure 4. Montage pht 



M g e  photograph of the gm& of ~peclmcn D W n g  SFhR I TI. 
I S:unc condition as Flgure 2. 7 

.. CP 



Figure 5.  Transn~ission ~i~i~sogr:rph of voids in specinlcn C, SPAR UI. 
The growth directiorl is Born left to right. 

Figure 6. Tmnsmission micruqr~ph of voids in specimen A, SPAR Ill. 
Thc gro\rth clircction is €ram left to right. 



Figby 7, Transmission microgmph of voids in specinlp- D, SFL: Til. 
The growth direction is from left to right, ~ . ! e  m e ~ ~ k c l i  in t~?r f ;~cr  

is at the left-hand erlge of the pictu~e.  

For comparison purposes Figures 8 and 9 show the growth o t' two --! r t . r b i  - 
mens during a ground base simdakion experiment pcrf~rmed IN fore tllr 0 1;11. 
Both of these specimens \\ere CP CBrd. Fipres 3 md 9 also shott thc +'r)v tl; 
of several voids. Simdtaraeous optical observations sho~vcd th22 l i ~ ~ s t  1 r f t!~: 

voids ~vere of a cylindrical m~rphology with the ~s of the cylinder ~ I : I  :-,lIt~l :.I 

the growth direction (upward). 

Srnnll sphericd voids were occasion,dy ohscr~ed dur.in~_: I n1mr:ltn:-I 
simulations, but, in general, cylindrical voids predomin~kd. 'rhr* nil11 ilx\:. I 
voids present was generally slrdcll. These observations also hc.Irl truc  to^. , . I 

material. Fiplree 8 and 9 also show t!-? escape of small Isubblcs from thr 
solid-liquid interface. The bubbles appear as vcrtical whiw lincs in tlic r l :~  T ; , 
liquid  ort ti on of the specimen. The exposure t h e  was 0.25 s, md thr: Ivlrl~tlt*.; 





1lant;~gc photqra~h of specimen B during ground bnsc s in~dntion 
cnt. Thc frame n u m h r s  arc sha~m nlmw cnch ~ic.rv; thc time 
sincc li ftnff is cqual to thc knn~c. nunilkr plus 1110 s ,  



Figure 9, Montage ph 
s;mulation 



9. Mcintage photograph of specimen D during a ground base 
simulation experiment. Same conditions as Figure 8. 

ORIGINAL $'AGE 15 
f lF  POOR QUAI,!'lY 



mowed rapidly upnqrds. It was also o b s ~ r ~ ~ d  during labratow experiments 
that small bubblcs often dissolved as they were rising mil disnppc:~ red t~ lor._: 
they machcd the b p  of the liquirl zom, This was either due to iwrcssing gas 
solubilih. with increasing tcmprature or to nonsahration of the melt. 

F'im 10 shows contact radiugmphs of the night .and ground ksc 
specimens. One can h l y  see the curved cylindricd \virls in tl~c flight 
specimens. There are no indicaticns of mi& ir! the grountl hsc simtllation 
specimens. 

Figure 10, Radiograph oi CBr4 spcimcn, T PAR I1 I,  !)!l drg. 

Thc- r a h  of pwuth of srllid CErj during thc cs!~crimcnt IT;~F dctcrrnint!d 
from 3 x 10 in. prints or t l ~ e  flight film. Thc position of 2hc ildcrf:zctl 11-3s 
measurcd and plottcd as a function of timc. .\ straight linc W.IS d1t-3 fit to thc 
datn. Tllc slop of this lim 11'3s takcn ns thc gm~t+'~ :'ate. Twn frl:~hrcs j~rrc 
measurcd, the f:rs*est chndritc tips and thc I ~ r u s  of thc cnrts ;f the tuids. Both 
wcrc mcasurcd dong the ccntcrline of thc sLmple tub\ .  Tho rcs~llts from 



SFAR I11 and representative ground base simulations are  listed in Table 1. All 
of the ground base simulation specinlens in the hble  were C P  CBr4. For flight 
specimens A and R the voids \\ere sharply inclined to the mis of the kk. Thus, 
their apparent vertical velocities s h u l d  be multiplied by a projection fhct 3r of 
approximately n t o  get their true velocities. The voids in flight specimen C 
were also inclined, but sevexd layers nucleated and grew one on top of the other. 
I t  i s  seen, therefore, that the voids and dendrites grew a t  approxinafely the 
same rate in the flight specimen. I t  is also seen that three of the higilt speci- 
mens grew approximately twice 2s rapidly as  the laboratory sirnulatio~i speci- 
mens. This e a c t  is probably due to modification of the thermal grarlfznt by 
rocket spin, a s  discussed in the followi. : kx?. For comparison purposes, 
Table 2 lists average values of thc growth rates observed in SPAR I a id  SPAR 111. 

TABLE 1. hVER.4GE GROIVTH RITE'S (pm/s), SP.r\R III 

TABLE 2. GROWTH RATES (pm/s),  SP=\R I Ah'D SP-AR 1'1 

Specimen 

Flight .A 

Flight B 

Flight C 

Flight D 

GBS X 

GBS B 

GBS C 

GBS D 

Dendrites 

31 

3 2 

34 

17 

13 

15 

16 

11 

b 

SPAR I Flight 

SPAR I GBS 

SPAR Ill Flight 

SPAR 111 GBS 

Voids 

18 

I d  

25 

5 to 10 

9 

12 

5.5 

9 

Voids 'Translucent 

14  

2.5  

25 

10 

Decdsites 

3 3 

14 



Bubble Phenomena 

A notable teatuse of Figure 1 is thp presence of small bubbles in the 
liquid portion of tbc spcmens. There mere approximakly 400 amaM (appmxi- 
mately 0. I ram diameter) bubbles in specimen A, 75 in specimen B, 300 in 
apecimen C,  and mah in specimen D at the begicninq of filming, Also visible 
toward the top 01 the viewing slot is the 1 omvr prtic~ of a large, approximately 
4 mm dhmeBr, bubble in specimens B a d  D. Examination d F!gw'es 2, 3, 
and 4 shows that most of the hubbles appear to be shtiomry throughout the 
experiment but a e m  to increase in size. C~OSC examination asing transparent 
owrlays and repeated viewing of the 16 mm film confirms that none of the bubbles 
in A, C* and D moves, but significant bubble motion occurred In specimen B as 
can be s e n  in Figure 2. The direction of bubble motion in B is complex, and 
the motions occurred in two shpes. Ffgure 11 is a scCematic representation 
of a c  motio~ of s c w d  represc*ltative bubbles in specimen B, During the 
interval ktm.een t + TJC s and t t. 160 s the lower edge of the large bubble 

0 0 

moved do71cma-d by 0.5 mm. Th? smdl bubbI~s in the center of the liquid 
mgion also moved downnrard, but some smrd hbbEes moved upward and others 
moved sideways. The small hbb le s  only moved approximately 0.2 mm. 

Figure 11. Schrmstic. rcprcscntation of Subblc motion 
in spccimcn B, SPAR 111. 



Almost no bubble motion occurred between to + 160 s and to + 160 s, but at 

- - t + 260 s the lower edge of the large bubble began to move downward again. 
2 

0 - - The small bubbles also moved: those in the center of the field-of-view followed 
a curved trajectory downward and to the right; those at the top, very near to the 
large bubble, moved upwards. The large bubble moved 1.3 mm and the small 
bubbles moved between 0.3 and 1.1 mm. %%en viewing this motion speeded UD 

by a factor of 24 on the 16 mm film, one has thc distinct inlprcssion that the 
small bubbles were swept along in a fluid flow which was driven by the motion 
of the large bubble. 

e -; g The diameters af several bubbles in specimen B were measured every 
tenth frame. Typical results are plotted in Figure 12, with a least squares 
straight line fit to the data. One bubble did not grow but rem.-Lined at a constant 
diameter; in general, however, the bubble diameters increased linearly with 
time. Bubble diameters were not measured in specimens A and C, but had the 
same qualitative behavior. This behavior i s  in contrast to that of SPAR I in 
which bubbles were observed to disappear during the first 100 s as shown in 
Figure 13. 

. 
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Figure 12. Bubble diameters as a function of timc, spccinlen 13, SPXR 111. 
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DISCUSSION 

There a r e  sevei important'aspects of these results. Among them are 
the greater  void density observed in samples solidified in the absence of gravity, 
the observatian that an initial temperature gradient of 20°C ;cm did not cause 
bubbles to detach from the interface o r  migrate through the liquid, and the fact 
that significant bubble pushing by the interface did not occur. All of these 
observations a r e  identic21 to  those of flight I, but we have now extended the 
regime to a higher temperature gradient. 

It i s  probable that fluid motion induced by rocliet spin and de-spin caused 
some leveling of the tc.:nperature gradient. AS discilssed in Reference 1, how- 
ever,  the direction o f  fluid motion, tile superposed rocket thrust, and the 
specimen gcametry were not conducive to cony- l~ t e  homogenization of the 
ten~perature  gradient. In addition, the pyrex tube, although isolated by vacuum 
along its length, is t h e r n ~ d l y  tied to  the heater blocks at  i ts  top and bottom ends. 
This m i l l  lead to some reestablishn~ent of the thermal rrxdient. Crude estimates 
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of the time required for thcrnlal reestablishment, ho\vevur, indicate that it could 
only be partially complete in the 300 s available.' The inclination of growth 
direction in A, B, and C indicates the presence of a radial temperature gradient 
in addition Wthe  longitudinal one. This radial gradient persists through the 
tlight, and isrprobably due to the greater therpnl  conductivity of pyrex (K = 
9.6 m\~,'cmK) as compared LO C Br4 ( K = 2 to 4 nnlW i'cm K) . 'i'he lower growth 
rate in D probably resulted from better thertilal contact wit5 the cell walls, 
thus greatly increasing reesL~blishment of the the rmd  gradient. 

Gravitational forces ha\re not afiectcdJ the void n!osphslogy in specinlens 
A, 3, and C from flight 111. Cvlindrical voids were observed in both laboratory 
simulations and the flight esperinient. Likewise, a11 of the specimi.ns fi-om 
flight I displayed spherical void morphology \vncther pro-essed in the laboratory 
o r  ins weightless environment. The exception to this observation i s  specimen D 
for SPAR 111. This zone refined nwtc r id  produced orly one o r  two vemica! 
cylindrical voids \\*en processed in the laboratn:.y, but spherical voids \\.ere 
grown in during night ILI. Thir behavior is tt,ougi:t to be significant for the 
following reasons. Previous \\ark in this area h:rs rttl:~tcd observed void 
n~orphologies to the freezinp rate, concent r r~ t io~  o i  dissolved gasses, and the 
gas (solute) distrlbiition coefficient. The s_\.stcnis sb.~dic.d \Yere \\.ater-carLwn 
dioxide Is ,  4,5] .d stainless steel-liydrogcn [ 6 1 . I t  i~ gt>ncr:llly held \vitil :dl 
other paranieters constnnt, a low frcczing r:~te will lest! to bubble pushing, aa 
internlediate freezing rate  will give cylindrical voids, xnd n higil freezing rate  
will produce spherical voids. The critic:d velocitj- for bubble pushing varies 
from system to system and has not bccn \vide!!- studied but i y  thought to be 
fairly low, nyprosinintely 5 jm:s for :I pl:11xr ix~tt~rf:?i 'e.~ '. ~ o I ~ ~ ~ ) ; I ~ ~ s o I I  of our 
night and ground base results, Tnblc 1, shn\vs that tiic \.oi\i nlol-yhology seenls 
to bc niore affected by a change in :ernper:lt~:?.e grr~dic~nt, G, th311 hy a change in 

1. The distance, a ,  from the soi'd-liquid intcrf:lcc to t!~t: top end of the syecilnen 
tube is approxiniately 3 cnl, the thcrm:ll difiusiviiy , I.;, is  ~rpyrosin~r~tely 
10" cr112's for CBr4 and 5 x 11)'~ cm' s for p.lxs. T!lus, in SO0 s we have 
(k't/n2) .- 0.03 for the CRr4 .lnd :).lo for the pyl-ox. Rccstnblishmcnt of 
one-h;Jf of the lost gradient would rcquil-e ( K t  ';I?) - 0.2. 

2. Specinien C ,  which .,\as -rigin;dly zone refinat an .~tcrifii, bch;~vcd siniilarly 
to A and B. Esamination of C nftcr thc night rc.vt~:~lc\d :I distiuct ).ello\\.islnl 
tinge, typical of impure n ~ n t c r i d .  and the prcscncc, of nunic%rol,s forcign 
particles. It i s  concluded tl..:., C \\:IS contaminntccl tluring preparation :1.11d 
\\.as thcreforc not :I high purit! m;ltcri;ll. 

3. D. R. rhlmann, Private Comniiulicxtion, 1971;. 

. , 
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growth ~ s t e  R: i.e., spherical ~ i d s  observed with G = 5V/cm, R = 2.5 to 
14pm/s, cylmdrical voids observed at G = 2O0C/cmS R = 10 to 25 pm/s. These 
results are  summarized in Figure 14. I t  is clear from this figure ,that G, the 
temperature gradient in the liquid, is a potent Eac+q.rr in determining void 
morphology. This was not anticipated and will be investigated further. 

VOID MORPHOLOGY. SUMMAR'( . -I 1: 20 - 0 01 
I 
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Fipire 14. Summary of observation on void morphology. 



Figure 14 also shows that, in general, the gravity level had little effect 
on void morphology except for the zone refined material processed on SPAR 111 
(specimen D) . The observed dependence cf void lnorphology on temperature 
gradient might explain the behavior of specimen D. W e  suspect that in flight 
tests the initial temperature gradient is  somewhat leveled by tile rocket de-spin. 
This suspicion is  founded on the observation that the growth rate, R, in flight 
was almost 8l~:ays greater than R in the laboratory, and we assume that the 
change in R i s  linked to a change in G. This assumed cmnge in temperature 
gradient might have beel; sufficient to cause the n~orphological shift to occur. 
However, this shift could also be explained on the basis of a reduction in 
buoyancy force. It i s  thought that under conditions in which n cylindrical void 
is marginally unstable, a buoya~cy force tending to keep the bubble uppern~ost 
during vertical growth might stabilize the cylindrical void rather t h s  allow the 
interface to pinch it off. If either of these explanations is  correct then we inust 
also postulate ;a effect of ~nterfacc morphology (i.e., dendritic versus plauar) 
on void growth tc explain spdcimens A ,  B, and C. These specimens shrald also 
have shifted to a spherical void moi~hulogy during rocket flight. 'The greatest 
diEerence between A ,  B, C, and D is the occurrence of a narrower mushy zone 
and a more plmnr interface in D. It is thought that dnring dendritic growth 
bubbles are trapped in intcrdendritic ch:tnnels and therefore the cylindrical 
morphology i s  stabilized, whereas a bubble at a plancar interface will be more 
exposed to the liquid. Thus, a shift from cylindrical to sp:ierical voids wauld 
be expected to occur at different values of the buoyancy force o r  temperature 
gradient for the t\\a types of interfaces. These results and our interpretation 
lead us to the tentative conc!usion that void nlorphology is  dependent upon the 
temperature gradient and interface morphology, and ~ s ~ i ' u l y  the gravity level, 
in addition to the previously recognized dependence on growth rate, impurity 
concentration, and distribution coefficient. 

