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SUMMARY

.'The pfiﬂcipal objective of this work'tas the investigetion of
solidification rates-for several mgté?ials,by a difect'apﬁlicatien of
" the ultrasonic pulse-echo technique. Data were obtained from a study
of mercury, n-octadecane and n-hexadecanelparaffins'solidifying under
conditions of one-dimensional he&t_fldw'uﬁing e Magnaflux Model PS-810B
Pulse UltrasthSCOPé_hhd & ceramic type piezoelectric transducer. In an
_extension oftthe_basic technique, studies of the s@lidificatioﬁ.front
_ ?rgfile Wwere also conductédf Initial_tempergtures_abpve-the fréeéing
poiﬂt of the test materials provided information on the effects of
supé:heat du:ing solidification.

~ Measurements were made in a'specially cq@st#ﬁ#ted,giass mold. .
- Acetone and dry ice provided the céoling'source from a lieat sink ‘sdja~
cent to the mold afga.- Thé-mpid and_ﬁéat siﬁk gssembly was insulated
to assure conditioﬁs Of_one~diﬁensionﬁl heat flow. Thermocouples placed
in the mold cavity recorded the temperature distribution in’ the mold
and indlcated the progress of solidlflcation.- -I |

To record the movement of the solidification front, a beam of

ultrQSinp;energy from_the-t:ansduger;was sent into the mold.. Upon
reaching the solid-liquid interface, the sound ﬁggég,were,refiected
back to the transducer. The time interval pgtWeenéthe_sending and
receiving of the beam was transformed by the ﬁlti&édndSdee into cathode
ray tube trace patterns which continuously gave ggpicture"pf the inter-

face position. By scamning the interface with the transducer, the




!

golidification front profile'could'he'détérﬁﬁneq,

Results are ﬁréseﬁtgd in the form of solid‘thickness_and freezing
front velocity versus time curves for the spiiﬁfficatibﬂ rate studies.
The results of s numerical solution of the one-dimensional heat trsnsfer
equation are also inclpded3§ofhc§mp§fi50n.: $0;£qificatioh front profile
data gfé shown as the shape of .the interfggé'in-inéheg_of solid formation
versuslthe position of'théﬁtréﬁsdhéerfat.varyipg-timés_during'the'solidi_
fication:p?ocess; Thermgcﬁ?ﬁlgfééédingé within the mold afé.presentedfas'
temﬁeratﬁreZVéfsus timé prﬁfiiés}' Expérimenta;-énd'thgorétical tempera-
ture_distribu;idﬁ curves ére pidtiéa;as témpératﬁre_veréus diétance frém
thg\ﬁeét sink at ihe ingtant when.the*?réeiiﬁg front had advanced half
.thehdiStance_across the mold. | 1 . |

The ultrasonic pulsefeChO'techhiiue was fbund t6 give Qﬁ accurate
picture of the progfess of solidifigatign;'-The teéhn;que as applied in
this investigation &aélthe distinct advﬁntégé of being wholly extgrnal

and ‘haﬂng no noticeable effect on the é_olidificati_bn process.
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_Egtement of Intent

It is the purpose of this work to investigate the usesof ultra-
sonics as a means’of:detecﬁing the mpvemgnt of.theusolidification'f;pnt
during the fréezihg;of_meréury, ﬂ-ésﬁédecsné ;nd nihexsdecane paraffins}
The approach will be first to*desiéﬁ“?hd.conStruct 2 mold where theltsst
maferials will be allowed to*sdliéify‘uﬁder_éonditionszof oné-dimensibnsl
heat flow, then to ﬁse-the-ultrsSOnic?pﬁlsérécho_msthog to detect-pﬁe :
mstion of the solidification frént;* Ths.use:of one-dimensional heaf-fiowm .
conditions wili_simplifyrintéfpfgtéﬁibn"bfﬂihe data; a?dfa1iow-a sdﬁpariq
son of expefimentai results-with a_quﬁericgl.golutionfss Fﬁ?_oneédimsq—
sionai heat.trahsfér equation. -Initial feﬁper&turés sﬁove the f:sszing
point Qf the test maferialfwill be used to evsluaﬁe‘the effects of various

degrees of supertieat on the solidification front profile.

ose
* The solldlfication rate and direction are’ among the most impor- o
tant factors in determinlng the soundness of castings. A difficult -
ﬁfoblem which castxng ‘design engineers have to face “today is the pro-"
duction of shrinkagé~free casting designs. _Wheﬂ“thé liqpid‘metal sqlidi-
. fies in the mold the first solid to form undergoes shrinkage, but voids,

~ do pot remain in it because molten metal flows in-and- compensates for

the contraction. In vertical molds if the transverse solidification




rate exceeds the vertical rate, then & noqi of molten metal becomeo
entrapped inside tne casting and when this portion solidifies therefio
no reservoir from which feeding of liquid metal c’an_ooc;ur_: a shrinkag;e
cavity results, leaving the casting with an internal defect. In the
design of castings it is very important, therefore, to determine the
solidification rate and direction so as to control the solidification-i
process such that it proceeds toward the feeder head where shrinkage
can be concentrated. Excessively fast solidification rates, while
producing fine grain structures, may cause undesirable segregation
patterns. Slow solidification retes genefally result in coarse grain
structures with acceptable segregation patterns1 The yield strength,
ductility and other mechanical properties of.a'casting are thus directly
dependent on the rate and direction of solidification. |
Existing methods of study of solidification rates, briefly sum-
marized in Chapter II, either destroy the easting, introduce foreign
materials into the melt or are ineffective under conditions of actual
production. There is therefore a-@efinite need for a method by which
the nroéress of solidification'in_e casting may be detérmihéd accurately
under production conditions withont ren@eriné the cesting'nseless for
further proceosing. Such:o method would be:perticulofly welcome in the
growing field of-continuous cesting where contfol of the solidification

rate determines thé maximum casting Speed at which sound products can ‘be

produced . At present, the control in this or any area of production cast-

ing is'largely based on trial and error procedures.

Ultrasonic techniques, while finding wide acceptance in the area

of non-destructive testing, have just recently begun to be applied to the




study of solidification rates. It is hoped that the ultrasonic pulse-
echo {:echnique as used in this work will promote continued research
ajmed at further iinproving this mé_ﬁhod so that p_ossi'ble applications

may be found in the area of production casting.




CHAPTER II
REVIEW OF LITERATURE

Iﬂtfodﬁctidn

Thg so1idificati§n of mgtgls and nonqmetais is a:very complex
phenomenon. The mechanisms of solidification need'to be further clari-
fied and the-techniques.available_fo: the investigation of solidifica- |
tion rates need impro?eﬁent and development. Numerous studiés in this
field have beéq promoted in thé p@éf; and_especiéllyfin rgcent years.