The greater number of voids cbserved during low-g solidification on 
SPAR I and SP.4R 111 r:?ight be sinlply explained, If the same quantity of gas 
were evolved and the smle number of bubbles nucleated irsespective of 
gravitational forces, then one e-pects n l ~ , r e  voids in the lo\v-g specinlens because 
of the lack of -)uoyal~cy forces. The buoyancy forces detach bubbles from the 
interface and sweep theill out of the liquid. However, the absence of gravity 
can also lead to an cnh:lnccd nucleation rate because of the reduced hydrostatic 
head [ 7 j .  This effect mcty bc significant in heterogenous nucleation. An 
enhanced nucleation ixte could c s ~ l a i n  the extremely iarge nun~ber of voids 
observed in )I, IJ, 2nd (' o f  hP.4R 111. In particular, Figure 3 shows that niany 
bubbles were ilucleakci shortly after solidif-'-ation began. i\Iensuraments of 
void length cmd gro\v\-th rate indic:lte that the doids first appeared nt t + 70 s, 

0 

which coincides with csk~blishment of low-g. Ho\wvcr, the locution of voids 



nloy sinlply bc a reflection of the time ncccssnry to achieve the require super- 
s;~turntion of gas in tllc liquid a k r  L-ough solidification had occurred. The 
fact that specimcn D did not have inany sn1'2U voids but mereiy a few lurgcr ones 
nlight be h k e n  as evidence in favor of the heterogeneous nucleation h~-pot lI~sls ,  
sincst. tile purer n~ntcricd would offer fewer sites for heterogeneous nucleation 
; ~ ~ i c t  hence :\.odd be l e s s  afkcted by the hydrostatic head. We a r e  um~t l e  to 
vc.rify citlicr hypothesis on the basis of c u s ~ e n t  data. 

As :I iootnotc to thc n h v e  discussion, it was observed that in some b:~cUy 
cont:\n~inntcd arcB:\s of the specimens, orange-brown pockets of bron~inc wcru 
pr~.scnt, hut tha t  none of the wids  discussed were colored. Thus, lvc conclude 
t11:lt tile \-oids were not a spurious result of the decomposition of CBr4.- 

Bubble >Intion and Crci\vt.l~ 

'The iacrcnsc. .n bubble dian-icter as a linear fimction of time is not 
un&rstood, since :~r.y s u r h c c  area-ielated phenomenon sho~dd obey :t power 
1:1\v. 'l 'h~> sim)d~.st csplm~;:tion for this vehnvior is that thc liquid i s  s:tturnted 
\v it11 ~ l i t s o < ~ n  .ind h c  gas solubility decrcascs with decreasing kmpcrahrc. .  
.l 'tli~ ~.crlnbin;ltion of a pu\~:c~- law dc?pcndcnce with the dccrensiiq: tcmpc.~r;~tusc~, 
11cnct~ solubility, of the liquid might lead to thc roughly linear bcbalior sho\vn 
in 1:i:xrc. 12. \\'c can offer no e;wl:~nntion for the opposiic behavior of bubblc 
tli:~nl~tc.r in flight I. 

't'hc prest>nce of so m:my s111:1ll bubbles in the liquid portion of .\, B, :tnd 
C' \\..I:: t,.t;l!ly unt.sy~~cted. The origin of t J ~ c s ~  bubbles i s  unknown; th6.y must  

lkv.11 ~en~,1-.ikt.r! during t l~c  100 s i n t e r ~ d  bet!\een launch :md thc s h r t  nf 
pic.turr1 t:~l,ins. l'hrec p>ssible cx~lanat ions ;\re tllought tc bc :ts follo\vs: 
i 1 ) c l ; ~ ~  hubb1t.s \ Y C ~ C  S C ~ C ; ~ S C ~  by the .solid \vhilc 111c.lk.d bnci: by the 
siriunin; liquid nnd silbs~~qut~ntly ciiapersed by fluid flow; o r  : 2) the bubbles 

crib 1111~1:':irc\d spontr~neously clue to t ! ~  reduction of hydrostntic hc:id up011 
:~tt;linn;t\ut oi  lo\v-:v; o r  ( 3) thc bubbl.,!=~ were nuc1catc.d by n psrticul:~r ~ i b r n -  
titmil Crc~t1uc~nc1: of t h ~  rocket inotor. It is th~ugh t  that (1) is  unlikcly since 
tllt.rt. .irk\ :in cstrc.-ncly 1:trgc n u n k r  of bubbks, they a r c  uniformly (listributed 
thrckusllc3ut tlic liquid, :1nd thcy arc' lrot situnted on the tube \\:dl a s  might tk. 
~ \ s ~ > ~ \ c ~ , ~ t i  if Ulcy \\2\7-~ dispcrscd by &-spin. I t  i s  not pcssiblc to distingxiish 
I ) c . ! \ \ ~ , ~ . ~  ( 2 )  . ~ n d  ( ; I ) ,  but \\.c ;:l:lti to st:lrt t21c cm icr;l cnrlicr on SPA13 \- in 
l ~ : ~ l ~ , ~ s  0'' obst~1.ving the> specir.:,.ans imnlcdintcly after &-spin. 

'I'11.t ~.sistcncc of thcsP snlall btbblcs ;tnd their subaequcnt srowth sho\vs 
t t ? : ~ i  th(-!. :[PC. i n  cquilibriun~ \via the liquid. This nlny occur Ik\c:~iisc\ of t l l ~  
~,oirli~\; o f  !:I initi:dIy s:\tt~r:lt,d liqi~itl o r  it niny bc a gr:\vity 1.clntc.d cffcct. 
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Larson [8! has shown that the reduction in hydrostatic head which occurs under . - 

gravity-free conditions can be accounted for by considering a reduced pressure--  . 
regime in the P-T-X equilibrium diagram. When this i s  donc a liquid vapor -.. 
field is often found to move downward in temperature, Thus, 3 single phase - .  
liquid can, upon reduction af the applied pressure o r  hyfir~>stliii= head, dccol~pnse 
t o  a two phase liquid and vapor mixtare. Variations in the pressure ir,side the 
specimen ampoules and the temperature in various locations in the liquid could 
then give r i se  to Lhe observed variations in bubble densities. 

The rieence of any unifomnl, s u r f a x  tension driven bubble motion in the 
liquid portion of our specimens was o w e  again unexpected. 1T.c thi~lli that this 
immobilitj *:!as either due to contanlination ~f the bubble surfxce 1 - 1 ~  :Ln impurity 

. . which xrrestr-l lile Low o r  a tenlperature gradient insufficient to cnuse flo~v. - -- 
Earl ier  suppositions tllat the bubbles were pinned by k i n g  in coiik~ct l- -A the 
tube wall have been discounted the flight film sho\vs   hat the nilvancing 
interface obscures the bubtles; theyefore, the bubbles are  on tlic Ei; .ide of the 
interface and cannot De against the m a r e r  tube ~val l ,  and the s u r h c e s  of the 
returned samples a r e  smooti: ~ v i ~  r o  surface voicis (i.e., tlll of the bubbles a r e  
totally enclosed by CBr4), 

. I . ; !, 5 ! 
Recent attempts to duplicate the Young, Gcldstein, tu.1~1 nlnck c spe~ ic -en t  - L  ! i! 

. a  : ;: : .. ' (upon which our estimates of bubble ve!ocitlcs of scl\ .d mi1linl~:tc~rs per second . . .. - . I !i . - 2 ,  < ,  . - -. 4 - .. ' ; I  . were based) have shown once again that surface tension driven lir?\v occurs ii; . . * 

. .  i] readily in viscous silicone oils [9,10], -.--1 that this f l m v  c m  co~uiter!lalrtncr the ..- 
:-; . ;  ji r - ' , ~ !  

I: ' . I  . * .  . . 

. :  ! :-,: 

gravitationally indued  buoyancy force o;l a buLblc. F i ~ n . ~ \ - ~ . r ,  atw~.\ipij t~ cause . $ 5  : 

this flow to occur in other materials ~vci-e unsuccessful; i t  was kought by the 1; I; 
!! i 

experimenters that this lack of flow w2s due to an in-,purity cfkct.' It i s  curious . j 3. ~ 

' :. 
that our puriiied sample (D,  SPAR 111) had no s m d l  b11Ihl3lc.e iil the liquid. This: t . . .  

- '4 4 
, : may be a nucleation effect a s  discussed enrlier, o r  pcrhap?. bubblcs were initi,l;ij 3 i 

. -  . I  . , 
*.: j present, were mobile, and migrated to the not end o i  the s:umpli' tube in the 30 s 

between initiation of low-g and s ta r t  of thc cxtncra. The isrgi. Lubble risible a t  4 
9 

the top of the tube C:d not move; :lowever, since i t  wns ~prcscnt ?vforc ;">e flight, 5' 
G *. 4. ; 

it would have had ample time to beconle contaminxteS 
$ : 

The ?$larangmi numbers for the bubbles ~.ncountcrc:ci iil this er+:1:imcnt 5 .:. " 
5 .  

a re  listed in Table 3; they were ralculated frcm ~u&aslurcd \-::lues o i  tilt: physical rC : 

properties of CBr4 [ll] and an assumed \:al.?.uc of thC therm:\l conductivity, I i  = $% ; 
0.12 J/msk. T l i ~ y  range ikon1 approxim:~tely 1 tc 5000. :\lthough PC .rson 

@ ,: 
C .~ 
.&.. +. 

calculates that a criticzl Narangoni nunlber c:i SO must be escc(-dccl lor flow to - .  . .. 
occur in a horizontally planar geoiilctry [12 j , h t l l  the young, L;old.;tt !:I, I.:ock, - .  

.& * 
agd Corriell, Hardy, Cordes expcrin1cnt:i demonstz'atc! sig:‘nificnnt s~urfncc tcnsim 4 I 

Q :  

d 
4. S. C. Hardy, Private Con~munic:~tlon, 1977. 4 ; 

'L.. I. 

i" , ;: 

. - 'jg 43 .! 
I v-2s 
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TP BLE 3. AMRANGON1 KtThtBERS (Ma) FOR 
V:*IO~~S BPRB1.E DL4BiETERS ryc:/::s s SPAR 111 (20°C/cmj 

d (m) d (mm) >la 

- I 
I 0.1 3.1 

I so i - 1.0 3 10 

d r iwn  flow iil h~hb1t.s at  very  low atarangoni -l-..-?kt-s of the ordcr of lo4. 
Therefore, Pearsfii~b criterior. is my a~p l imblc  to th~xmocapillary flows in 
bubbles. An anz!ogy i s  the occurrence of n a t u ~ d  co~vection in Irorizonbl o r  
vertical planar geo11:etries. In 3 hori geomeh-5'. the critical (;rashoff 
number must 'be esceedec For tao.\. to oc-ur. In 3 vertical geometry, convection 
will  occur [Or zay non-~sro .- . hoif nui,tbcr. 

The obscrwtion c f i>t!i:S.:- :i~;d !'!-.:iti n1.2tion in B is significant but puzzling. 
I t  wenls clear that 'be Ca\m-,v;~i*c! ~i;cti~~: cf the I:LYSC h~:k!)ie c .used tllc ot'.c?r 
buhblcs to mcvc. c*x p1p3s~lblr? dl f 1ir.s fvrc.e kr tile q~ohon ~f rhe large bubbiic 
is surfr t~e tcnsioa clrl\.cn flax, 'but t c C-ubbie nlovwi opposite ti, the prcciicted 
clirection ( i .u . ,  fmm hot to celd). Th'c is r~>miiiiscent ~f dbscrl-xtions of the 
nlction of ?\YO p11nsc. inclusiol~s in s?lt a.ys:tr.,ls, bvilic!? niso 1-50 from-hot to cold 
113,141. The m ~ ~ z h m i s m  in that case is cc:-~plt's, ir.vol\!ng ~ .~~pora tYon  and . - ~ o n d e r ~ 2 t - i ~  :, ;\lkrW - 1r-3: iy. : ui-face nctjl-2 !~?~.i)urit ~ C S  \ti occ ndsorbtion i s  
tI armally :ictiv;~wd c:rn cnusra the L:i.zmperatt~l-e c i c ~ n b c l ~ c e  of tlic s;irC~cc tension 
to . '.angc siSw [ 13, 16, 17 1 ; this iv<\-i.ulc? result in a re; --rsid cif the predicted 
direction of motion. Either of tiles nlc?ch:misn:s or  mociifications thereof might 
esplain L!c wotion of tiw large bubble. Codesccncf? coul(I not be the driving 
force kc~ust .  tlzc obs~~rvcd nlotion \ v r ~  r..ei:ztivc.ci_\- uniform ,and lo\:- velocity, 
rather t h a ~  zbrupt and rzpia. Shrin!;:~:~ c?i:r to soli~iificr\tion :tna uoo!ilg could 
he c.:,dctcci to account for a n~xsinlr i*~~ unifox-111 dcirn\vnrd 1:lotion of appro-6- 
matclg (0.04) (ii n1111j = 0.4-1 nlm. The motion obscrvc.d 19 B \vns much greater. 
SI1:lil~-ly, ~w;~.-n\v:wd n~o t im of tile lic,uic! is somt-til.r:cs ~ b s c ~ v e c i  (1urir.g 
dii-cctionzl solidificr~tion of ~;lastic cryskdri; i::i> is thougl~t to bc cai~scd by 
aspiratio11 cC t7--. melt into cracl.s :~nd c:l\itics \\.lilch occur dur-ing ccw!ing of the 
solid. This ~nc~chxnis::: should, ho~ve l-cr , Icn. i to a relntivci y uni forn: do\\?l\vard 
nlotion o i  'I? liqitid. 



As shown in T a b  3, the largest bubbles have the largest Jlarangoni 
numbers, and they would be expected to move first as a result of surface 
tension EDrces. If the motion u-as actually driven by blarmgoni flow, then the 
major unanswered rplestion~ are: why did not the other large bubble (specimen 
D) move, and what was the specific mechanism which caused motion in the 
wrong direction ? 

Subsequent to these observations, the film of SPAR I was reviewrcd a t  
high speed. It ws noticed that the &mpt coalescence of h'o hrge  bubbles at 
the interface of specimen C, SPAR 1, caused a smaller bubble in the liqu' , to 
nlo\.e s short distance (approximately 0.2 mnl) . Thus, we have another. 
instance in wfiich the motion of a large M b l e  caused fluid flow and hence 
pushed neighboring small bbbles. These oker\rrtions doctinlent a source of 
nuid flow in low-g, namely, fluid r.~totion due to bubble coalescence or  due to 
lthe motion of large bubbles. 

1. h greater nunher and a greater tok-4 volunle of voids 3ru present in 
specimens of nitrogen saturated CBr, \\hen they are solidified in a I01s-g 
environn~ent. This is chrectlp attributable b the absence of buoymc~- brces. 