In the f&llowing'an_attemp%.éiil bé'ﬁade to éivé ; fery'ﬁrief'aummafy N
of the research conducﬁed-in'theip&sp Qoncéfﬁing.golidificatioﬁ'rates,
with particular emphasis on'the_eipefiment;lﬁteéhhiques. |

A refiew of;the histgfy'QfIsOlidifiéatioﬁ_has réééntly been given
by Winegard (1), with an interesting'description of the contributions
to_the-fielﬁ-éince the-sixteentﬁ century. The WG#k.carried out since
1900 is summafized'in decades, as mosé of fhe_ééntfibutions have-oécurred
 since that time. A brief comment on what}ﬁoqexﬁéét from future_réséércﬁ
is also given. A review of the experimenﬁal_ﬁe%héds that'hgve been used
in the past and which are currently used at the pféseﬂt time to study
solidificafion rﬁtes_has.also been given (37)'récént1y;' Some of the
most widely used methods are the:ﬁour—out method, the témperature
measurement methdd,-fhe dip stick method, and.the'use of tracers.

The pOur-out'or'bieeding method:consists of caéﬁing-a'number of

identical ingots and overturning the molds individuslly at different




elapég_timeg s0 as to bleediﬁff_ﬁhé rémaiﬁing’liquid“metal.. Solidifiea-
tion fates are obtained by coﬁparing the sheilﬁorLskin.thibkhéSs.versﬁs
the time of bleeding for each éf the molds. IhemgreéteétMdiSadvantage
oflthis method is encountered in the study of allnys;xasfsomeﬂo£ thg
liquid metal becoﬁes entrappéd in a 'hﬁshy".zoneuthat exists~betﬁegn_the
so;idus and liquidus. Upoﬁ:overturning the mold some. of this entrapped
liquid escapes, leaving the castiﬁg slightly porous éo.thﬁt.an.accurate
determination of the shell thickness is not possible.

The disadvantages of the pouffoutlmethod led to the development
of the temperature measurement technique. _This teéhﬁiqne cohsists.of
placing thermocouples in the mdld'cavity éo as to record.tempérﬁture
changes during. the process of solidification. The passage of the solidi-
fication front is revealed by_observing the timea¢-which'Eaéh.thermocOupie
location indicates that the temperature of the metﬁi.has dropped below
its melting point. This method has the advantage of following the
beginning anﬁ end of solidification very accurately. An obvious dis-
advantage is that the final casting cammot be processed further because
of the embedded thermbcouplés." ﬂ

The dip stick'method consists of insertingfg_rod or stick into
the mold cavit§‘until the solidification front is reached. - Measurement.
of the depth of the rod in the molfén'pool indicates the position of the
front at that point. This method appears to be wideiy used in foundry
control practices.

The use of tracers consists of adding a small amount of material
to the 1iquid metal which will diffuse throughout the liquid. This.

material is chosen such that it freezes at the solid-liquid interface




and reveals the shape of the .'solid'i.ficat:_‘.csn front upon sectioning of the .-~

finished éasting.
Most of the expermenta.l results obta.ined by the prew.r:j.cms.'l.:gr
descrzbed methods can be expressed mathemeticelly by'an eqnation for the

solidification rate of the form
=g/t +C

~ where D represents the solidified shgil;tn;ckness,:e.is_the_t;mefiﬁter-
val;dend_q_and.Cearefconeeeeﬁs_déﬁeiﬁineﬁffr@@'ﬁhetexesr#ﬁéhﬁe¥}d§£3f
The ‘numerical value of C is .thqii'g_ht:_ ‘to represent the périod during which
the superheat 1s dissipated before olidification begins, snd q glves
an indication of the rate of solid{fication. |

Most of the research that has been carried out_rece

cerned with the development of theories of the mechanism of solidificea

_tipn. ~The_investigators attempt tq_explgin solidifigatiqnhin terms“q§?~-—

_nucleatlon and growth precesses. An' attempt will-be“mede in'the £ollow-

1ng sect1ons to glve & revzew of the work that has been done recently
_along these-llnes for both metalllc and non-metallic sgetems. A brief-
'reviemr of recent theoretlcal and ultra.sonic studles on solidlfica.tlon

_ra.tes will a.lso be presented.

Metallic Systems

‘The basic principles which ‘govern the_sd;iaificeggég;quqggt_
metals have been presented by Oostdijk (18). The subjects discussed
 were the formation of nuclei and their growth, homogeriegus and

heterogenerieous nuclei formation and the use of formulas and consditu-




tion diegrams to study various aspects of the growth of nuclei.

Chalmérs (19) has outlined the basic principles of solidification

in order to examine the origin of the chill, columnar; and egquisxed zones

in ingots. Some eiperiment'a,l_-d_a.ta. .we:_'i"e pTQSQnted__ on th’e-._effe_c’ts of
pouring temperature on the léfigth of the colummar zohie and the equia¥ed
grain size. It wﬁs“shqﬁn_thaﬁehhe:curréhﬁly accepted explaﬁation of-the.
terminationtof the_columnarezone and the origin of the equiaxed zone

~ is unable to account for the experimental facts obt&ined. An alternetiee
.theory;wagfpfepqsed,_in wpich_nueleatidn of the equiaked grains was
considered to take place during théfiﬁitiel_chii;ing_dn_cdntect with

the cold'mold |

Theoretical studles on. nucleatlon have recently been reported by
Uhlriann and Chalmers (32) A general theory appropriate to a physical
understandlng of the nucleatlon process was presented, and some of the :
difficulties inherent in the formalism noted. Some of the salient
features of the alternative transformation of epinOidal'decomposition
were described. PFurther studies on the mechanism of nucleation from the
melt have been presented by Jackson (33).

Laukonis (20) has reported on the nucleation phenomena associated
with the growth of iron whiskers by the hydrogen redﬁction of ferrous
chloride. Three stages of growth were discussed: first, nucleation
and the initial growth of ifon whiskers; second, subsequent nucleation
and transport processes which lead to the thickening_of & whisker
crystal'and fihailf, theegeneral'behaiior of'impurities'in the system.
It was noted that certain combinations of impurities promote whisker.

growth, while others inhibit dr poison growth.

S e o




Biloni and Chalmers. (2) have performed a metallographic study

of microsegregation in regions of solidifying metal where crystal nuclei

tra.x_zia.form into e dendritic 'pat‘be_::‘n;'f‘-’ TheY*repﬂrted that dendritic growth

45 preceded.by a ._predéndritic region, and it's__;norpholag-y_a.nd compoéitj_.’dn _

chenge according to the conditions under which the nucleation and subse- .

quent growth take place. With & ‘high degre’é‘ of _li'rlde'rcooli_ng growth was

' foi.x_nd._to' be dominated '63* a diffusionless 'proce'_s’s,___ most of the structure

being composed __Qf'pfedend'ritic regions. At intermediate degrees of

undercooling ﬁhé Ainner .-.p.ré'c__igridri__tic pa;'ﬁ:',_'_r_:_les ha.d ' "a."-;_'één;pos'i.f._;!.on_ similar

%o the 1iquid. At small degrees of undercooling, as is the case for |

- the growth of the- grains i_-.n_the_'equiaxed region df.'iﬁgots..,\l_ the predenc

dritic r:e_g:}_pn consisted of an irregular region that grew. by a _dj.i;ms;ipn

process. | |
Kattamis and Flemings (3) have studied the changes in dendrite

nidz,"p}j_._Ology andgrainaiza as a function of the inéreaseinundercooling _

on bulk samples of iron :'ang'ni_ckg:_uwbasé alloys. ..'The'i_r...freaulfs;.i@._igated :

et dendrite morphology gradually changes with incressirg uniercooling

from the usual dendritic structure to a structurecompnsed.ofcﬂinﬂrical

Id:e"'nd_r'ite a‘rm‘s.' At s critical undercooling of 17Q.E.c_._.1i1__ these a.llaysthere

‘wasaﬁ abrupt transit}iqn to a fine-grained structure of spherical |

_ ﬁdrphology. The conclision was reached that sti‘nCture.‘goa;rS'egiﬁg_ R -w:'i.{ch

" a reduction of surface area as the driving force, is the principal |

' ﬁ§Ch§.ﬁi_3h{__deﬁemi;jing:_ﬁ_na,]__'j dendrite-arn spa'cin'g'".i_n..mg._'[.t_s nﬁcleate_‘d’ at

' mn'-ﬁndercoo_li_ngs and grain size in melts nucleated at 1arge unc_'le;_e_.-.

£

coolings. - o

Bower and others (%) have conducted a series of experiments with




Al-Cu alloys which showed that the usual sssumptions for the analysis

of solute redistribution for the solidificaticii’of.castings and ingots

were.reaSQﬁahlef- These asSumptions”Wefe:_neglig;ble'undercedling befoie

nucle&fioﬁ*of solid phaées.'negligible increaee of eolﬁte in advande of

the tlps of growing dendrites, complete diffu31on ‘within the 11quid

over dlstances the order of dendrite arm sPaclngs and platellke dendrlte_

morphology

Glicksman and Schaefer (5) have observed the dendritic profiles ‘
during thelsg;id;fication of-pure tin by an thlcal methqdvpermitting
high resolution of-the surface. They descrihed_spécim@n"preperefionig__
' measu;ements pf_tip profiles and speed df-edyeﬁCe;Jagdhmeeaunemegts:qf

side branching. In & previous study Glickman {G)Mdevelopedwa”relatiop_

ship between interﬁﬁase_mass tranSfer and mechanicalmbehavior.of;bdundeﬁfJ

'syetems undergoing rapid solldlficatlon from an analysls of tha. kinemat-

ice and dynamics of dendritic freezing. He presented.anunifiedhepproach
to solidification dynamies and discussed some effects of rapid solidifi-
cation.

Courtland and Elliot (7) have investigated the transition from

cellular interface structure to dendritic struetu:QVauning;sc;idiﬂiég@m:.[

tion of PU and Sn base alloys. Measurements weré made of cell size as

a function of the temperature gradient in the liquid. (), rate ofi

solidifitation (R), and eqlute'concentretion_(Co)de_Thehreeults.obtaiﬁed_

were in agreement with the theory that on an'interface of.Constent
orientation, cell WIdth varies 1nversely with the product. “GR" and
 directly with “Co."

During the past few years there have been & number of'reviews
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concerning eute@tic soliﬁification (8, 9;.10).. The most recent review
;n tﬁis area has been carried out by Kerr and Winegard (11). Here aﬁ
attempt was made to review the history, and to presentwahsimplified in<
terpretation of the most reéent research and theories of eutectic freez-
ing up to 1965, relating these when pogsible to e;rlier'work,. It was
shown thet there is serious doubt about the existance.of\globular
eutectics, and that the definition of anomalous eutectics must be clari-
fied.

- An interesting approach to eutectic freeZing“hﬁs beeri taken by
Davies (12), who solidified eutectic alloys between glass plates in
such a way that the interface was always visible. The results led to
the conclusion that it is possible to predict, by means of data derivéd
.from phase diagrams, in which group of eutectic'micrqstructures any
binary system will crystallize.

Experiments aimed at studying solid and liquid structures at
interface zones of unidirectionally solidified’Al~Rl3N1_alloys with 5.7
per cent Ni have been described by Gosh (13). Resuits wére interpreted
to show tﬁgt the conceft of the formation of segregated zones in the
liquid as proposed in eéfiigr papers can he meaningfﬁlly applied to
controlled as well as-uncontrolled eutectic strucﬁure fqrmatiqn.

A method to impfdve the accuracy of_décanting éxﬁefimenté when
the detailed shape of the growihgIsolid-liqpid_interface_in'euteCtic .
alloys is studied has been pronéed:by Hunt and Chilton (1%, 15)., A
precisg'tephniqué.fOr détenmining:the'pbsitidﬁ_of the”interface at any.
given instant of time was developed. A schematic diégramiaf the appara-

tus is given and results obtained on the Zn-Mg,7n, | eutectic alloy were




reported. |

_An experimental investigation of single crystals of zone refined
tin Which had been decantéﬁ;ngér'the.dnSeE-of‘cgnstitutiOnallsﬁpercb@l;_
ing'ﬁas been reported by Biloni et &l (16). Résulta,;together;with;a_.
reexaminﬁtian of recent literature, point to iﬁéanﬁistgnciesmbetween
_éxperimental'observations aﬁd thé idea that tﬁé.formﬁtibnwofua“projection
is a causal step in the'develppmenﬁ_of a cellular. substructure. . An
argument is presented\£0-show instead how it is plausible for substﬁn-
tial depressions to form in the présencé'of cdhstitntional.Super¢ooliﬁg
at dislocations th;éading.the;solidrliﬁuid interface. -

A study of the solidification mechanism of mélts of monotectic
compoéition hanbeénrreportedgby Chadwick (17).,'I£1was.$hﬁwn that

impbftant microstructural'difféfenees can'arise as aﬁfésult of-cﬁanges"

liqulds and a solid-substrate; Conflicting results- from previous publi-
_cations are rationalized by the proposed theory :1“?

" The effect of fluid. flow during solidifiéatibﬁron the structure
_6fﬁééicast metals w#g_ihvéStigaﬁed on four_ﬁ%isﬁiaii6§s;at-Supéihea{é of
40°C and 100°C by Cole and Bolling (21). Pérced flﬁidtflow-in-the'séme
seﬁse as hatﬁfal:eon?ection was introduced by gpplicat;Ons of'ipterécping
magnetié.aﬁd gleétricgahfielda.The method was;fogqﬂltg produce.ah equi-.

axed structure in the castings. R
_ The determination of the time of solidification in castings by
means of temperature'measurements has bgen reaent}yﬁgarrled out by
Beckhoyén (35). Results of an snalog test showed that the'ﬁssumptidn

that the end of solidification is reached at the last bending point in
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thg temperature~time curve is wrong. The conclusion was reached that
the end of solidification can be established only by determining the

time at which the solidus:téﬁﬁérature is reached.

Non-Metallic Systems

. Sttdiéé-dn thé rate of growth of crystals anﬁfoﬂfﬁhe.morphology
df_tﬁéucryatal surfaces of orgﬁnié{éoﬁboundé have been made by Jackson
and Hunt (22). Thesé authors Ehoﬁédlthat the roughness on an atomic
scale of the ‘Solid-liquid interface plays an important role in the
so;idifiéation process, and that the”diffuseness”of.an.interface is
inverseiy proportionel to a parameter y which is equal tq the entropy
of melting times a factor §. The numerical value of %, which depends
on the crystallogrﬁphy of ﬁhe interfﬁce, was between 1/2 and 1 fﬁr the
closest packed face of a crysta11and.decreased for higher ihdexfpianes.