2, Tie nlorphology of prom-in voids ms found to be &qwndunt upon the 
applied tallperaturc gradient. -4 tenqx rature gradient of 20°C ~'cm results in 
cylirdrical wids wilereas a gr:~dient of C0C/cm results in spherical voids, rill 
other things k i n g  equal, The void mlorpholog~ v:s dependent on gravifr in the 
case of zonc refined material only. 

3, Reduced gravity f?tv.l\.c(rs easier wid nucleation and may favor c;~sicr 
bubble nucleation in C P  CBr4. 

4. .An initial tenlpszturt? glrdient of 20°C / c n ~  does not c:lusc bubbles 
to detach .- \rn a liquid-solid intcrLxe o r  to migrate tc, the hot end in liquid C ;r4. 

5. Solidificatiol; intertzces in CBr, are not ablt. to cause long distance 
(greater than 0.2 mm) pushing of bubles. 
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EPITAXIAL GROWTH OF SINGLE CRYSTAL FILM 

Experiment 74-45 

BY 

Dr. ivi. David Lind 

Roclc.vell I nternational Science Center 



Liquid phase epitaxy (LPE) is a method of growing crystals by bringing 
a substrate crjrskd into brief contact with a melt or molten solution near its 
melting point. Low% environment is of particular benefit to LPE because of 
the elinrination of convection during crystal growth, as \\.ell a s  sinlplification 
of the problem of initial homogenization of &e molten solution prior to initiating 
crystal growth. hlodest impimvements in crystal quality can have significant 
technological and economic importance. 

The objective:; of the experiment are to grow rn epitaxial film of gallium 
arsenide (CaAsj usin: the LPE technique in a microgravity en\ironment, and 
to examine, character ize, and determine the quality of the film produced. 

In this experiment, tu-o CaAs wafer substrates are mounted in a graphite 
slider move.: by means o i  a piston .o bring the G a s  wafers into x n k c t  with a 
high temperature ( -  720°C) saturated solution of G d s  in liquid Ga. At the end 
of 3 1 min growth period the pistor, was intended to retract the slider, thus 
ending the contact between the substrates and the growth solution, terminating 
crystal growth. 

the SP.4R 111 flight, the furnace ,u:d its control system \\orlad 
properly until the slic!er mechanism v:ith the substrate was moved into contact 
witii the h~owvth solution. The temperature readings became erratic at that 
tinle n ~ a k i ~ g  it difficult to determine \\hat tenlperab~re was near the go\\-th 
solutions. Post-flight inspection showed that the slider mechanism was broken 
c'uring substrate contact with the soluticn. !\%en the slider mechanism \\7as 
\vithdrawn, it hiled iemove the substrzte from ,.he growth calution. 



A temperature 3~11laly and mechanical hilure precluded achieving the 
experiment objectives. Alodification of the slider lnachanism has been carried 
out to correct tlie mechurizd problem experienced on SPAR 111. i\ post-flight 
analysis is underwng to determine the cause of the temperature anomaly and to 
make modifications as required to prepare the expel-iment hr reflight, expected 
to occur on S P . U  V. 



CONTAINERLESS PROCESSING OF BERYLLI L!M 

Expirimsnt 74-48 

BY 

Gerald Wouch, George H. Keith, and 
Robert T. Frost 

Spdce Sciences Lzboratory 
General Electric Space Division 

and 

F!orztar, P. Pinto 

Kawecki ,,rylco industries, I nc. 



Melting and solidification of a beryllium alloy conk~i~~ing  1.5 pcbrccnt &O 
by \\.eight in the \\*e!ghtles; environment of space has produced ;I nc\v tn:~teri;d 
not produced terrestrially, to o w  blowledge, ~ ~ w n e l y  c:~st  l ~ r ' y l l  i:!n: ,\.it11 :I 

re1 ~ti\.cly unilorm dispersion of Be0 throughout. Esrullinntio~: crf tht. cl;~st 

n?~terial shows that it is coarse grained, tdthorg!~ thc I3cO is not h t~ ; i~ - i l~ .  
agglomerated in the night specimen. Ground based i .~~- . . f i a r i so~~  cpc.1-iint:nts 
show ex*vme agglome~xtion and segregation u. I ,cO, rcs~dtil:.: j i ~  i ; ~  rgc Lonit s 
which a re  pract ixl ly free of thc oxide. Several posttdntcti h~yc\t l~cscs  for the 
hilure to grain r e S w  the berrylliunl have k e n  fs?.-~nul:lkci. Tlit.5~ ;wz: 
(1) spherodization of the Be<) :'xticles during speciinen prctpar:!~vn :rnd during 
the nlolten phase of the experinlent, (2) loss of nurl1e:ttioli pcbtc.nt.. thrcugh aging 
in the molten phase, and (3) inability of Be0 to nct as n grain rc5nt.r for 
beryllium. Further investigation with non-spherodized pa~tic1c.s :rind shortcr 
dwell tillles molten nlay delineate i~hich of dlcsc hypoff iescs nrc: \':did. Thc 
rzsults of tkds flight cthprinlent indicritc ffrst thc ~vcigi~tlcss l.!r\ iro;u::cnt of 
space i s  an impo:tant asset in conducting rescnrch to iizd >r:~m I ct'incrs for 
Ix.1-yllium and other n e w s  for which c:isl dislwrsio:~~ of grnin rclfinil:g rlgcnts 
c m o t  be pi-epared tcrrcstri311~. duc to glsaviirltiondly drivi'll s ~ ~ t l l i ~ ~ g  ;md 
ngglonlera tion. 
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SUMMARY 

This report describes preparatory ground based research and subsequent 
s c ~ ~ i t i n g  rocket esprinlent  wherein beryllium alloy HIP-50 was melted and 
salidificd in the ~veightless environment of space in the NASA Electromagnetic 
Containerlers Processing Paylo~d ( ECPP) on SPAR 111. During that c.xperirnznt, 
successful mclting and solidification was achieved. Although a stiff oxide layer 
formed on the specimen due to the lack of a clean vacuum environment for the 
specimen in this first containerless experiment, t..e technique allowed rapid 
radiative c3oJing and solidific~tion of the specimen and pyro~nctric observation 
of the specimen surface without interference from a container o r  hot oven walls. 

Cc qarisons with groimd based produced specimens show that the flsght 
specimen has a much more ilniform distribution of beryllia (BeQ) and is essen- 
tially unagglomcrated. H e a ~ y  agglomeration and separation was produced in the 
ground based reference experiments. The results of metallographic investiga- 
tions :md scanning electron microscopy 31% presented in the following discussion. 

It was observed that while the Be0 distribtition was uniform and unagglom- 
erated in the flight specimen, grain refinement did not occur and the castings are 
coarse grained. Several hyptheses requiring further invc,;Ygation have been 
formulated to explain the failure to produce a relatively fine grz-ined castirg. 
Thrise experiments ~vould require a shorter &ell time while molkn and utilize 
material 2repnrcd so that Be0 particles with smooth facets with sharp corners 
were present initially. 

Whereas nlany potential grain refining agents for beryllim.1 agglomerate 
and segregate from the melt terrestrially due 'to (1) Stokes collisions and (2) 
velocity gradient collisions, this experiment. indicates that the weightlzss 
environment of space is an important asset br conducting research to assess % 

the potency of thcse agents a s  grain refhers. The results show that agglomera- 
tion and separation times m e  greatly oxtended in the weightles~ environment of 
space due to the reduction in collisic~n frequency through pilvity driven 
inechanisms such as  Stokes c o l l i ~ i o ~ ~ s  and fluid motions induced by gravity 
driven convection. 

INTRODUCTION 

Cast );c-rylli~i~n is coarse grained and, consequently, britYe. Subsequent 
hot ,vorl:ir,g is ruquiru;l to refine the grain structbre before cast 'beryllium can 
be used t'ol ~ ? ? o \ t  :~pplic-;itia~~s. Bccnuee of the problems in casting and subsequent 
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hot working the cast  berylliur.1, p o ~ d c r  nletallurgy i s  used. Beryllium metal 
is principally produwd in fird for111 by consolidating a fine powder, usually 
No. 200 o r  300 mesh; that i s ,  77 o r  44 pnl, respectively, either by vacuum 
hot-pressing o r  by hot-isoprt ssing. Occasionally , standard cold pres.sing and 

; :4 
I. C d sinkring techniques a r c  uscd :o produce some material. SOPIC cas t  n ~ e t d  i s  
-+. used after hot working, particuinrly \\here i t s  purity md cleailincss cannut be 
74 - _  matched by the powder rnetallurgind product. 
,'<a/ 

The dcsirabilits of obhining fine grained castings of beryllium with good 
mechanical behavior has spurred rdsearch to find a s u i t ~ b l e  qrain refining agent 
for beryllium. Bnsed on classical heterogeneous nucleation theory [ I ] ,  a good 
grain refining agent should: (:) have a relatively high surface energy bctwecn 
the particle and the melt; (2)  have a lo\\ s u r h c e  energy between the sclid and 
the particle; (3) be stable in the nloltcn metxl; (4)  possess a maxinlurn of 
surface area; and (5) have optinlun~ s u r t ~ c e  character. Because of th: lack of 
information [ 1 j about the majority of these par=lcbrs, attention mairuy has 
been concentrated on 1:ltticc disregfstry khveen  Ihe nricleating particle material 
and the solid. Tbla s u r h c e  encrg. betwccn the solid and the particle should 
decrease with decreasing lattice m~smatch  bet\veen pa~cicle  and solid and with 
increasirg chenlicd affinity kt\veen particle and solid 1 1 .  Em yirictally, then, 
the sor~rch for grain refiners for casting has hegun with lattice disrcgistry 
behvsen the particle and the solid. 

Consequently, for one logical choice or'a gr:iin refining agent 
i s  CzO. Addi:iondly it h : ~ s  been shown [2j  that the graikl growth stabilization 
tcnlpcrature of Serylli~ml r:In be raised by an oside dispersion, the extent being 
inversely prc?ol.tional u, ~,:le particle size of the oxide dispersion. Thus, Be0 
might act  a s  a graii. refining agent to produce fire grfiined beryllium a t d  to 
stqbilize the grains produced, ,.  venting esccssive grain growth a t  high tc-m- 
peratures after solidification. 

Attempts to produce c:~st;?gs of lwrvllium with 3 unifor:n dispersion of 
BcO, terrestrially, have not bccn SUY: s r f i3  due to agglomeraticn in the liquid 
state of the oxide p:lrticlcs and subsequent segregation of Be0  from the melt. 
Agglonleration RI:I~ occur due to: ( 1) Stokes collisions, which a r i se  when-ver 
larger  particlcs rising o r  scttling through thc- mcit collect snlaller pnrticlcs and 
(2 )  gradient collisions, :irising \vhen particlcs a r c  stvcpt togcthcr by fluid flow. 
Stokes collisions require the v r c s c n ~ e  of n gravity field, while gmdicnt collisions 
mag originatc: from grxii ty intiuccci fluid flows such a s  convection I>ut lnay ,2180 
origin:tte from other sourc.c.s of fluid tlow. :\ discussion of thcse mechanisnls 
has been presented by L4indborg :rind Torsell 131. NASA Conf-rnct No. KXSS- 
29748 has nlso considered thcse collision n~cch:ulisn~s in respect to n,qglon~crntio~ 
in immisctb!c liquid systems.  



In the up~ight iess  environment of space, the reduced gravity shculd con- 
siderably reduce the agglomeration due to Stokes collisions and through reduction 
in gravity driven convection may also reduce :igglon~eratic~n d w  to gradient 
collisions, although other saurcds of fluid motion such a s  Alnranpni convection 
and stirring must be considered. Thus, in the weightless environment of space, 
a uniform c'isperbion of Re0 migl~t  be obbtaitled in cast beryllium. In light of 
these coilsiderations, a sounding rocket e:.perin~rbnt was f!.awn on the Kt\Si\ 
SPAR 111 sounding rocket. The experiment a d  the results >f tilt. c q w r i n ~ e n t  a r e  
discussed in the fr)11o?lng paragraphs. 

The experiment objectives were: 

1. To prepare cast  k ry l l i um with enhanced service p.mperties through 
utilization of dispersed oxide, C;eO, a s  s g r u n  refining -gent. Obtaining a finer 
grained casting of beryllium with a uniform1 dispersion of oxide throughcut w0ul.d 
produce a cas t  berylliux with enhanced room tcmpcrnme ductility, coupled with 
high temperature strength. This \vou!d ellmi .late the present probl?ms in sub- 
sequent hot working of the coarse grained castings presently produced to pittine 
the cast structure. This g ~ a l  has not been achievable in the terrestr ia l  enw-iron- 
ment becavse of tile unavoidable ngglomcratior~ w d  separation of BeO, as 
well a s  other potential grain ref-hing ngc3t.s fro111 tllc melt. 

2. To illprove thc n~icrns t i i~c ture  of c33t kry1Iiu111. r \~! l i?v~nl~i l t  ~f a 
*mifoimly dispersed oxidc phase in ingot kry1li~lr.l may Ic;~d to c.nh:mccolent of 
some service properties of krylliuil;  cvcn i f  grain refiiument i s  not achieved, 
provided that grain sizes do not escecd 100 ~ [ n l  and cio not grow \\hen the material 
is w01.1ied. Obtaining a unifc>rn~ly dispersed oside phase of s~lb,  iicron sized 
particles may produce d i s w r s l m  strcngthcncd cast i .~rylliunl 1 '. 1 and sk~bilizc? 
against further grain grab+& at high te111pe;;~t~rcs. Xcl~icvenlcnt ~ l f  n ~uliform 
dispersion of oxide can also &monstr;~tc thc fcrtsibi1;ty of cn~ting L;:rylliunl 
with additicrs other b a n  EcO ;e. g., titqnium, tungsten, ctc. ) :IS possiblc 
grair refi;ling agents in the wci;=htless cnviroru~lent of sy;tcc. 

iiIinimrun Criteria for S C C C ~ ~ S S  -- - 
To measure the succcss of thc csp:1-in~cnt in t e rms  of l !~!  cspuriinc 11t 

objectit; : !,reviously cliscusscd, a set of miniriiunl v r i b r i : ~  for succcss \\as 
established, 'rhesi: were: 
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2. Improved cast microstructure - gresence of a dispersed oxide ph?ce 
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in ingot beryllium. This will also indicate feasibility of using addltions other 
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3. Improved cast microstrtl.cture - finel cast grain size. 

1. Improved service prcyerties. 

Genera! Experiment Description 

The experimental Frogran1 followcd, leading up to the flight exper~..ient, ' 

accomplished the aecessary ~ r e i i m i u a ~ i e s  to the night experiment, including: 

1. The st'lectian of the flight specimen composition. 

2. The establisnment of cleanliness requirements during the melting and 
solidification, p&icularly with respect to watcr vapor ard oxyg-n. 

3. Grotnd based reierence experiments, represe~ting the best attempt 
to six~ulate, terrestrially, Yle conditions ~f melting, cooling, and solidification 
occurring during the flight. 