- On closed-packéd Planes growtﬁ'was extreme;y glow gnﬂ usﬁgily aided 5y
a screw dislocation &5 proposed by Frank (23).

Meterials can“be.classifie&'in terms of their freezing behavior
acéordihg tb ihé“factor_?. All materials that have ¥y less than 1, as
is the case for most meﬁals, can grow, if they afe pure enough, with a
planar "non-crystallographic” interface which is planar to an isotherm,
but are likely to grow dendritically into undercooied melts. Tﬁe inters
face in.this case is rough and growth would not require mnucleation of
new layers in tﬁe normal sense. Mhterials_which hawe:l < Y'<_2 pfesant
little difficulty in fbrming'new atomic layers during growth from the
melt. The solid-iiquid interface for these materials will also be rough.

Materials with y greater than 2 present some difficulty in fbrﬁing new
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atomic lﬁyérs# A cfyﬁtal éioﬁiﬁg.froﬁ these iiéﬁids-is bouﬁded_by sﬁgqth
faces. 'Maférialsfunder this category grow in a faceted manner, frequentf
ly by a-tﬁin mechanism. |

‘Most organic compoﬁnds usually exhibit high _e_nt'ropiés of melting.
-There are_sqme,_hcweVer, which haVé high symmetry crystal structurés
near their melting points and at lower temperatures trah‘sfbm to a lower
symmetry structure in. whlch the molecules are orlented a8 in the solid
‘state., During this transfbrmation, the crystal loses the rest of the
énfroﬁy‘whlch'a normal compound wpubd lose on free21ng,*and_as & result
has 8 small enﬁropy of melting. M@térials with & smali entroﬁy ﬁf melting
have small Yy factors with numerical values very close to those of metals.
.Cﬁngéquently these organic compounds exhibit thé same freezing character-
istics as metals. ﬁyIStudying.fhESe organic compounds, which are trans-
‘parent in the liquid state,:it is possible to investigate through_visual
means nﬁﬁy of the phenomena which determine the structure c;f cast metals.

Solidif;cation rate experiments usiﬁg n-octadecane as the test
substance have been reported by Thomas and Westwﬁtér (38). _The'mhteriai
was 8sllowed to freezé unidirectionélly and the shaspe of the,interf;cg
observed with a microscope. Results showed the interface_to be populated
with microscopic pesks and valleys which increﬁsed_the_heﬁt transfer
chardcteristics of the interface. Actual results on the rate of solidifi-
cation were found to'ﬁe as much as 100 ﬁér cent ﬁigher than those predicted
ma:fhematicallyg | |

Ekperiﬁénfs on thé'cryﬁﬁal nucleation behéfior of some normal

alkane liquids was 1nvestigated by the droplet technique by‘Turnbull and

Cormia (24). ~They contluded that the relative undercooling in the
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n-alkanes studied was very small} It is to Be expected that in any

linear polymer the relative undereooling required for appreciable crystal
nucleetion'shquld be quite small. A comparisqn ofeeiperimEntal“reSulis
with theoretical values ﬂas'also.included;

Jackson and others (25) have copducted microscopic observations
on ailoys.of organiC-materials'ﬁhich showed that dendrite arms can melt
of f under normal COnditions of growth. It was pestUlated that this re-
melting phenomenon occurred in metal alloys, giving rise to the equiaxed
region in castlngs. Experiments- perfermed_on castings of transparent-

. materials support remelting as a primary source of detached crystals.

A pew classification of eutectics based on the eﬁtropies of
melting of the two eutectic phases_hge-peen propqsed.by'Hunt and Jackson
(26) . The classification ﬁas'ueedeﬁe predictesuitable:tfahsparent ana~

logs of metallic systems. Experimentel confirmation was obtained for

the theoretical shape of the lamellar solid-liquid interface, for the

fault mechanism of lamellar spacing changes, and for the development of

low-energy solid-selid boundaries between the lamellae. A general theory

for the grcwth of 1ame11ar and rod eutectlcs has. been presented in &

later work (30).

Theoretical.studies-

Mathematical gethods_for the analysis of solidif;cetion problems
'have become quite extensive anﬁ useful in‘the ﬁast feW*yeafs. These-
methods include analytical; gfaphical,.nnmeriea;'apprbx;ﬁations, apd
analog and digital computer techniques.

Analytical technlques attempt to study the thermal aspects of
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solidificatibn by analyzing exact heat transfer equations describing the
phenomens. The complexity'of*moét_practical spplications. is such that’
an exact solution could only be obtgined-wiﬁh extreme difficulty. The
usuval approach is to make siﬁplifying assumptions in order to solve the
equations. Some of these ares oné4dimensibnal heat fiow, semi-infinite
mold material, constant interface temperature, and thermal_properties
which do not vary with temperatﬁre.

.Graphical and numerical téchniques have more.general’application
than analytical methods. They can solve similar problems but in addition
can also handle composite solids, mold-casting interface resistance, two
dimensional heat fiow, and a variation in thermal properties with tem-
perature. The most widely used qf all mathematical approaches today is
a éombination of the principles of numefical tedﬁniqﬁes with the digital
computer. This cbmbinatibn:offers greater versatility, speed, and
accuracy than ﬁny other methbdw | o

.ﬁnalog computer technidﬁés simulate the fiaw-of heat during solid-
.ifiCation by’aﬁpropriate_subsfitﬁtion of equif&leﬁt electrical character-
istics: heat flow is substituted by current flow, and temperature differ-
ence by voltage difference. | |

Previous work with analytical, graphical, and computer techniqﬁes
applicable to solutions of SOlidificdtion problems has been reviewed
recently by Muehlbauer-and Sunderland (27). An attempt yili be made
here to update that review. |

Hodern computer methods have been used by Kohn and Morillon (28)
to study the splidific_é.'tion of 12-ton ingots of low and medium carbon

 content. Results showed that the movement of the fusion front at the




beginning of solidlfication was a function of the square root. of. tlme
only in the zone .near the ingot surface The solld1fication rate was .

constant for the’ greater part of the process, and . accelerated in the
final stage. |

L

The solidification pattern of a 20,000 1b. prcduction steel tur-
bine inner shell castlng haV1ng wall sections from 2 to 11— inches was
calculated by Henzel and Keverian (29) using a new numerical technique
and the digital computer. The results obtained compared favorably with
experinental data.

A mathematical study of the solution of the heat transfer problem
involving a change of phase hes recently been carrled out. by Tien (31).