The specimens obtained from the ground based reference experirneufs are the 
basis of comparison between the results of the flight e-i-iment in the weightless 
env:ronment of space and what can be achieved terrestrially. The reriults 
obtr,ined in these ground based reference experiments were compared with 
previous experiments condccted in beryllium casting at Kawecki Berylco 
Indu~cries (KBI) also with the results r.f experiments conducted on NASA 
Car.tract No. NAS8-29626 [4!, 

:'.fter establishing the necessarj- preliminary data, the flight specimen 
compositiol: was seleckd ( I ~ I P - 5 0  KBl alloy) to be a hot isostatically prc-.wed 

f t : 
beryllium alloy containing 1.5 porcent Be0 by weight. The flight exyer imc~t  

j : 
consisted of nlclting 2nd soliriification u2 a spccimcn of this conlposition in the 1 : 
ECPP devclopcd for the SPAR program. Thc results of this experiment ~vcse 1 
then con~pared with that okained from the g r ~ u n d  based seferer~ce expc rinlcnts i '  ; 
performed, 
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Cro-und Based Experiment Description and Apparatus 

Ekperlmznts in the terrestrial ecvirom:.. nt were perf01 riled in either a 
hot wall hrnace at KBI o r  in the General Electric breadboard apparatus a t  KBI. 
The hot wall furmce was used to ?reyare i rang? of conlpositions of specimens 
by melting and solidifying a rare of conlpositions of hot isostatirBally pressed 
beryllium alloys. The Be0 conknt was =ried from 0.6 tc -1.5 pcrceilt !kO by 
weight. Melting a d  cooling curv,?s were obtained by optic9 pyronletry. As the 
thermal time constant is large in this furnace, tb? rapid hcatii~g m d  cooling 
capability of the X P P  cannot be duplicated with this furnace. Thl\-, ~ I I  no wa.: 
were these initia! furnace experiments intended to serve a s  the g r \ a ~ d  ),x.eSc 
n~te rence  experiment. They dic! enable the grain size, ngglomcrtltion ,-:I 

and homogeneity of product a s  functions of thc initial canposition :d slower 
temperature-the kinetics to )?e studied. The nietallographic : Sldirs 01 these 
specimens, r e ~ r t e d  ir. the folowing test, enabled the flight spccinien iwmposi- 
tion to be cnosen, i.5 pelcent Be0 by weight ( K B I  HIP-50  : !!oy) on the basis 
of smallest particle size obtained. All of these meltixlgs were conducted with 
laboratory gr2& -gun as the gaseocs ~nvironment. 

The General Flectric breadboard apparatus w ~ s  used tc  condu~i  the 
ground based reference experiments for melting and salidification of the HI!?-50 
berylliuni alloy. The breadboard chamber contairs a duplicate of the cusp cbil 
and r.f. tank circuit used in the fli&t chmlbcr. This npr.~rntt~s is (as  it i s  
named) a tresdboard of the ECPP, with a somc\vh.rt l:lrq;.r lc\it:~cion chamber. 
The chamber e m  be evacuated to 10"' tors  mc~ filled a iefl high purlty Drgon 
through a snld l  vacuun~!'gas supply system designed f~)r this pul \Qse. X mass 

. . spectrometer sucll a s  the VEEC 1 G X - I  .: s;. ,.al g:ls cr.i.lyzcr ma! 'a coqlec; 
into the cklamber to study the residual gases sent in tile ch:dllber 1-rior to 
and after filling with high purity argon. 

Two gzoilnd based reierence expcrirnc.nts, d u ~  licating k.sofr,r 11s is 
possible terrestriall! the flight esyeriments, \\ere pe~formcd :? this apkru'atus, 
heating, melting, m a  soiidif! ing ;I succilllcn c !  the 1;;;: HIP-5:' kryll iw-i~ alloy 
in the presence of high purity, reecn;.cl; gl-a~Jc :u::ol;. Th~.sl: t\rpc? nllents \\.ere 
performed at K 3 I . s  laboratory in P--r,ding, Pct~~sy;v:u~i;~ i n  .. ha12 Dc11it.y fur 
beryllium, utilizirx the brcadbnl d :lpp~: an:-. Thc a t , i ~ i l ~ ~ c n s  ( 0.922 cln in 
diameter ~ p h e r o f d ~  ?f IllP-50 ,ult,y) wcrc sting i\~ountl:rl on , 'n~ilgstcn st@ ilr 

';he cusp cod. The s;ecinlens arc heated ;mc! 1)- ' icd :IS in Sic tlig!?t. :IL,.:):L~;I~LLS 

by the r. f. induction field ot the cc.i:. Ec*c:.uso ~ w q l l i u n l  ss :i :ik:tt i:. I d  
3 (density 1, 44s g m  ,cnl ) ellough lvv~!.iti ;~;~ foxc  is pi-L)vic!t.~:i u:, ;l-c ( . IL. ,  !I) ;uppol% 

thc spcciwens mcl tIlc~) id noi il.~,i. do\\ll U l c b  S L . I ~ ;  001' kill u.11t.n ?.I. :tc>d. ' l ' t ~ , > -  

peraturc ' s observ.;d with ;I bre~d1x):lrd ~ J . ~ O I I ? C  tci  . u l l i ~ ) ~  is :I ..l~!l;lic':it \il' cllo 
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flight pyrometer, and a disappearing filament p-yrometcr looking through the 
observation port down onto the specimen through the mi r ro r  system provided 
in ;;he chamber for this purpose. The performance and results of these experi- 
ments a r e  described in  the following hxt. 

1 f 1 >;.; . . 
! Flight Experiment Description and Apparatus ,c:f J . * i  

- 
. . . i  ;& :  - -  ;A : f ; The flight e-xperhent consisted of nleiting m d  resolidification, under ."I ;- - ; 

? f 

18  psi of r e s e u c h  grade argon, a 0.922 cm diamctcr, spheroidal specimen of 
-3 &?I HIP-50 Lrryllium alloy, containing 1.5 percent B e 0  by weight, in the 

-.$ - i . .: - 
ri . . .% 

.* ightless environment of space. The experiment was performed in the NASA 
. < P ; 

-. . I - -.. a C P P  flown on XASA SPAR HI. A schnmatic of the ECPP i s  shown in Figure 1. 
1 . - ; : a  

: - j '  3 : .  Figures 2 and 3 show photographs of the ECPP and the levitation chamber, 
I , f  . - 

!. . - -:; - . i .  . respecti\T?ly. -- " & -., = 
I i 

8 > .  . . 
- . . ;:. 

. . 
The specimen is suspended in the electromagnetic field of the cusp coil 

-. i . " ;  

; X- . and heated and melted by induction heating h m  the electromagnetic field of the 

? coil. The cusp coil consists of adjacent coils having opposing al ternat~ng 
i -'. 

.:- magnetic fields. The potential ~ ~ 1 1  in which the specimen i s  con6ned is 
f .! . t - ,  . . symmetrical about the vertical axis and r o ~ g h l y  shaped as shown in Figure 4. 
f An active servo p0sitionir.g system is  utilized to maintain the specimen in the 

. . - ! . .  . - j/ i center of the coil system against accelerations during the flight a ~ d  to damp 
- -  . % . . ; ,'., - 7 

out oscillations of the specimen in the coil sj-stem. During the low power mode, 
. . f :, 

-. . > i ; after heating and melting, the specimen solidiEes with very little stirring. 
. .! _ .  I . . -  

The rocket-borne ,app,watus is described in thc End Item Specification, 

I - * : . I ; - 3SL-ECPP-001, prepared under ?\'.AS.-\ Contlrct SXSS-36797. Drawings of the 
. - 1  . ,  

I 
apparatus arc referenced in this document. Jlechanical , electrical, and 

. . .. . - I . ,  Lunctiond interfaces with the rocked and prelaunch check-out equipment a r e  
. + 

i - ,  . G 

- I  . detailed in the F ind  Interface Control Document, SL-ECPP-009. Further . i .-! 
. - I  ! information on the rocket-borne apparatus may be found in the f ind report for 
. I .  - < C 2 

i 
. I  X.4S.A Contract SASS-30797 and the Experiment IniplcmcnL~tion Plan for 

Containerless Processing of Rcryllium prepired for S.-!S=\ Contract X.AS9-31963. 

The processing chamber was cleaned, evacuated, and h k c d  out for two 
days 3 180° F. Mass spec t r~me t r i c  analysis of the rcsidud gas shcwed less  
than 50 ppm of water vapor and oxygcn present after evacuation bcfore filling 
with research grade argon. The research grade argon uscd contains less  than 
2 ppm of oxygen and 3 ppnl of water vapor, and \vxs dried by passing through a 
c ~ l d  trap with liquid nitrogen as the coo1,mt. n u s ,  the water vapor and oxygcn 
content o l  the gas was sufficiently lot\. enough to prevent cxcessivc oxidstion 
of the specimcn. 
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Figtlrc 2. IYorli coil .md matching ~rmsforn~cr. 

Figure 4 .  Ficld 1 incs tbroufh vertical plane section of cusp coil. 
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;t.* - \  i The experiment sequence is controlled by a timer, which switches full 
- - .b 
.. . -+ 1 : 

power on 50 s after launch of the sounding rocket, when weightlessness has 
! I ;-7 - been established, and then into I lowT powered mode approximately 160 s after 

:. * launch, so that the specimen may solidify. The ECPP is 1 I 1  automatic in 

~. operation when the timer sequence is initiated. A movie camera records the 

, . 
heating, melting, and solidifica.tfsn on film and a solid state, silicon detector 

< 
" . records temperature data acting a s  a photometer. A full record of visual and 

.. . 

.' ten~perature data is thus obtained. The perbrnlance and results of the flight 
: - 
. - i  , 

experiment q e  described in the following fex;. 

MPERIICIENT RESULTS - 

Ground Based Experiment Results: Basic 
bIetallurgicd Studies 

. . Ground experiments performed were: (1) basic metallurgical studies 
: I I . . and (2) ground based reference experiments. The basic nletallurgical studies 

i . \\?ere performed in a hot w d l  furnace at KBI in conunercial grade argon. With 
this furnace, the fistest cooling rate attained was 8S°C/min and cooling rates 
varied 450C/nlin to 85°C/min. Beryllium, with cornpositions of 0.6, 1.5, and i i  

; 1 2 percent Be0 b3. \\-eight, were melted and solidified in this furnace. The 0. li 
percent and 1.5 percent Be0 alloys \\.ere high purity while the 2 percent Be0 

i I 
alloy was co,mmercial purity. All of the alloys considered were prepared by 

- 1 1  hot isostatic pressing of powders and a r e  standard KBI alloys. 

Castings of these compositions were made of 0.922 cm di.uneter 
spheroidal specimens on a ceramic plaque (BeO) in the hot wall furnace. The 
basic metallurgical studies established: (1) a gravity effect on the EkO, shoiving 
agglomeration and settling, with the highest concentration of Be0 a t  the bottom 
of each solidified specimen; (2) sonle rekined Be0 in the castings; (3) grain 
sizes of the order of 500 pm. The best castings with highest retained Be0 and 
smallest grain size were with the 1.5 percent Be0  by weight composition 
(HIP-50 alloy). Consequently, this composition was selected to be the flight 
specimen composition. The .agglomeration .and settling observed were expected 
a s  this has been the previous result of terrestrial casting experiments. Retained 
oxide in the oastings, however,  as encouraging. A s  these experiments were 
preliminary to the ground based reference e ~ ~ c r i m e n t s ,  no detailed SEhI .analysis 
was made of the oxide distribution. Snraller grain sizes were found a t  the 
surfaces of these castings not in contact with the ceramic plaque, where the 
specimen cooled fastest by radiation. They were not small enough, however, 
to be of significance (less than 100 pnl would be significant). 



-- ~.-.~ ----- ~ --- ~ .~ -- 

Electric breadbcmtd hciii ty cxmstituk. ths beet attempt, tarrestrially, bo ' 

du$icate tho flight cqerimont.  These cxpertmants were perhrmed with 
- syhemidal specinlens of the KZ\1 HIP-50 d o ~ ,  appfoximstely 0.-928 cm la 

diameter at a prossum of  1 Wr of rosearch gmde argon. The results of 
these experiments constfhrtc. the rekrenrx. eon!parismt ~~ what cen be 
achieved terrestrially :md what c:tn tw :rchic\ud in the \wightless Qnvimnmed 
of space, utilizing ~ppdritt\ls idcnfiC:tl in cssenti:tl aspects b the flight experi- 
ment app:~rtus. 

Figure 5 shows the heating tutd cooling curwe as observed by a dis- 
appearing Eilml~ent p)?um~cter rfuring the e x ~ r h e n t .  The specimen sas sting 
mounted upon a tunpstc~-rhsniun~ thermoi.ouple. I'ompmture-time data were 
recorded from the brt.ndbo:rrd yyxwmctcr and the themlocouple. However, the 
breadboard pyrc--tar szttur:&d bebrc nwlting and the thitrmocouple data were 
not reliable due to poor conkwt bt\vcc?n thcrtnocouple and spechen. The 
disapponring fflatl~rnt pjTomctcr rink1 a r c  rcli:lI.de ho\vowvr and, consequently, 
are the presctitr.d. 

Prelin~innry tbsyw.rit,ronts, conituckd by inchiction melting small beryl- 
liunr snnlples of :\ mass : \pj)r~xi~~~:\tPly eqml  to the flight specinlen geometry 
in a glow- box, \wrc ch:\r:tct~~'izc\d by n~icrostnicturd etnluntioa These 
spclmens ccnsistcd of h t~~yl l ia rn  .rlloys with from 0.6 to 4. 5 peace& Be0 by 
yeight. The \ariablcs i ~ l v ~ s t i g a k d  \ v ~ r ~ :  ( l j  nnloimnt of M, (2) purity, (3) 

- rrtmosphorc (argon o r  \.ncuunl), (4) ii\vcll tinw in the nlolten state, and (5) 
surfnce condition. 

Hcnting ant1 twoling r:\tCs \vrrtX I * I C ' ; L S ~ ~ C ~ ~  by optical yyrometry. The 
m~. imum cooling r:\te olrst*~-\vd \\.:IS S,'r°C' 'min. This i s  a t t r i h t cd  b the 
relatiwriy 1.wgc m:tss of tllta h l r~x i~ t> ,  S ~ I S C C * ~ ~ O I * ,  :wd crucible used. Superheat . - 

o b i n u d  wns 70 to l W 3 C .  lit*c:~lt~scc~nct* \\.:is ohccrvod un ircczing of dl melta 
~4th thtl osccptian #> f ontb : ~ t  311 ;li)p.:*c~t'llt kt\i*zit~g tt\nq~r:~t\irxi of 1200 to 1220°C. 
It \ws nlso ob*r\vd tlxt'llt :ut'll :~pprosinl:ttcly 2 ;tm IkO surf:tm 1:tycr' fiorn~ed on 
dl yieccs- rog:u'dlt~ss 3f piirity ;~II(I  lk>C) C'OII~CII~. 