- The ‘“heat balance integral"” was employed to obtain a solution to the

| tenperature distribution as well'ss-tne position of the solidification.
front for the case of the freezing of a seml-lnfinite sleb with time-
dependent surface temperature. Numerical solutiong for the case of
linear variations and exponential decay for the surface tempe;ature were
also given. |

Work with the electrical anslog has recently been carried out by
Jackson et al (34). A consistent solution was obtained for the shape of
& lamellar interface and the diffusion field by an iterstive process.
The results showed that The shape of the interface was independent of
growth velocity and lamellar spacing, but depended on the relative values

of the interfacial free energies at the phase boundaries.

Ntrasonic Studies

The use of ultrasonic methods as a means of: studying solidifica-
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tion rates has a great'poteﬂfiale. Me£hods which h§vg:been used in the
past tb deterﬁine rates of solidification, as diScﬁssed;in_Qhapter.II
and bngulé (37), either désﬁ;oy tﬁé.cgéting or reﬁ@er iﬁ'uéeless.
Ultrasonic techniquéé have the'uﬁEQﬁé advantage of preserving the. cast-
ing and 6f'r'-'-being the fastest of-all the methods now used in this field.

Application of an uitr&sonic field to a solidifying material may
glter some of its mechanical propefties, change somewhat the méchaniSm
of solidificatioq,-o: in most cases accelerate the raﬁe of solidifiqa-
tion. The effecté of ultrasound on the kinetics of érystallization
have been reviewed and studied by Kgpuétin (36). Eﬁperimentalrwork was
cqrried out using several transparent substances of low melting point.
These substances were allowed to crystallize with and without the appli-
‘cation of an ultrasonic field. Microscopic observations were made on the |
solidified substances, and the rate of7growth du:ing solidification was
noted. The results obtained from the experiments showed that the con-
tinuqus_action Of_ultrasonic energy has a very pronounced effect on the
g;éwth kinetics of the crystalline phase at many-diffbrent_frequencies,
_intensities, and degrees of supercooling.

It was observed that when crystals are made to grow slowly upon
the introduction of # seed_cryB£a1 into & supercooled drop of_thyﬁoi and
ul£féépni¢:energy applied & vigorous préduction of ne* éenters'of growth
.results at the solid-liguid interfaces:'thq_nuﬁber of crystals.incréases
rapidly, and the whole preparatiqn becomes crysﬁalline in axféw seconds.
Freezing of:afbulk'Sampie of thymol under-npfmglfconditions_ggVe.a'growth
rate of 0.15 mm/sec, but with the:applngtion of a strong ultrasonic field

(2 KV/um) the growth rate was increased to 25 mm/sec. It was found that
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the rate of crystsllizauion was;governed by the inﬁensity; the"miniﬁum_;
electric field that produced organized movement of the interface was E
0 6 KV/mu. The rate of crystallization was found. proportionsl to the
-intensity of the electric field.

Kinetic studies have shown that an ultrasonic field affects the.
nucleation rate in & supercooled medium. For a pure material the appli-
eation of ‘ultrasound can accelerate the.production of the first crysﬁsl-

' lization center if the melt is near the limitﬁof'metastebiliiy. Nuclea-
_tion st impurities does not,occur:in responsefto ulirssound_if_the.
impurities_haue not previously been in contact with_tﬁe crystalline
material; but there may be a.n s.:ccelei‘afion of nuclestiop if the impurities
have been in contact with the solid.

The growth and dissolution of monocrystals is affected by varia-

"~ tions in the_frequency'of the ultrasonic field. Measurements on the
linear grduth rate of the octshedron faces of rotash slum.monocrystalsq_:.
indicate that high frequency ultrasound (2 Me) accelerated_oissolution.
wheu_the temperature of fhe'solutiou was sbove the.s&thretioﬁ-pbint, and
doubled the mbsn linear rate of displacement of the.fEEES. When the
solution was. supersaturated the ultrasound increased the mean linear .
growth_rate by a factor of two;to__threeu For a low frequency ultrasonic
fiéldifhe linear rate of grouﬁh of'the.faces wis increased by a factor of
three. The.rate of growth was found to be inversely proportional. to the -
ultrasonic frequency. | |

o

The effect of ultrasound on the final grain size is worth noting.

Lo

Ultrasound renders the crystalline phase more homogeneous and of smaller

grain size over a wide frequency range. The process is'describﬁd in two.
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stagesé_fifst the ultrasonic field produces a.langﬁmnumber“ofnfresh_-
nuclei, then the resulting crystals coalesée._ The.finalfhnmogeneous
finéQgrained product is a result of the 1ackI0f;spaCe.for-freé'gfcwth,-
The ultrasoni¢ fteld breaks off microcrystals from the growth front, .and .
these canhot become very large for thé& fﬁémselves"are;soonnbroken_up to. .
form frésh ﬁuclei. _The stfonger tné_elbctric field the more erystals.
“break off, angﬁtﬁE:reQUltingié¥a1ﬂ size will be-fiﬁérw.-Low_frequencies
give”é'more,hdmogeneous Structuré:aQﬁ'a.smaller grain:sizé'thgn_high
freqﬁencies. | | . _ - |
Other effects of ﬁitraaoﬁhﬁzfﬁclude raising.of_theuelasticpl;ﬁit”
and thésf%ﬁ%ﬁﬁeféﬁﬁbES £§%"Qiéhiic*matéfial as;wgll‘a§ for.meté1 cast-
ings, ﬁarti&l or total elimination of the columnar.ZOne;'acceiéfation of
the onset of eutectic crystalliﬁétion,'and proihctibnmof zohed structures..
Recent work on thé ﬁsefof tﬁe'ultfésonicMpulse;echoﬂtechnique;as;
a”ﬁeﬁﬁb of 1ocatingqthéfsélideiiquid interface inLSolidifying.metéls has
been réPOﬁted by Kurz and Iux (39). EXPeriméﬁia?véﬁé carried out with
Woods Metal, & complex &lloy of eutectic compositiofij a lead alloy, and -
an una.lloyed steel with 0.1 per cent carbon. Thesé last two materials
show & Freezing rangé~of'a@proximately'100-degreééfcéitigrade. Echoes
from the solid-liquid interface were received by the transducer in all
thrée cases. The intensity of the reflected gchoes5 h9wevE:,-was.highegt
for the Woods metal and lowest for steel.
| The degree of reflection for s given:gubSthpcg ﬁt'a cOnstanf tem-
pérature.is a maximu@ when the EOIid-iiQuid i#terfaé; is smboth and.
_perpendicular to the incoming signal. As the angle formed betwe.én. the

interface and the incoming signal decreases from 90 degrees, the reflected
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signal;bétbmés weaker and w&agér;{ﬁhtii e critical angle is’ reached when

the sound waves no longer retufn_té the transducer,;énd,no Sigﬁal is

received . The smoothness of the interface is also important, as crystals

which extend into the melt result in d1ffhsed reflection losses. Other
factors_which:reduce the intensity of the received impulses are the'd&mp=

ing by the material structure andfhighjtemperatures. A low frequency -

wltrasound is recommended for meximum intensity of the tranSmitted:signal.

- The. travel time of sound waves in & given direction is inversely
proportionsl fo the velocity of sound in the.materialj. The. velocity of
sound in most metals is inversely proportional to. the tempeérature. 8¢
it follows that travel time of sound waves increases. wlth‘increasing
temperature. Measurements of the ~velocity of sound .in liquid metels. (hO)
confirm thig relation.