- 
apecimans p&duced large grained with a aver- grdo size 

of 500 pm. Voide were leff where low melung inlpurity phases had melted out. - 

Figure 6, taka with polarhad light, shows the typical microstructu-c pmducod. 
Fiyre 7, taken in bright field, shows the voids present, From these studies, 
two compositions were mlected and those ~ e 1 . c  0.6 d 1.5 pcrcont Be0 by 
weigh& High purity specime& of these conlpositions wvcr~ solidified in the 
previously mentioned facility with cooling rates approximately 65 to 80aC/min 
and examined met&ographically. The 1.5 percent Be0 materid shoued the 
smnllest grain size observed in the interior of the specin~en. In constrt~st, the 
0.6 percent Be0 specinren.shavcd n relatively BM' grain S&L. n e u  the surhcc 
and extremely lsrge grajns in tho Interior. Therefore, the high purity 1.5 
p e w n t  Be? mat&i@ was chosen as the flight spucinlen material. 

Tbe flight and ground based experintents \\-re condwtcd an material cut 
born 3 sfngle pressing. T ~ b l e  1 shows tho mechanical prope~ties based on an 
avorage of six tests, and Table 2 shows tha grain size and chemistry. Two 
nlelts \\%re ~nnde fkom the flight material using the prc\lously mentioned 
facility. The measured cooling rate of both melts \\%s GOoC/n1in. Figure 8 
sho\v3 the starting pressed microstructure, and Figtrre 9 sho\\s the micro- 
structure after melting and solidification. 

Two cxperinlentd meXs \\el% made in the Cicncrnl Electric brendbard 
facility using flight spocin~cn nwtcritd machinod into 0.922 cm-dinnleter mhcrcs. 
Nicrostruchirc e ~ l w t i o n  confirmed wsulb of thc previous \\ark which \\as n 
relatively 1=ge grain size (though sonlewvhat ssmnllcr thm p1-trviously foimdj mld 
davelopnlcnt of porosity. Figure 10 (polarized light) and Fieire 11 (bright field) 
show the typical grain size and drape :md thc \?aids, rc.syccti~-ely. Thcse t\\?o 
experiments constituted the ground based reference cx7>t'rimerrts for comparison 
with the flight specimen nt icrostructure . 

Oxide Particle Distributions - 
Using scanning clcctron microscopy, t h~ \  oxictr. p:lrticlti distributions in 

the giwtmd based rcfere~lcc spc in~cns  \\-re clr:~r,~cterizc.d. Figurc 1.2 i s  a 
nlontnge of one of t l~c  specimens made up from 305 SEhI microgsnpl~s :tftcr 
sectioning 'and n~ct:dlogmphic plwp:~r:ttion. It is tiu. rcbstdt of the e~ycrimcnt 
duplicating (insofar :IS possible) tllc flight cxperimcnt, tc~rsstrially. It is ' 
obser\vd th:~t gross :~~:gloulcr:ttiou :utd scgrcg:ttion of 1 1 ~ 0  h;t\*t. occurrcd, - 

'l'he dark areas are \?rhtSly "cleitrcd out" of osidc, \ v l~~rc :~s  the ~vltttc ;\reas 
contain heavy agglomcrnt ions of osidc . G rolmd b:~sc.cl rc fc.rvncc spcclnlcn No. 2 ,  
which was nleltctl und solidified ~ t .  n slo\vcr r:itc, r~shibits the s:mc hhn\?ior 
showing gross ;\gglonlcr:ttion and s~grogittion of 1:,0. 



F i r  . T~l ) i c :~ l  I:: ic r-cjst .~' . :~ t u n .  !I I.(JI~L:L'L' d front pruliminwy furnace 
cxpcrin~r. tlts I\-I~!I 1 : i [I-.; ' nl!r~!-. 3T~gnifiontion is IOOX. 

'r.2.1:1i i! ili: !~ul:criz~:..d light, 

riguro 7. R r i y l ~ t  fic.hl~l :~~ i t .~ .ng r . l l~ l l  sl~u\r.ing voitls produced from 
prclimiiin ry l i ~  lh t3 : t r ' t  -::!l~n r i t~l~ai~ts  ji it11 11 I P-50 dloy. 



TABLE 1. hIECHr\NIC;\L I'IIOI'ERTIES OF 111P-50 ALI'OY BILLET, 
BILLET IiUitIBEII 7304-1.1 

Ijltin~ntc 
Tensile S-icld 

Grain Size S&cnb$h Strength 
(W) ( lisi) ( h i )  Elongation ( % ) 

3. Ci ss. 2 66.2 4.2 

(Based on (Based GI (Based on (Based on 
metidlographic avcr:igc n vcrage average 
measurements) of ti tests) of ti tests) of 6 tests) 

, 

T.4BLE 2. CIIEEIIc.\L PI'RITY OF BILLET KUfilBER 
-;;lo.1.1.1 (I: IP-50 .-~LLOT) 



Figure 8. ut ing pressed rnicrostluch~re of HIP-50 alloy. 
blagni5cation is SOOX, 

Figum 9. Microstructure produced I~~oonl prelim imry furnace 
experiment with H I P - 3  alloy m:~krial cut Irnrn flight 

billct. 3lngnificntion is LOOX. T:iltcn with 
pola~izcd light. 
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Figure lu . hIicrostruchrre produc~d from ground bssed reference 
experiwcnt 80. 2. 3lapificstion is 100X. 

Takcn with polarized light. 

Figurc 11. Bright field micmgr.zph showing voids produced kom 
p o l m r ]  bnsp:i rrfrll.rncv c - ~ ~ t - T i ~ > i c l t  30. 2. 

l!ag~ific:~tion is J OflX, 



. . . . - j .  
Figme 12. hlontage of 30X SEN microgr:~~hs of ground bnsed reference 

1 ' !  I specimen No. 1, reduced to size for roprodilction. White regions 
. 1. are henviry agglomernhd regions, Gmk arcas are 

cle?med 011 t 
I i 

. . ! 
Detailed SEnl studies to mng?ifications of 31) OUOS \!?re made of the 

1 ! vvious regions comprising each spccimcn. An o ~ ~ r l n g  mras m:lde for each 
t . . specimen and the regions ln'belcd alphabiicnllg. Figures l R  through 16 show 
1 " region A of ground bnsed spocinlen No. I with inng~ificntions 1000X, 3000X, 
! 10 OOOX, and 30 OOOX, respectively. Tq.his is 1 rcgibn o l  nroderatcly hcnty 

oxide concentration, having a volume frsction o t 2 perccnt, determined by 
: : 

. m i  - . Qumtimct Analysis, for thc 1001)B micrograph. A s  can be scen in the 30 00OX 

micrograph, the oxide notworks are ccrnporrd of :tgg!omerntcs of small oxide 
I ) 

puticle s ranging in sizc &om 1). 0 2 to 1.3 pm. 
i 

Figures 17 thraug:~ 10 she\\- region R nf groi4nd bnscd specirncn No. 1, 
with magni flcntions 1000H, 2000X. 10 000S, n, am XI 00L1X, rcspccti vely. This 
is a region dmost dcvoiu 01 c~xidc ,  lndt~g a rol tm~c .an of 0.002 percent 



F'igure IS. SEM inicmwph of Region A at 20000X ;naeni~cabEm. 
Region is wt heady agg$lomerakd, 

Figure 14, SEM micrograph of Region ~'l at 3000X magnificatfm. - Region is not heavily agglanerated. 
. 

vl-21 



SEBI micmgmph of Region A at 10 000X mngminilicntion. 
Region is not heatily agg1omemM. 

:ELI n~icropr;tph of ltcglon A nt 30 magnification. 
Rcgion is not heavily a~;fitonrcmbd. 

m-22 



Figure 17. SEN nlicrogradl of \legion B at lJ@oS mnvileation. 
Region is virtually mid  of d l  oxide but on. rompnsite pnrtielc 

mmp=cd of oxide p:~rticlcs collcckd by callisions. 

Figure 18. SEM n~icrngmph ul' Ilegion I5 a t  ::k~d~lS r~ra@Iific:ltion, 
Region is rirtu:~l\y will of :111 osid~x but on,* o~mpos i te  pnrtlcle 

coulposcd u l oridr p:.rticlr s collcctcd by 1.011 isi,ms. 
Yl-23 



F& 19. SEBI micrograph of Rcgion B nt 10 00OX magrtilication. 
Region is l?rtually mid  of  all oxidr. but one mmpositc particle 
; mmpwed of oxide particles collected by collisions, 

Figurn 20. SEA1 nr icrogr:~plh of itcffitln 1J :lt 30 OtlklS n1:lgnt fication. 
Region Is virtuatly w i d  of all osidc hnt on,* cl~~rtposlk p:lrtiele 

composcd of oxicls p:~rticlt*s collc~*tt*ti I T  r8rjIl is ions. 



for the lOOOX micrograph, determined by Quantimet Analysis. Figures 21 
through 24 show region I of ground based specimen No. 1. This region is one 
of heavily agglomerated oxide. Ground based reference specimen No. 2 i s  
similarly made up of regions of heavy oxide agglomeration and regions devoid 
of such agglomeration. 

Figures 25 and 26 are plots of the oxide volume fraction determined by 
Quantimet Analysis of identified regions of ground based reference specimen 
No. 1 for lOOOX and 3000X micrographs. Figures 27 and 28 a r e  corresponding 
plots for ground based reference specimen No. 2. The fluctuations observed in 
volume fraction a r e  indicabve of the gross segregation of oxide observed in the 
terrestrial  experiments. The differences a r e  so large that four decade semilog 
paper were required to display the plots of volume fraction per  region. The 
plots were normalized by volume fraction of region occupied by the type of Be0 
structure exhibited and to the initial Be0 distribution bcfore melting. 

Flight Experiment Results 

The flight experiment, flown on December 14, 1976 from White Sands 
Missile Range, performed the me1 ting and solidification of a 0.922 cm diameter 
spheroidal specimen of HIP-50 beryllium alloy containing 1.5 percent BeO, 
-rider 15 psi of research grade argon, in the weightless environment of space. 
Table 3 shows the Major Event Record constructed from the telemetry records. 
Despite the failure of one of the power amplifiers 139.4 s after launch, the 
experiment operation proceeded a s  planned. The amplifier failure reduced the 
arr.ount of superheating obtained. The major variable in the experiment was the 
weightless environment of space versus the terrestrial  1-g environment. The 
equipment operation is fully discussed in the final report for NASA Contract 
p*,  . NAS8-30797, wh'ch was the hardware zontract for construction and delivery 
LO NASA of the ECPP. Only the pertinent aspects of equipment operaticn a s  
regards to the experiment will be discussed herein. 

Figure 29 is a macrograph of the specimen after solidification. A s  i t  
was spheroidal before melting, there has been considerable shape change induced 
by the electromagnetic field configuration of tile cusp coil. The specimen has 
aTsuaeci the "equatorial bulge" shape characteristic of the cusp field a s  
pi .  .iously discussed. The stiff oxide layer prevented the specimen from 
,ssuming the spherical shape dictated by surface tension while illolten when the 
power i s  turned down to initiate solidification. The cracks normal to the surface 
about the equatorial ridge a r e  evident in this photograph and in the view shown 
in Figure 31. Figures 30 and 31 a r e  other views of the specimen. Possible 
explanations for the cracks a r e  shrinkage o r  mechanical s t resses  supplied o r  
a combination of the two. 
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REGION OF SPECIMEN SAMPLED 

Figure 25. Oxide volun~e fraction produced iron1 Quantimet :\n:dysis of 
lOOOX SEM micrographs for ground bascd refcrcnce specimen No. 1 

after normalization to total volumc frtiction occupic!d by each 
type of Be0 structure cshibitcd :~nd to the initial 

distribi~tion boforc inciting. 



REGION OF SPECIMEN SAMPLED 

Figure 26. Osidc v o l i ~ ~ n c  t'r:~'*ticui ~)l*odui~c~cl fro111 C$u;lllti~llct ; \ I L ~ Y S ~ S  of 
300UX SERI rn icl'ogr:~phs for gl',>lll~d I~: i s~-d  r,> G\rc\~lc'c' specinlcn No. 1 

aftel' nornl:dii;~tlon to to td  voluulc ir:lc.tinn c~vcupicd by each 
tjl~c' of I',,.( .-; t r~~ c turc>  c ~ s l l i t ~ i t ~ ~ t l  :I 1111 t,, tllc initial 

t l i , - ; t l ' i l~\~l io~i  I~>c.t;,rcb ~ l l c> l i in~ : . .  
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REGION OF SPECIMEN SAMPLED 

Figure 25. Osidc. v o l ~ m ~ c  fr:~ction produceti h.oul Qu:intin~c t ..\lmd y s i s  of 
3000S PER1 micsogrnphs fol. pc>und b n s ~ ~ d  r(>fc l . t \ !~~c  speri~uctm No. 2 

nttcr nornldic.:~tion to tot:ll \.c\lumt. f.-:tction o ~ . ~ u p i c d  by tach 
type of kt0 stri~c*Rurt~ csh ibltcd :lt\d to t l l '~  init id 

distribution h l f o r ~  111~ltiilg. 
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TAR;.E 3. a!.' .ion E \ ~ N T  RECORD 

t t -50.5 Event - 
0 0 . Launch sign;ti 

50.5 0 P o \ f ~ r  on, slwcimcn oscilln tions noted 
85.9 35.4 First rc:c:lding from solid s t:ttc ~ ~ r o m p t e r  

94 33- 5 solid s b  t~ Pj-rornr trr rr5:lches ns)n~ptotic rending 
he.lrly in s:~turntion 

12L3 70.8 Shape oscil Intion siwd c~mplct ion of melting 

139- 4 $8.9 POW, rcductinn s ig~:n;tl ( 53'. ) , :,ntkry \olbge 
incrcasc 

159.7 109.2 Tnitintion of lorv p n a r c d  gusitioning- mode 

169. 118.5 Attninnlent of low po~ri*rrd 11lod~ 

261 210.5 Loss of tclmmtq signals 

Figurc 21). Fprcim:.n sidc 1 ltsw n Rcr rcrovtaq  showing rquatorid 
and polar Ln~lgc. : ~ n d  su~.l:lro pvnr t n t i o n  uI shrinl~qg~ ccvi ty. 



Figure 30. Specimen end view 
with shrinkage cn vity, 

Figure 31, Obliq?rc view from approximatc 
anglc of view by movir, camera, 

ORZEWAL PAGE IS 
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of t h i  e & r d  m a r s l ~ s  on specimen appsr&t in  ~igp&$:sd;- 'r: 1 ..',': ' 8 . ' -  

and Sl may be indenbtions cause$ by -the r. t :work coil. It isobvious &om ? ,  .?: . . .  : 4 
both the telemetry t ta sod th& movie record that-thk-specimen did not c o a c t  : 1:. - .. . , .: . 
the coil u n $ + g y A - G d  belorv a dyll n d  heat, except, possibiy, at .!he 

, -- . ... _ 
iii~iizni@f-sudden <:-:ape cllsnge at tl.. rno5-d of complete xhelting. The stiff, . . .".? 

oside coating would havc retained kheae markL.gs. After the sp3oir?n had 
cooled below the sel f-lumkseence temperature ( cluing reentry) ; to-ces 
between the specimen 2nd the coil muld not have been smcient to czuse such 
indentations. because the only niailrzble force aauld have k e n  the inertia of-  
the spcinlen w4-hh muid have reached only appro&aklx 70 gm . undcr . ad 

, . . . . . . .  -- -' assumcri 70 g Y G C ~ ~ E ~  impact. . -- , : -. 

. hrhg the esperiment a r e m r h  of the I Lents wcre recorded on film by , 

'.e motion picture camern pro~:tled, and t e ~ ~ e r a h r c - t & i .  data u v e  recorded 
by telemetry sign-9 &on1 the ff i&t pyrometer, Since the F:-~rauleter tempera-. . 
tule range was not stu'ficientl y %rwad lo include the superheat region, &is 2. 
poltion of the lrcord r v l s  not obkillrd. The measured melting intcr\raI'iuld 
cooling ctwve will bc discussecf in Appendix A 

Telemetry ;md n:otinn picturc rwords show that the ECPP performed 
wc:ll the hs1; of !1~:1t1ng, n~clting, :mu positioning the specinlcn. This is 
discussed in detail in the 1,:lS:I co~~trf ict  No. SASS-30'797 final report. -Aside 
from possible initial contact with the coil during the shape change upon melting, 
the specinLen was not at my other iinlc in contact with the coils and was stitbiy 
positioned while i~lolkn. The e x ~ r i u l e n t  proceeded in dl essential :~spects as 
planned. The results :ire discussed in tt-e following test, 

Grain Size md hlorpI1olo~y 
. :,s : : f - ..,.. ,; -:..-,;:<- , ., 
., * ---- ,..,+>I 

1 n  addition to the surhccc shape an@ -markings described elsewhere in - .* 
.. - 

. . this report, m-xo  st idy revealed the prcserlce of a single shrinli hole and many 
surface ermks ;Trg. 29). Study of the rnicrostru~ture (Figs. 32 G33) 
ret.~?dcd ;L relatively large ik rage  grain size cf 700 pm, porosity, and twinning 
iu~d cratkfng. Although twinning can be induccd during sectiorling,. it is most 
unusual that of the 17 Firpe g r a i ~  sized specimens sectioned, tile flight specimen ' 

, . was thc only one c;.nc:kcd and twinned. 

W i t h  the very large grain size cvidcr ': in the ilight specipicn, neither - .  - .- ,, . . 
grain r~fincment u i  the u $yllium nor retardation of p i n  i r 0 ~ t . h  w@obtzincd, . . . ' .  ', *- . .. 
although ictailcd a~zlynis of tllc disp:rsior, of BcO shoked that t.e Be0 was ,. - . . 

../. 

~~nagglon~crated and uni fornlly clispc~,scd t'lroughogt the melt. T\is will be 
;-,ym .. .I - 



F i r  3 I'yp!~-d rlnlic~rstrut~tu~~. t*s!lil:itt-rl in  lIig1.t sptc-i-!~en. 
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discussed in a later section. I t  must be concluded, in light of the previously 
mentioned results, thaC the Be0 di.! 2s: . rc i  iu retine the g~a!n structure and 
that the minimum criterion of improved microstructure through obtaining a h e  
grained casting (grain size less than If10 pni) ;vas not ohined. 

Oxide Parbcle  Distribution 

F'igure 34 is a montage of 3UX SEX1 miclwgraplis of the flight specimen 
after sectioning and metallographic prep:~ration. It is evident that there are no 
cleared out regions devoid of oxide in the flight specin~cn. There i s  a darker  
band with less oxide present, but Qumtinlet .\nzl_vsis shows that there i s  still 
considerable oxide present in this region. Fi.~ur.es 35 through 3S show the oxide 
distribution at magnifications cf 1000X, 30005, 10 0005, 30 000X, respectively, 
in the lighter region and Figures 39 through 42 that in the darker region. Plols 
of the volume of oxide for different regions a t  l O O O S  .md 3L\OOS, respectively, 
obtaimd by Quantimet .L2nalysis sre sholin in Tigurcs 49 rtnci 50. It i s  evident 
that even in the darker region, the oxide level is high although below that of the 
HIP-50 powder nletallurgy starting material. 

It can be seen that the oxide nchvorks a r e  tlladc up of osidc particles in 
size ranging from 0.02 to 1.3 pnl. Figures 43 through 46 show tile riside dis- 
tribution tjipicd tcr the HIP powder nlckal1urg-y material a t  nlagnifications 1000X, 
3060X, 10 OOOX, and 30 0005, respectively. It i s  c\-ident d ~ a t  the oxide nehvorks 
in the darker region of the flight specimen a r c  nlost like those of the s h r t i n g  
material, even though the flight speciillcn i s  uo:u'se grsincd and the pmdcr 
metallurgy material very fine grained. This i s  n very encouraging re.:*dt a s  in 
this region the oxide network structure did not change much, cvcn though the 
specimen was molten. It will bc observe3 tlwt thc volume fkaction results 
obtained by Quantinlct cu!d k ijl_uikli on iine,ir g ~ ~ a p h  p:ipcr. There art? no 
cleared out a reas  devoid of oxide. Thcrn a rc  :dso no very white a reas  with 
heavily agglomerated oxidc. In every rcgion of the specimcn there is appreciable 
oxide content and no gross  agglomeration n ~ l d  scp:lr:ttion :Ire evident, 

It was deternlined by micropr~lx.  :ul:dysis (SEN i ~ ~ i c r o p ~ o b e  atkchnicnt) 
that silver flakes a r e  present in  the specimen surtqce oxide coating, and there 
are silver inclusions on the scc t i~ncd  surf;icc thc flight spccinlen. These a r e  
shown in Figures 47 and 48, res~>c.ctivclj~. It was dctcrniincd that the silver 
inclusions were a polishing ;trtif:lct on the following basis: 

1. The silver particles a r e  sharp bcctcd. H a d  they k c n  present in the 
molten beryllium, they ~vould h a w  either gone into solution in the bcrylliunl o r  
h e n  spherodized. 
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Figure 36. SEBI micrograph oT lighter region of flight specimen at 3000X. 



I;YgrTe 33. SEhE micrn::r.al~h of lighkr r~gion of flight spcimen %t 30 000X. 



Figure 40. SEA1 mic~wgrayh of d-rker region of flight specimen 
at 3000S magnification. 

Figurc 41. SXAI micmg~.t~pll of ti:tt.l;rr rccion nf [light syccin~en 
:kt 10 U U l K  IZI:ILV~ f i ~ ~ : i t i t > t ~ ,  



Figure 42. SE31 micr9graph of d~rker region of flight specimen 
at 33 OOOS magnification, 

Figure 43. SEhI micrographs of initial oxide distribution befoxr 
melting in f l1P-SO dloy a t  1000S magnification. 



Figure 14. SEN n~icrogrnphs of i,:itinl oxidc distribution before 
rite. i i i ~ ~ :  in HI]'-56 d loy  fit SUtlOS magnification 

Fiyrc 45. SF131 n~icragrnp?ls of i n i t i ~ l  osidr distribution bcfoxr 
melting i l l  I 1 1  P-.;r) ;~ l l oy  : ~ t  10 O O R S  nl.lgrlific:~tion. 



Figure 46. SEN m icro:r:~ph of itli tisl osidr: disf ribution behre 
n~l?ltinp in N I P-50 alloy :lt L'O r!f l lK ni:~gni fication. 



F l w c  4s. Slltrr inclusions in specin~en. 
31agnific:ttf on 2000s. 

.I -. A transwrsc section to Chr section rhcrc they .ue present did not 
rc\md my silirr inclusions in thc spccinlm. Thc silipr on the speclnlen 
surhcc oxide conring is not n polishing artibct but Nso had to h dcpodted 
altrr solidilicntlon. Otl~ck?visc it rmuld ha\r d i s so lv~d  in the beryllium or 
spharodized on the sarf:~ca (silmr n~clts : ~ t  961QC). 

Most of the solder used in tne ECPP c a n t - n s  silver .md, while sW1 hot but 
solid, the specimen rntecd around in khe coils nnd Ua ECPP 11ns shaken 
considcrab1~- tlurinp Ulr reentry m d  impnct ~vith Lhc wound. Thc sillper in the 
form of finkcn wns IIP~OSII.S~ on t j l ~  sp~cinlcn d t ~ r i t ~  this perfmi md 1rns mt 
prcscnt during the eqwrimcnt and is kl lcvtsd  to h : ~ ~ c  hnd m cffect on L e  
c v r h ~ r c n t .  

:In cs,an~inntlon :md conly:~rison o l tl~c Qunntimr t idoh of ~olumc frnctlon 
of TlcO br N ffcmnt rcgiona of tlr ground b:~scd s?wcblcns and the flight 
spccin~cn (Figs. 27, ''.; - , 211. 30. -10. 50) show thr fligl~t spch~cn 1s much more 





REGION OF SPECIMEN SAMPLED 

Figure 50. Oxide volunle fraction produced from Quantinwt :\n:llysir Q€ 

3000X SFlh.1 ~nicrogr:~phs for flight specimen No. 1 aRor 
n~rnidizn:ion to total volume frttction occtipicd by 

cnch type of R e 0  s t~ .~~cturc-  cxluhibitcd :und to 
thc in i t id  distribution before niclting. 



uniforin in oxide distribution from the ground 11;lsed sp~ci incns.  'l'llt: flight 
specinieti has no regions devoid of 01i:le a r  regions filled ~vitli osidc .-s has both 
ground based reference s!, ,ninlens. The reason for tliis i s  postd;~ted to be the 
weightless environn!ent of space, where thc g-levc.1 has h--n reduced to lo4 g 
during the nlelting and solidification. The Sbkcs  collisions (:\ppctdix B) a r e  
reduced fo? u gii .I distribution ~f par5cle sizes directly in proportion to the 
reduction in g-lzvel, and the separation time i s  'nverscly proportionid to the 

--dl g-level. Hence, on the basis of S t ~ k e s  collisions :donc, thc tinic for nggloniera- 
, .. . - 1 tion and separation to ciccur should be grc:~tly exknded in the \vcightlcss 
... i environment of space. 

Collisions due to fluid motiun (gradient collisions), \vh~ch n1:iy a r i se  due 
to stirring, gravity driven convection, o r  h ln rmp~n i  convection (surf:~ce tension 
driven convection), act to spccd up agglumcmtion and separ;1tion. In the weight- 
l e s s  envirorunent of sp;lce, gravity driven cc.iivc.ction is greatly reduced, but the 
other sources of fluid moCion a rc  not. \Vlint this csperinl~xnt indicates is that thc 
major niechanisnl for agglonlerntidn mid sepnr;ltion of 3eO il.0111 the melt m:~y 
'be Stokes collisions, :IS the stirring f0rct.s :u~d 31:1rnngnni con\-c~tion a re  
essentia;ly the snnie in tlic ground bnscd :tnd fligfit cspcrilncnts. 

The coarse grain size of the grot:nd based rcft>1.cncc spccitnen :uid thc 
flight specimen indicatc th3t the UcO present did not act as :I ~ r n i n  refining 
agent for bcr>lli~ml o r  that after solidificntion i t  <!id not prc\\,ci?t c'uccssive br ;~in 
growth while still i ~ t  high temper:rt~wes. Retul'ning to the critt-ria pre\-iously 
stated for :L good grain refining agent, possil;:,~ rcnsons for this xrc. cithcr thc 
particles nre not stnblc in the melt, do not possess :I in:~\rin~tum of stirfi~cc. :1rei1, 
o r  do not have optinlun~ surface c1i;tr:icter. Esnnlinntion of thc osidc nct\vorl;s 
in the HIP-50 :dloy (Figs. -13 to 46)  shoivs t11:lt evc11 h~fol 'c  ~l:t'ltiil:, the p:irticles 
tend to be raunded ;ind without sh.1l-p f:,cets. I t  111;1y Iw p s s i l 3 1 ~  thx a s  3 result 
of the long molten dwell, the pni-ticlcs ch:~ngc their surfiiccx chfll.:lcter ns \v:b11 
.and bccome inactive ;IS sites for ':~ct.ero~cncous nuclc:~tion; hn\\c\-c?r. this could 
not be observed nt 30 000S. .\r optilnlm~ su;.f:~cc rh:lr:tctrr I l j  nlig11t br :I rough 
o r  pitted surface. 

Prevention of .. scessivc p a i n  gronth nftcr solidific:ltion, \vhile still near 
thc melting point, dopcnds g'rc.itly 011 the? osiclc pnrticlc sin.. I\'hilc thc IllIJ-50 
alloy has st:tbiiity :11?;:1insi gl.:un gro\vth t c . n ~ ~ x ~ r : ~ t u l . ~  :tlniost to tilo ~nc\lting point 
of lwryllium, filrthcr :~gglomcration nhilc In tl~c nlo!h.u stntc. (cvc>n in tlic. \-.eight- 
less  cnviroilnlcnt) could lonc!r tilt. stnbiliry te~~ll~.r : i turc .  sig11ific:tntly. \\ 01.1; 

rcportcc! [ 2 ]  indicntes that the finest p:lrticlc si7v nttnin:rblc is rc~quircd to 
prevent grain ::'ro\vth at  tcnlpcrnturc.s ne:ur the nlclting point (O.Oli.'i 1, m in~\diim 
pnrticlc size).  :\ttcntion must givc?il to this :~spcc't in futt11'~. nol>l,. 
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? .  . . The experiment results show that i t  5. feasible to o b h n  a uniform dis- . 
- ; 

L. :: persion of Be0  in a berylli9au casting in the weightless e n v i r u ~ l e n t  of space. . k  
: i This is a ndw m n k r i d  which, to oar  knowledge, has not been piStrluced in the ' .  t ' . ,  . ."- r. :. 7 

. . 
terrestrial  ~~iv i ronnlent  rind i s  of inclerest both scientifically and technologic.rllv. .. , 

. . 
- In terms of the ni ini~tum criteria for success, those for satisfactor;? melting 

i ,and solidification m d  inlpi'oved cast microst;ructurc (presence of dispersed 
. I , oxide phase) were met. Tho criterion for i~ lproved  cast microstructure (fine 

i ' 
grSr, size) ~\~tls not xnct. The criterion for enhanced service properties has  

: not k e n  nlet as yet because of M u r e  to acniei-c ,an improved cast nlicrwstructvre 
! (fine grain size). 

$ 
.As s step fnrward in producing cast bery!liunl with hnprc.vt?ci-sei'%ce 

I properties, the mzterinl produced delineates :?n appro;!ch ;o be falio\vti.d for 
further resc'uch into the action of Be0 ns n g r i n  refining rgent for l ~ r y l l i ~ ~ .  
This approach i s  ns blloivs: 

i 
' 1 

1. To utilize b.r_\-lliun sk~r t ing  m.~teritll \\-iff1 nonspht'rcrdi,,cd Be@ 
: f particles dispersed tlirot~ghout. T!iis c;lu be :ichit.vc.d by c ln lh~a t io r  of t21e fiild 
: I . : step in the p r~duc t i~ ln  of HIP-50, the high knlp- r ;~ ture  ::\\ell at  1950°F (lOSSGC). 