Further work using the ultrﬁsbnic pulséeecﬁo.technique.for stﬁdyh.
ing solidification rates in water has been carried,out by bula (37).
Experimental results obtained during thé freeé;ng”of water at 32, 70, and
1;0 degrees-FarEHheit-compére favorably with actuel and theoretical

values.
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| CHAPTER TIT
INSTRUMENTATION AND EQUIPMENT
“The. nstiunéntation and equipmént used in the. présent work con-
sisted of an ultrasonoscope, transducer, tempertiture recorder, insulated
mold with'thernpcquples“and associa£ed_components.',The inﬂiVidﬁai'camf_

_ponents and materials tested will now be described in detail in the

‘sections that follow. -

Materials Selected for Study

The test materials used in this work were mercury, n-octedecane
and n-hexadecane paraffinB, The_corrésp0qding freezingftempéﬁatﬁﬁemof
these materisls are respectively a38“F,383?F,;andWGQﬁE;mmThg par§f£insf
~offer the unigue advantage of being transparent in the liquid phase so
that visual prervatiOns.Ss solidification'prpgregSedfﬂere.ﬁossibleq..'
Mercury, being a metal, permitted a more direct eialugtion.of.the.ultra-
sonic techgique as it would be ‘applied to the.StudiEsbdiSQlidification

of metal castings.

Mold and Heat Sink

The mold and heat sink wére constructed of_3/32piﬁch,thigk¢giagé.
20 that visqai observetions .of the_solidification;prpcess;could_be'ﬁaae:
‘through the frpnttngSS‘?apgl. A -common partition divided the 4 inch
déep_ﬁy b inch wide b&-h'inch high unit into two éhamberg;gf_s'inches'aﬁd

1% iﬁéhes deep as shown in Figure 1. The'smkil chamber served as the heat




Figure 1. Mold

and Heat Sink Assembly
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sink'snd the 1arge'chember'es the mold area’ Dow Co:ning ceramic cement.
was used as the edhesive in the assembly of the. glass.sections...Thism”

method of construction provided a;unit of'uniformpheat.transfer.properties;

Insuletion

To assure that the heat flow would approach one-dimensional condi-
tions, it was necessary to insulste the mold . Twominch thick. blocks of. .
polyurethane insulation were_plscedfadﬂscent to,theemoldmand”heet.sink_
on all sides with the exception of the top of thewheet_sink.endetheﬂglsea.
section forming tﬁe'front of'the-mold. The-polyurethene.blockﬂcorering.
the top of the mold was constructed o as to echleve a tight. fit. This
errengement assured minimum heet transfer through this section and .
facilitated the 1oading -of materiels into the mold.. The entire system

was enclosed in a plywood containerg

Thermpcouples :

ﬁléht 10 gage iron-coﬁstdnten thermocouples'ﬁgre-csed'iﬂ this

work. Seven of the thermocouples wére placed in the mold cavity to record
temperatures of the solidifying material with respect to ‘time, the eighth
thermocouple was placed in the heat sink to record the tempereture of the
acetone-dry ice mlxture.-lThe first seven thermocouples were held in_plece
by str‘et.ching the wire leads between two parallel glase rods cemented as
close to the side walls of the mold as possible end one inch from the.
bottom. The eighth thermocouple was installed such thet it oould be

moved from the heat- S1nk and placed egsinst the glaes penel in the mold
ares in order to determine the temperature at the golid-mold interface.

The thermocouple leads were brought outside the mold and1attached to
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-junctzon boxes ‘on either side of . the plywood conxainerwwhere cnnnections
were made to the multichannel temperatuze recorder. Figure 2 shows the

_p031t10n3 of the thermoceuples.: -:57

Eerature REOorder ;

A 2h channel Honeywell Brown Electric Recorder, Model No.
83153XB9-(C)-II-I;I-16, was used to record temperatures. during solidifi- -
eation. Only eight of the chanﬁels #érelused,ahdmthe_temperaiurehmeaSUréé
ments were recorded in sequence according to the numbered positidns.of:.
the thermocouple junctions as shown in Figure 2. fThe elapsed time be-
tﬁéen éach reading was five gecondS'and the- ¢hart speed_szo.inphes'per

minute.

Ultrasonoscope

A Magngflux:!bdel-PS-SlOB Pulse Ultrasonoscope-waé'uéed'ﬁo determine
the position of the freezing front &t any time during'solidification. The
'inatrument was’ appllcable to pulSe-echo, throvgh transmission, 1mmersion
and contact methods of flaw- detectlon and had a test range of 1. 6 to 320
;nches in steel and a frequency range of 0.5 Me to_l5_Mb. Readings were
displayed on & five.inéh, flat faced cathode ray tube. The gain of the
ultrasoqoscope could be set so that the readings on the graduated scale
'_eﬁfresponded to the pulse-éého distaﬁce.

| A Magnaflux 2.25 Mc - 3/8 inch miniature ceramic type transducer
'was use@ for ;11 tests. Piezoelectric tfansducerﬁ.of tﬁis type can be -

used at temperatures up to 140°F.

' Ancillary Equipment

To assure that the glass sectioh forming the front_wall of the mold
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was always kéﬁﬁ';ﬁg;é'the f:eg#iégiﬁeﬁperature'qfitﬁe_material; two.flat
fhbéd 400 ohm résistancesL3“iﬁchéslﬁigh by 1 5/Bfincﬁes_uidé we;e.placed
1/8 inch ffom the . glass surface inféléﬁélﬁﬁdé of wood that pravided sup-
port for the heating assembly. To facilitate scanning of the solid-
" 1liquid i@terface'the heating eiementé vere arrangedqahéh'thh£ the.entire
front glass sectibn up td'the:levéi of the.liqﬁidfmhteriﬁl was covered
except for a 3/4 inch vertiéal gapf££3thglmiddle portion,  The resistances
'were connected across a type 500B Staco nriable voltage instrument .
:hﬁviﬁé'aﬂrahge of 0 to 140 volts. The heating elementa were rémpvab;e;fand_
were used only for the nﬁoctadecﬁﬁe runs, as'tﬁis was'thé.oﬁly.materiﬁl
i wﬁnse melting point is above réom temperaiure. | |

A Tektronix Oscilloscope Camers, Type C-12, fitted with 3000
Speed, Type 47 Polaroid Film was nsed_ﬁo:record'ﬁhe eathode ray tubéi b%;
patterns. Heat_sihk temperatures éhﬂ additional mold t&ﬁpergtﬁres were 5,4.
checked with stahdgrd mercury or aleohol in gi@ég thérmumetérs, A;Leeds
and Northrup Millivolt Potentiametgr was used to stand#rdize the Honeywe N

_temperature recorder.
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CHAPTER IV

PROCEDURE

T - : n

| Callbration of Instruments

Adjustment of ‘the ultrasonoscope and standardmzatzon of the tem-
perature recorder was requlred before each experimental run to assure
aceuracy in the measurements. The standard calibratlon procedures ere
descrioed in-tﬁe.fbllowiog:sections;

Ultrasonoscope R -

[

For sll.tests. the pulse-echo technigue was used. In this techni-
que a pulse of ultrasonlc energy is sent out by a single transducer
'through the glass mold and into the liqnid_portion_of material under
study. Upon reachingﬂthe'solid-liquid interface the séund ﬁsves are

reflected back to the transducer through the 1iquid mediwm. The travel

time of the signal is then transformed by the ultrasonoscope into a cathode

rayjtube trece_pattern which cOntiouOﬁslf-gives a measure of the distenCe
from-the_phese broundary to the transducer.'