= #'$.Z " i."; :;*$!,: 
2. TQ dvvel: 5 r  :I much sho~-tcr thnc \\-bile nlolted 4urir.g fflc cxperinlc~lt. -. %G3r -I-w ;; 

*.. . g- ' .  -2g; 

:\dditi~n:dl>, t.11~ c.--p.rinlent sltould be yt.rforl1ii.d :it ~ t .  s s ~ i r e  ( 1  tom) 
to reduce the ohsrrvCd 2 to 5 percent porosity in t31c c:i:-tir?g. 

i f  ;I subscquent experiment with BcO particles t>at twC not syhelodized is 
performed :utd xi11 refincmcrlt docs :lot result, then stAlio;ls qucjtions a r c  
raised concerning the. ability of Tjc.0 to 11ct a s  s gi':rin refining :I~C,IL. in th:lt 
~ i ren t ,  tllc ~e igh t l~s : :  cnviivmilcnt of ..pace is itkt11 to k s t  the potenti:--J of 
sc vercl other saditions ;IS grain refiners. One such :~tic.1ition i s  tit:lnirml, wvilich 
fol-111~ :I txryllidtl in the 11 c!t. ;!ttt.n~pts to uti!izr titlmiun 3s :I gr:\in refining 
agent lnny 2 1 . 1 ~ ~  failed tc.rrt.stri:~ll_v :llso Lk.c:lusc of agglon~cratiiln :ind seynrstiori 
of the twryllidc from thc nlclt. ;\nothcr such :tddition ivoldd lw t1iugstc.n. 

i 
F:\iltlrc to  c chi eve gr:un rcfinenient \\.iff1 :1 p:\rticrlnr ngcnr, cltost.n c~n 

the b:\sis of lattice diurcgistry, m:iy n!t-:ln t i i ~ t  off:cr frlctors :~:c of o\.c~-ri.iing 
I c ~ ~ ~ ~ s i d e r a t i o n  such :IS ~ t~ r f : i cc  :~rc\:l o r  S!IS~:ICC c i l ; ~ r ; ~ ~ - t ~ r  o r  gr:lin gro~vQl itfkr 
i i: 
i soliditic:\tion. I f  gr:lin growth i s  so rapid t1i;lt gr:\in rcfinenlclnt is not r\ch~ewrl, 

i tlictl tht. n u n ~ ~ r  of nuclc:lting p:~rticlcs ~ ~ ~ c ~ ~ . o n i e s  of grc\;~t iniyort:ln~.u rafficr tJi:~n 



surface area or surface character. In that case, so many particles may be 
requied that mechanical properties may be greatly impaired even with grain 
refinemst. Testing of all of these factors is important to explainkg why or 
why not an age& is successful as a grain refiner. Such experiments conducted 
in the weightless environment are the ody  practical methods of testing these - 
hypotheEas, a s  terrestrially agglomeration and separation are encountered. 



APPENDM A -. - 

TH El3 hlAL ASAL =IS 

Although the flight pyromctcr was in s.&hrdiGn during the nrcltiri .,-J 
molten dwell, enough d a b  \wire obtained konr the telemetry records :UI< 11.2 

cooling c u r w  to reconstruct lhe heating, melting, and cooling profile. The 
fliat record of cvcnts was presented in Trtble 3. 'L'lw heating and cooling 
c%rves obtahetl h n r  the flight pyronletcr rtlp sllo\\m in Figures :I-1 and .A-2. 
From amdysis of the data available, the te~~pelxture-t ime cucvc shown in . 

Figure A-3 wits constructed. The solidi fic:~tion tiiuc nRer power ~lo\\n \\.:IS 

28+ 5,  - Qs, - - 

.A computer mode: of the solidification of the hr~lliuirl  specimcn \\as 
exercised to dcternline whether o r  not tile assunlytions nr:tdc :lbut how the 
beryllimn specimen solidified \\.ere re:tsonahle. This nrodcl :Issunlcs that the 
specimen solidifies inwsd  konr Lnz surface, losing he:it a t  the surface by 
radiation. The r en~ah ing  liquid a t  :ury tinre i s  assulncd to be well mixed .and 
at the melting tcnrper~lture. Outputs from the program :11-c: (1) the :idvance 
of t%c solidification front in tinlc nnci (2)  the tlecrearc in surface tcmpcrsh~rc 
with time. The program can trc:tt :? sphere , :I cylintkr, o r  :I slab. As the 
remaining liquid i s  isotncrn~:lliy at the niclt ing tcmpcr;ltu~-c, hcnt is  c ~ t r a c t c d  
through the solid crust m the s u r h w ,  \\hew it  i s  lest. Figures 1-4 through 
-4-9 show t!~e results o i  calculations for a sphere of 0.922 cnr di:1 ''I-, 

a cylinder of 0.922 cnr dixinetcr, :tnd a sl:tb of O.922cc.m tllichcss, 

Conrparisons with the ch.rinlcnkd c u r w  sho\\n in F i w r c  A-3 show that 
the calculated time that agrees closest is  for the syhericd geometry, Imt the 
sh:tpe of the cooling curb-t. i s  closest to that of the slab. The crdculated solidifica- 
tion time for the sphere i s  31 s, which is within ff~c e r r o r  of dctcrnlinntion of the 
tinw for solidification c ~ ~ r i n r e n k d l y .  :\s thc sh.21>c. of the spccinlcn is 

~ h e r o i d d  with nn oqu:\torid bu!ge, its pcomctl-y is ciosest to th:tt of tllc sphcre; 
consequently, the :tgtvement in solidification t inw i s  rcnsonable, Thc location 
of the shrinkage cztvity shotvs th:lt thc sl~ccimc~n did not solidify synmc*tric:~lly 
3.~,  is assui11ed for the c:llculntion. 'This is thc liypothcsized rc:lson for tllc 
disagrccmcnt in the shape o; the cooling curve, ivhich is  closest to th:tt of thc 
sl*tb geometry. 

As the computer ~nodcl uses tlw kno\\lr d u e s  of tilc\rl;;:~l condi~ctivity, 
lntcnt hc:tt of fusion, ,&d cmissivity for nlo!kn lwrylliun\ \cnlissivity for 
oxidized the rcsults indic:ttc ffut it n~iglit possible t,) cstr:lct 



thennodynanlic dab from solidificatio*~<.j of levitated metals if the shape 
of the specimen and thc dchils of solii -ation are kno\\n. This might be 
~CCOAA~, , !  fai~eu througi~ thc use of aa imly ; array pyrometer to simultaneously 
display the specinlcn and follow t l~e  solidification front. 
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APPENDIX B 

AGGLOMERATION AND SEPAk.\TIOX OF REltY tl,l:\ 
FROM BERYI,LIt!III MELTS 

Agglomeration a i d  ,zparation a re  hy$thesizt.d to occur prim:lrily due 
to collisions between BeO particies in the melt. These collisiuiis occur 
due to (1) the settting of Be0 particles due to their density diffcrcnc~~ in the 
melt and (2) .fluid motion stweping Be0 particles together. Tht. Crsl is called 
Stokes cdlisions. The l i rge r  Be0  particles, settling fastest, collcct s m d l e r  
particles. The second is called velocity gradient colliaions ?nd collisions occur 
between particles of equal size :LS itell as  particles of unequal si;lc. 

Lindbolg ,and Torsell (3': developed a statistical nladel for tilcse types 
of collisions. Using their results, agglon~erntion and separation t.inlea o f  1 min 
o r  less  ,we likely for Be0 particles r,mging in size fro111 0.2 to 1.3 rtm ig 
specimens of berj~lliunl melted in the terrestrial euvironnlcnt . In tile wc ightless 
env i ro~u~~en t  of space, \\?here the accelerations due -o gravity :irr . cd-ccd by n 
factor of lo4, the frequency of Stokes co!lisions is reduced prolml-tionntc!~;. :IS 
the velocity of settling is  directly pl-oporticrd to thc .;cceler:ltion due ta prn~i ty .  
While dl fluid nlotions, i.c. stirring, :Ira not ~educc?d in the \\c\ightlcss cuviron- 
nlent of space, fluid motion due to gravity driven c~~n\~ect ion  15 ~.~.duccd. Thus 
agglomeration and separation times  night; be cst.c~ilcic.d to pcriods of inru1y !lours 
o r  days in the weightless environn1cnt of space. I t  is  hj-pothcs~z~d that the 
much more unifornl dispersion obtaincd in the flight spcci~llen duc to the 
reduction in collision frequency for Be@ particles In the wcightl~ass eilllronnlent 
of space. 
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INTRODUCTION 

The purpose of this invest@tli0?1 is to study the contact and coalescence 
of viscous and viscoelasti:: bodies. A number of industrially important o r  
potentidly important material processing schemes rely on an u n d e r s t . d e  of 
contact and coalescence phenomena. Perhaps the most obvious is the production 
of cctnunic objects by sintering [I]. In most such cases, the principal flow 
mechanism is creep, not viscous_flow [ ;-31; nevertheless, the results of this 
investlgation should be of consih-rable interest. Specifically, recent progress 
by Ashbjr and others [3 j in clarifying the operative mechanisms (Nabarrn- 
Herring creep, Coble creep, viscous flow), and the t h e  dependences of 
sinterislg in various regimes of the parameters encourages the present efhrt. 
Our analytical solution [4] of the Nabarro-Herrirg creep sintering of two 
spheres of unequal size also encourages wr theoretical approaches to the 
viscous coalescence problem. 

The thermal processhg of phase separating glasses o&en involves the 
contact and cbalescence of discrete second phase droplets and is already of 
some industrial importance [5-7). Controlling the properties of phase 
*parated glasses by deformation processing of melts which are already phase- 
segparated is an intriguing possibility which has been the subject of a number of 
development studies [ 8,9] ; here, again, coalescence is important. 

The contact, agglomeration, rsd coalescence of polymeric particles 
during melt processing under the idluence of capillarity, pressure, and shear, 
is an important industrial problem which would benefit h m  the proposed study. 
Polytetrafluorethylenc (PTFE, or  Teflon) is processed in powder form under 
heat and pressure, in what is essentially a viseoe1a';tic sintering situation [lo 1, 
and an improved understanding of contact and coalescence phenomena should 
be helpful. 

In addition to the tm of mass transport process involved, sintering i s  
also classified into three stages, the first includes the early stages of neck 
growth, during z x c h  the particles rema& distinguish& as individuals. The 
second stage is that of densification and grain growth. Here, the porcs are 
roughly cylindrical and the necks between particles are quite large. In the 6na.l 
stage, the pores are isolated and approsimately spherical in shape. 

Kuczynski [ 111 and Thummler and Thomms [12] have reviewed the 
various theories for the initial stage of sintering. In general, f i e  rate of 
inttial sinbring for a variety of mass transport mechanisms can be written as: 



( 1) 

*re X is the radius of the neck, a is the radius of the spherical particles, 
t is th elaped time, aml n, m, and F( f )  depend on the mechanism of 

The rate law fbr viscous sintering is based on the analysis of the 

: coalescence of two spheres by Frealrel [13]. This wcrloer derived the relation: 
: % - .  

where 

Hem, y is the surface tension and q is tho \iscosity. This exy- ;sion bor the 
sintering rate was obtained by equating the decrease in surbce eiergy with the 
rate of energy dissipation (as heat) due to viscous flow of the liquid, While 
these results arc- widely used, the derivation of Frenkel used. a very approximate 
flow field In calculating the e n e r a  dissipation ( a  flow field of simple uniaxial 
contraction was employed). F'urther, it is difficult to apply the analysis to the 
coalescence of spheres of unequal sizes, 

The flow field used in Frenkel's derivation is certainly incorrect for the 
coalescence of spherical particles; but more accurate analytical treatment of 
the problem is very difficult. One of the major goals of this investigation is a 
more accurate description of the gro* rate of necks between particles for 
viscous sintering. This theoretical work will be combined with observations of 
the coalescence of viscous drops under neutrally buoyant and microgravity 
conditions* 

The general form of the rate law, x2/a = F( T) t, has received some 
experimental verification 114, 151 for viscous sintering. In these experiments, 
however, it was not possible to verify the quantitative accuracy of the expression 
for F(T). The following section reports experiments designed to test Frenkel's 
rate law ,and to obtain empirical descriptions of the rate of neck growth for the 
coalescence of viscous spheres in neutrally buoy.mt systems. 

lrII-4 



EXPERIMENTS IN NEUTR.4 LLY-BUOYANT SYSTEMS 

A series of sintering experiments have been performed using viscous 
sphems suspeadled in neutrally buoyant solutioau. Two dmps of a viscous 
liquid were suspended in a dedeity gradient in the buoyant mlutton. The shapes 
of the drops were then mcorded on movie 5lm sequences taken duriag coales- 
cence, and the phdographs mere measured bo determine the boundaries of the 
sphores and the rate of growth of the neck region. 

The viscous fluids 4 in these expcrinlents  re Dow Coming 2 ~ ~ ~ '  
silicone oils with viscosities of 5000, 10 000, and 20 000 centistokes (cs) . 
Droplets of the oil were suspended in a water-methanol density gradient. The 
silicone oils were not soluble in the metham1 o r  the u-ater, The preliminary 
experiments reported here used drops of 2cc and 4cc (I(;]. 

Initiation of the coalescence of the h m  spheres \was prevented by a layer 
- of methanol-water solution which w\TPuld only slowls flow between the two 

spberes [I?). I t  was necessary t c ~  hold the two spheres together for several 
seconds before the coalcsccncc w\.ould begin. Tongs made &om notebook paper 
were soaked in the methanol-ww~ter solution and used b hold the drops together 
until coalescenc.\e began. The silicone oil wetted and stuck to tongs made h n l  
otber materials, including Teflon. 

Figure 1 shows the square of the neck radius as a function of time for 
two 2 ~rn-~s  of 5000 cs. Dotv Corning 200 fluid in the nrethmol-water 
neutrally buoyant solution. Because of tlw difficulty in initiating codescence, 
the experimental dab begins at a neck radius of cpprosimately 0.33 cm. The 
experimental &h are ~wmpared with the Frcnkcl equrktion, x2/a = 3y/2q t, 
discussed in the pretious section, with the csperinwntd d a h  ruld the Frcnkel 
equation norn~ J ized to t!!c SWIW \-due at S' = 0.1 cn12. A s  seen in Figure 1, 
the slope predicted by Frcnkcl i s  very different k o n ~  the expcrin~entd data, 
and owrestinlates the rate of sintering by npproxin~:ttely a hctor of 3. 

In addition to the assumed sinlple flo\\- field, the relation of Frenkel was 
2 derived using s~lldl .angle :tpprodnrations: 1 - cosO 3 l i 2  0 .and a a a . 

0 

Here, o i s  de lined in Figure 2 .md :I i s  the radius of the original drop. This 
0 

approximation is usable only for o < 30". Vmmnc (18) follo\ving hIsnson and 
co-workers [19) has cxcrlded Frcnkel's &ri\-ntion and obtained a relation 
which is valid over a wider range of o . Tlrcir result i s  the follo~?ing: 



- EXPERMENTAL DATA m 

-0 FRENKEL EQUATION 
- 90- INTEGRATED FRENKEL EQUK'ON 

- 
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- . . . - . . 
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*- 
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TIME (a) 

Figprc 1. Square of the neck radius of the c0,descing 
spheres, x2, as 3 function of time. 