The'travel'time of seund waves in a medium is inversely proportional
to the velocity of sound in the medium. For the meterials studied in this
iovestigationt mercury, n-octadecane and nehessﬁecene, it was found that
travel time.increased-with increasing temperatures. As a result the ultra-
sonoscope registered a change in the distance recorded propertionsl to the
change in temperature of the 1iquid medium.

To illustrate this phenomenon, liquid material at a temperature

RO AFINER
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equal to ité ffeézing point was pléded in the mold and the ultrasono-
scope set to record the.actual.molﬁ'width'of 3 inches. The liquid:
material'was'then heated and the ultraScnosébpeireadings recorded.to.
obtain .the curve shown in Figure 3. The 'reia.tionﬁhip between. temperature
and éound vélocity is ciearly demonsﬁfated. In the present work, this
- relationshiy had'tp be considered dﬁring each experimental'run if
ACEuréte readings wefe.talbe~obtaiﬁeda In all'tests_tﬁe.ultrasonosgbpe
was cﬁiibrated'so_th&f it gave an accurate measure éfjfhe.mbld cavity
width at the melting point of the material.
o ‘Studies of-thé solidification behﬁvior of n-hexadecane and
n-octadecané“showed'%héﬁ?ﬁheﬁ;the initial 1iquid termpersture was above
fhelfréeﬁing point,:freeziné*étarted as goon 48 the moid cavity was filled o
éﬁd the superheat dissipated 'during solidification. In this éase the data.:
had to be corrected tojaCCOunt'fbr-the variation in the"sfeed of'sound'
with témperature With meréury-as tﬁe test éubstance direet'readingS-
were obtained at all times as solidzficatlon in this case did not start
‘until all the superheat was dl331pated. .
In order to correct the readlngs durihé.the_éa;ly“moménts of
solidificati@n when the 1iquid'was subeﬁhéated; a correction factor
based_on 3 inches was:calcu;ated directly ffqm.?igure?g.and piotted'gs;
iﬁ.Figure 4. fThis curve gives a correlation;bgtwegn tgmperﬁture_ﬁﬁ& the
corfecﬁion'factOr byzwhich'tﬁé:actual réadingsﬁmust_pgjmultiplied to .
give true readings. Theréfdré'by nbting the tempérﬁture-of the liquidl
at any given time and obtaining the correspondlng correction factor from
Figure h an accurate measurement of the positlon of the solid-liquid

1nterface was achleved at all times. This procedure assumes & aniform
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temperature:thrcughout the liquid.

Figire 5 shows actual ultrasonoscope trace patterns obtained dur-
ing solidification of niercnryo ‘The bottom pattepnpis.fbr[mercury.at-75°F
before the start of solidification as inﬁicated by the set point of 3 1716
inches as cbﬁeined_from Figure 3. The top pattexnaindicetes\fhat_solidi—
fication has proceeded to the poiﬁt such that two inches of liquid mercury
ﬁath remain. All readings were.@ade at:the point“whereftheffirst_dis-
continuity.appeafed in the horizcﬂfai'trebelof'the'ultrQEDnoecope.pettern.

' Thermocouples and'TemperetureiBeccrﬁer

Before each experiment, the temperature recording system was. checked

for accuracy, 'The HoneyWell temperature recorder was first standardi&edJ

by using the Leed8~and Northrup Millivolt Potentiometer. The response
- of the system was then checkéd by placing liquld materlal, at a known

temperature, in the meld and observing the readings of the thermocouples.

_Initielfset-Up»

After the temperature meaeurement System-hai'béen'cheCked accord-
ing to the procedure.ontlined in the preceding section, the temperature
recorder ﬁaS'maintained-at the "on" position and the strip cﬁaft set at
the zero time position.

If.n-octadecane was the material to be solidified. then the heating
elements were placed in the slots which provided support and the voltage
was set at 20 volts. This maintained fhe temperature of tﬁe gir in the
immediate vicinity of the glass panel at 85°F, two degrees above the
freezing temperature of n-octadecane. The heating ele‘:‘neﬁts were not used:

during the mercury and n-hexadecane runs.
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Ultrasonoscope Trace Patterns,
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Tﬁé transducer was positioned on the fronf.glass panel of the mold
approximately 1/h of an inch from the bottom and centered with. respect to
the width of the;mold. A thin film of light machine. 0il was applied to
ipsure good contact between the glass and transducer. The ultrasonoscope
wes set according to the instruction manual for operation with the pulse-
echo technigue.

To prepare thé'heat 5ink, a mixture of acetone and dry ice was
placed in & beaker and brought to its equilibrium temperature (-107°F).
Small blocks of dry ice were then placed in the heat sink chamber.bﬁt
not allowsd to touch the partition separating the heat sink from the mold

at this stage 1n order to m;nimize the possibility of uneven coollng.

£

H

The test material was then brought to the de31red inltial temperature by
external heating and placed in the mold chamber to. s depth of three inches.
As quickly as possible, the cathode.ray tube trace pattern was set to
-corresponi to the liquid material at its freezing point as outlined in

the first section of this chapter. introdpction of~the acetone andldry

ice i xture fOlldwedlfhe uitrasbnoscope'calibration steps. The:level

of the acetone in the heat sink was always maintained at a level above

that of the material in the mold. A low temperature thermometer was then
placed in the heat sink in order to check the accuracy of the temperature

- recorder. Expefimental data on the SQlidification rate and front prbfile

development could now be recorded.

Solidification Rate and Front Profile Messurements

Reasdings from the ultrasonoscope were recorded along with time.

- Continuous readings of the temperatures inside the mold and heat sink
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- were noted by the temperature recorder. Occasicnal checks of these tem-
peratures were made with mercury or aleohol in glass thermometers. Once
solidification began, an ultrason05cop¢ reading was taken at a point 1/h
of an inch above the bottom of the mold and centered with respect to the
-'width.of_the mold. In rapid succession, similar readings were teken at
points 3/4, 1 1/4, 1 3/4, and 2 1/4 inches above the bottom of the mold
and in a vertical line with the initial point. Resdings were repeated
every 1/16 or 1/8 of an inch of solid formation as indicated:by'the ultra-
-gonoscope. The éccuracy of the'ultrasonbsﬁope readings was checked by
noting the time at which a sudden drop in temperature occurred ét the
thermocouple positions as indicated by the temperature recorder. Visual
obsefvations of the passage of the freezing front fhrbugh each of the
thermocouple positions were possible during~fhe n;oétéﬁechne}and-n-hexade—
CAane runs, aé these sﬂbétances are‘tianspaééht?;ﬁgfh;.iiQuiélstate; bﬁt
not with mefcury of course.