Figure 2. 'l'hc codesccnce of two sphcrcs defining th~-1=2dit1s of 
t l l~ '  1wc.1.; S , the rsdius of the sphere a, turd the angle 0. 



where u = 1 - cose. This expression can then be integrated numerically bo 
yield x2 as a function of time, which is also plotted on Figure 1. The experi- 

1 
mental data agree much more closely with the integrated Fmnkel equation than g t  
with the original Frenkel equation derived using a snlall angle approximation. g .  
Despite this closer agreement, it should be noted that the experimental data 
indicate x2 to increase linearly with time, while the integrated Frenkel equation 

[ 
[Equation (4) 1 indicates a decidedly nonlinear dependence of X* on tinbe. ! 

The integrated Frenlrel equation w a s  derived using the same flow field 
proposed by Frenkel; i. e. , a flow field of simple uniaxial contraction, similar 
in Bonn to that for a viscous rod which is exitended by forces applied to its ends. 
This flow field is obvia AJ a poor approximation to the actual flow field involved 
in viscous sinkring. The Eact that x2 varies linearly with time for both the 
original Fretkel equatio~ m d  the experimental data may well be fortuitous. 
It is planned to calculate an improved equation to describe viscotis coalescence 
using the boundary motion of the drops as they coalesce to derive the actual flow 
fields and the resulting viscous dissipation. 

It is also planned to perform the experiment in a microgravity envimn- 
ment with the surrounding fluid air rather than the buoyant methanol-water 
salution, since the present experiments in the n~eth'mol-\v,~ter solution &re 
subject to likely physioche~~ical effects [20 j . For example, the interfacial 
tension in a region of curvature in a multicomponent system can differ from 
that measured in simple static measurements. The interfacial tension can be 
a functio~ of position in such a system, with unho\vn effects on the coalescence 
behavior. Such effects \\-ill not be significant in the ch-periments to be carried 
out on the SPAR flights. 

f i 
SPAH III EXPERIBIENT i : 

The experiment flown on SPAR I11 was &signed to study the viscous - 

coalescence of a Newtonian fluid. Drops of the fluid were to be injected into an 
acoustic levitation chamber, where the drops \\.odd meet and coal~hce. The 1. * 

coalescence would be filmed so that thc contact and coalescence could be studied i :- by measuring the motio:~ of the boundary of the drops a s  explained in the preview 
section. 



A drop dimlcter  of 5.3 nlm (a volume of 0.1 cnls) \as chosen based on 
the criterion that the droplet would be large enough to photcbyraph e:lsily, l u t  
a s  small  a s  possible to reduce the time required to form the drop. More 
 important!^, the change in surface energy due to coalescence should be large 
compared with the kinetic energy of the dmps when they collide. As an cxmnplc, 
the force required to detach a drop from. a No. 27 gauge needle is approximately 
3.1 dynes. If &e force falls off linearily with distance, the drop wi l l  have a 
kinetic energy of appro-xinlately 3 e r g s  when it reaches the center of the energy 
well. When the two drops collidc, half that energy, 1.5 ergs, will be dissipated 
b the collision process. By comparison, the change in surface energy of the 
two 0.1 cn13 drops as a result  of walescence is approximately 9.3 ergs. It i s  
essential that the kinetic energy * ~ f  the inrpncting drop be a s  small as possible 
compared with the change in s u r b c e  energy in the coalescence proccss. \\'hue 
the relative energies g i w n  here  as e-uanlples are acceptable, the sccond cspcri- 
ment is being designed to reduce further the W t i c  energy of the dropc. 

The SPAR 111 eqwriment  \\a; chosen using what was believed to be the 
smallest necdle (to reduce the dekchmcnt force) d the largest possible drop 
(to increase the change in s u r h c e  energy during coalescence) which cw be used 
in the 260 s of microgravity conditions o fk red  by the research rocket. The 
esperiment Qo\w on SP.- 111 used 3 No. 27 needle, and intended to form a 
0.1 cm3 drop \\-ith an injection rate  of 0.1 cnlS in 30 s. Because of a last-minute 
ch.ulge in the \-iscosity of the fluid \\ithout a corresponding ch.mgc in the voltage 
supplied to the drive motor, the actual injcction rates are slightly faster, 
approsinlately 0.1 cm3 in 24 s. 

The timing scqlence of the esperiment is given in Table 1. The cspcri- 
ment was designed to malie 3 drops, t\\.o 0.1 cm3 in size . ad  one 0.2 cn13 in 
size. During the fornlation stage of the droplet, the acoustic l c \ ~ l  \vns in the 
low position, 1,. The acoustic level \\.ns turned up a f k r  10 s to thc higher level, 
It, to dehch  the drop. The acoastic field \\..as designed to trap thc drop a t  the 
center of thc pownti;J :;-ell to await detachment of the nest drop :md thc 
subsequent co:licsccncc. 

:Is :I rcsdt of the lo\\--g & s t  of the eqwrinlcnt run on a KC-135 flight in 
the sccond \wel; of S e p t c n ~ k r ,  i t  \vas noted that the acoustic ticld was apparently 
not sufficient to prcwnt  thc drop fro111 climbing the needle, as had yrcviously 
b ~ c n  c?rpctcd. :\fter detailed consideration of the problcnl .md :m cstcnsive 
ser ies  of -.?rqwrimcnts in the laboratory, it \\as decided to insh l l  :m a i r  nozzle 
on thc flight c?rpcrimcnt. The a i r  nozzle a s  shown in Figure 3 was designed to 
kccp thc drop k o m  climbing Ulc needle a s  i t  grew. The combined force from 
thc :lir nozzlc nnd the high setting of the acoustic field (I2) \\':IS considered to be 



TABLE 1. SPAR 111 EXPERIMENT SEQUENCE 

Note: All settings 23 s. I 

Time A&er Launch 
(s) Function 

90 Acoustic field to Il (low) , light on 

Injector start, air nozzle flow on 

112 Injector off (0.1 cmS expelied) 

1 30 Acoustic fe ld  increased to It (high) 

1 44 lnjector on 

145 Acoustic field increased to Il 

170 Injector off (0.1 cm3 expelled) 

183 Acoustic field increased to I2 

200 Acoustic field decreased to It, injector c? 

adequate tc detach the drop. These forces \\ere measured by Intersonics on ! 

249 

271 

286 

298 

nylon spheres using a pendulum technique. The forces are giver in Table 2. 
Unfortunateiy, there was not sufficient timc to do extensive testing of this design 1 

1 concept befa.e the flight. Our amlysis of the problem coupled with the results . . 

of the bench testing which was feasible in the short timc period led us to exqxct i 
1 

( cautiously) success for the experiment. i 

? 

Injector off (0.2 cmS expelled) 

Acoustic field increased to I2 

? cuustic field decreased to Il 

Power off - 

The results of the KC-135 night also demonstrated the damagz of pumping i 
1 the fluid too rapidly through too small a needle. In the KC-135 flight, m d r q  

was formed; instead, a jet o r  stream of fluid was forced from the needle. The : ; smaller injection rate of 0.1 cm3 in 30 s chosen for the SPAR 111 flight was \ 

cbncked in the laboratory using a neutrally buoyant solution of methanol-water 1 

to simulate the low-g condition. 





TABLE 2. MEASURED FORCES ON SIMULATED DROP 

Drop Diameter Acoustic Field Air Nozzle 

11 12 

5.3 mm 0.88 dyne 1.76 dyne 1.85 dyne 

7 mm 1.2 dyne 2.4 dyne 2.4 dyne 
L 

The stages in drop formation observed in this work a re  shown schematic- 
ally in Figure 4 for 5000 cs. Dow Corning 200 silicone oil injected a t  a rate of 
0.1 cm3 in 30 s. Approximately 5 s after the injector was started, a droplet 
begins to f o m  at the end of the needle. The droplet grows in size until approxi- 
mately 20 to 25 s, when a stream of fluid breaks out from the drop in a short 
loop. When the injector is turned off &r 30 s, the loop of fluid coalesces 
into the drop a s  the fluid slowly stops flowing from the needle. The same 
geneial behavior was observed to occur a t  a flow rate of 0.1 cm3 in 24 s. The 
s1ow:start of the fluid flow, the breakout after only 20 s, and the delayed 
stopping of the fluid flow were associated with the elasticity of the nylon tubing 
used to connect the injector to the needle assembly. 

As a result of this series  of k s t s ,  it was decided to substitute 5000 c s  
fluid for the 12 500 c s  fluid which had been previously decided upon for use. 
The 5000 c s  fluid formed a drop with less danger of streaming occurring. As 
mentioned earlier, it was discovered approximately fi,:c days before launch 
that the substitution of the 5000 cs fluid for the 12 50'3 c s  fluid raised the 
injection rate to 0.1 cc. in 24 s. It  was decided that the faster rate would be 
acceptable. 

DESCRIPTION OF FLIGHT FILM 

As explained earlier,  the results from the experir.lent a re  contained h~ 
the film which i s  made during the experiment. From the film, it can be seen 
that the fluid flow starts slowvly wvith a small drop of fluid forming on the end of 
the needle. When the drop reaches approximately 1.5 mm in diameter, the drop 
is blown off the end of the needle by the air  nozzle. The drop is too small and 
traveling too fast to be captured by the acoustic field. The drop continues 
across the experiment chamber and out of the field-of-view. Subscqucntly, 
another small drop is formed at the cnd of the needle and blown off. X s  fluid 
flow increases, a jet o r  stream of fluid i s  formed. This stream of fluid extends 



Figure 4. The fornlation of n drop of 5000 c s  fluid in 
a neutral buoyant system . 

across the acoustic chamber and out of thc field-of-view. When the injector is 
turned off, the stream of fluid ceases; agpin sillall drops a re  formed a t  the end 
of t!!e needle and blown off. The same phenoll~enoll happens for each of the three 
injection cycles. 

None of the photographs from the film are included ir, this report because 
of the poor quality of the film. The film appears to have been overexposed by 
one o r  two f stops, although incorrect development could also account for the 
apparent overexposure. The film is sufficient, however, to indicate that the 
experiment was not successful despite nomin~lly correct functioning of the 
apparatus. 



SPAR 111 EXPEHIMENT CONCLUSIONS 

The codescencc e-xperiment conducted on the SPAR 111 flight did not 
succeed because of the hi lure of drops of the desired size to form at the tip of 
the injector needle under microgravity conditions. This has since been asso- 
ciated with the fluid being pumped too fast through a small needle. For this 
reasoil, a strecull of fluid was formed rather than the desired drop at the end 
of the needle. In addition, the force on the drol from the air nozzle was too 
large, causing premature detachment of snlall drops. 

To solve the problem of drop formation, both theoretical analysis and 
experimental studies of drop formation are presently being conducted. The 
magnitude of the force necessary to detach a drop from the needle is being 
calculated; and the results will be combined with measurements of the force 
exerted by the a i r  nozzle on the drop. The measurement of this brce is  
difficult; and based on the results of SPAR In, the measurement may have an 
.unforeseen systematic error.  Hence, it is desirable to check the a i r  nozzle 
operation under simulated use conditions on a low-g plane flight. 

The problem of forming and detaching the drop is complicated by the 
requirement that the velocity imparted to the drops must be less  than a few 
cm sec-I. I t  is proposed to solve this problem by using a large (No. 20 o r  
No. 16 gauge) needle with n small diameter (0.006 in. diameter) wire extending 
out from the interior of the needle. With the large needle, drops rather than 
streams of fluid should bc formed at reasonable flow rates. It is planned to use 
an a i r  nozzle to push the drop off the needle down onto the wire. Tne viscous 
drag of the drop nloklng dong the wire should dissipate any momentum which 
the drop acquire during thc detachment from the needle. The force exerted 
by the a i r  nozzle must w a very short range force for this proced~~.e to be 
successful; and i t  is  believed that such a force can be provided. 

It should thcn be possible to detach the drop from the wire with a force 
of only slightly more thm one djnc (for the 0.006 in. wire). In this way, the 
r,eedle-and-wire conlbination should ,allow the formation of drops a t  reasonable 
flow rates and also pcrnlit a gentle detachment of the drop. 

It i s  planned to conduct a series  cf low-g plane flight to test the concept 
previously described nnd to measure accurately the required experimental 
parameters. The first low-g plane flight in this series was flown successfully 
on February 26. The flight tvas L ucccssfd in establishing bounds on reasonable 
flow rates for various nceclle sizcs. 



This ser ies  of low-g experiments will provide the necessary experimental 
parameters for the next flight experiment, scheduled to be conducted on the 
SPAR V flight. It i s  presently anticipated that the following changes to t l e  night 
apparatus will be needed: 

1. Since the force exerted on the drop depends on the drop size, the 
apparatus :-+hould provide four possible settings of the acoustic power and &ree  
possible settings of the a i r  blower. Both the acoustic power and the a i r  Mower 
may need a given setting for the formation stage of the drop and a different 
setting for the  pera at ion of detachment. 

2. I~lprovement in a quality of the film. The flight film was one of 
generally poor quality. Specifically, the use of a negative film will be evaluated. 
Such a fi!m could be printed to give the copies and the necessary prints for the 
data reduction. The transducer sho1:ld be painted flat black, and reflections in 
the chamber should be reduced. 

3. Provision for switching the camera on and off so that a higher filrr 
speed can be used. The frame rate of 24 k a m e s  sec-I used on the SP.4R TI' 
flight i s  not adequate. 

4. Provision of telemetry of the injector cycle and the a i r  nre<,sdre cc 
the a i r  blower nozzle. 

5. Use of copper tubing rather than nylon tubing and the possible use of 
a solenoid to shut off the fluid flow should be investigated. 

I 6. Design and fabrication of a pressure-fill apparatus to fill the syringe 
assembly and reduce the possibility of trapped air bubbles. Such a pressure-fill 

! apparatus will make servicing the apparatus much easier  by eliminating tk-e 
present overnight vacuum-fill procedure. 

The configuration and detailed design paranleteAss of the SPAR 1' experi- 
ment wi1l be determined from the results of the low-g plan flight experiments. 
.At 'hat time, the necessity o r  advisability of the proposed changes previously 
l i s  qd, a s  well zs changes in needle size and needie-wire configuration, will be 
syxificd. 

In summary, the SPAR Ill e x p e r i m e ~ t  was not successful because of the 
failure tr " -m drops a t  the tip of the ir-jector r!cedle. One can be confident, 
however, t h a ~  this problem can be surmounted. It is prcscntly planned to study 
the coalesccnce of at  least  two drops of a Newtonian, viscous fluid on the 



t SPAR V flight. Thc necessary dcsign par:~mctci '~  \\.ill bc dc.vc>lopcc! :met vcrificd 
in a series of 1olv-g plane flights to insurc :I high confidcncc level i;; the next i 

- A 

rocket .bxperin~cn'i. This  additiol!nl worli t ~ n d  tile pl.o\ision of suf f  cient t ime 
to verib the cri t ical  pnramatcss should lead to successfid flight \kith mt.anin&l ! 

results. 
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