During any run, occasional.adjustments to the seqsitifity and power
output cortrols of the ultraéonog?ope.weze necessary in oider. £ maintaiﬁ a
clear trace patiern‘ Adjustments of this nature wére'mginly required.when
the solidification front varied from the one-dimensionﬁl configuration and
assumed a <urve surface as viewed from thé side of the mold., When the path
of sound waves at the point of reflection is not perpendicular to the
tangent plane to the curved surface atkthat point, then some.of the sound
.waves are_scattéred'and losf, and only a portion of the reflected waves are
-transmiited back to the transducer. This conditions résﬁlts in a weak
signal. T% was found desirable to mount the transducer at the lower part

of the mold cavity where the effect of Tront curvature would be a minimum.
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One run for each initial tempemtﬁre of 90°F, lOO"F", and 120°F 'fdr n- |
octadecane, and 70°F, 90°F and 120°F for n-hexadecane was .ca:.;ried out in
order to inirestiga.ﬁe the effeét of various degrees of superheat on the '
solidification rate and solidification 'i'ront'pfofile_.. By .p.grforming_ two
identicé.l tests on mercury at 75°F it was established that data could be

reproduced to % %2 inches. Readings were terminated when two inches of

material had golidified.
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CHAPTER V
PRESENTATION AND DISCUSSION OF RESULTS -

The results obtained from the experimentel investigation and the
mmerical golution to the one-dimersional heat trsnsfer'équation using
a technique developed by Willfem D. Murtsy (41) are shown in Figures 6

through 39. The solidification rate and front profile dats obtained

during the experimental rns are given in Appenﬂices,A_snd B. Appendices .

C, E and F give ‘respectively a brief presentation of the a.ppromtions
developed by Murray for the derivatlon of the mathemstical expressions
used in the numerical solution, a sample of the computer program used to
" golve the problem, and & sample of the eomputer output.._ _

The experimental results of solid formation as_s_fﬁsction of time
are shown in-FigureSZG'thzbugﬁ 12, A1l expeiiﬁeﬁtal'rtns“were started
at a temperature above the freezlng point of the. material._ -As discussed
- in Chapter IV an error proportxonsl to the amount of superheat remaining

in the liquid was present in the ultrasonoscoPe-readings."These initial
readings were corrected'by-mhltiplying the actusl-reaﬂings ty'the proper
correction factor corresponding to the temperature of -.-the. l‘iquid at that
‘instant as obtained from Figure b, |
It can be seen that there are some diffe;enees:ig.the'results ob-
tq;aned__experimen;a.llyjand those given by the numerical géluf;c;i_on. These
differences arise from several eauses. In the nsmerieai_sqlution,
it is assumed that a perfectly insuleted one-dimensional heat flow sySteﬁ

exists. In practice, however, heat can flow into the mold .'l_'pa?.rti_cularly
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through the front glass panel which would tend to reduce the actual rate
of solidification. In aﬁ atieﬁptltb pioduce a.cléser.agreement_betwéen
the experimental data and the fheﬁreﬁical curves, the co@putér.§dlﬁtion
was modifiéd'%o account for ﬁétufhflconvection andmcdhductibﬁ throuSh the
front glass panei;_ Eﬁen_after'this_modification'some differences in the
dste still remained. R

Another source of error_cﬁuld ariselfrqm-the fact that in fhe
numerical solution the meld wall temperature at the gclidembld interface
is assumed to be the same as that inside the heat sink, namely -107°F.
In practice it would be expected that a temperature gradient would éxist
in the glass mold wall separating the dry‘ice and acetone mixture from the
golidified material. Because of this assumption a linear distribution of
tempe:ature'in the solid between the solidification front end the solid-
meold interface results in the mmerical solution; which is clearly'noﬁ.the
situation as can be seer from the experimental.curves.of Figufes 37, 38
and 39. -

. For n-octadecane and n-hexadecane this temperature gradient would
be expected to be small since these materials have a thermal con&nctivity
comparable with that of the glass mold wall. Hence the‘reasonable good
agreement between the temperature distributions'aséﬂmed in the numerical
solution and the experimenta) data as shown in Figures 38 and 39. A
thermocouple placed adjacent to the mold wall showed the solid-mold
interface temperature to be -107°F.

The thermal conductivity for mercury is approximately two orders
of_magnitude_greater.than that for glass. This would result in a solid-

mold interface temperature considerably higher than the heat sink tempera-
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ture of -107°F. A thermocouple placed at this interface showed that the
temperature decreased with time, and in fact was -70°F at the instant when

1 1/2 inches of solid had szumd, In the tests with mercury the computer

solution was modified to account for the differences in thermsl properties '

and temperature gradients for the meréury and glass. After thls modifica=-
tlon, reason&ble agreemenb waseobtained between the numerical'computer
solution and the experlmentel data as shown in Figure 37 :Further, the
numerical solutiod assumes a constant density for both the liquid and
solid phases and neglects the effects of superheat and natural convection
within the llqu1d. It was noted.in the computer solutlon that 8 small
change in the numerical velue of ‘the density of*the material has a marked
effect on the total solidifidaﬁion tiﬁe. The therﬁel constants (see
Appendix D) employed in the solution had to be assumed at an arbitrarily
chosen temﬁerature for both the solid and ligquid phases which contributed
additional errors.

‘Figure 6 shows a comparison of the experimental data with the
numerical solution for the thickness of solid formed with respect to time
for mercury at 75°F. It can be seen that there is reesonebly good agree-
ment between the experimentel and theoretical results. Thickness of solid
formation versus time curves for n-octadecane are shown in Figures 7, 8 -
and 9. The times for complete solidification as given by the numerical
solution afe seen\tq be about 200 per cent higher than those obtained
experimentally, This tremendous difference between the experimental and

nimerical results is probably due to the shape of the aolid-liquld inter-

face which could be populated with mlcroscopic peaks and valleys as observed

in a previous study (38), and to natural convection in the liquid region.
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The numerical solution used in this work assumed s flat solideliquid
interface and no natural convection within the liQuidw The low thermal
conductivity of n-octa@eéane indicates that the assumption of negligible
natural'convection through the liguid &ould give'rise to appreciable
errors in the numerical solﬁtiono The mechanism of solidification of
n-octadecang is such thaf as:this.ﬁaterial'freezes'many crystals grcw_out
of the main solid-liquid 'intérfac‘e orienting themselves in such a manner
that their axes of high thermal conductivity are more or less ﬁerpendicular
to the interface. Heat would then_b'g removed from the liquid laterally
through these c;ystals as well as"normaliy through their gnds.. Conse~
guently the. erystals &t the interface increase in Width at the expense of
the neighboring liquid, while the-éoﬂtinuai appearance of new crystais
helps to maintain an average crystal width. It is believed that the
increase in the growth rate of crystals at the interface and the increase
‘in the heat transferred through the liquid as & result of nétural convee-
tion afe the principal causes for fhe disagreement between theoreticael
and experimental results for n—octadecanea Althoﬁgh the'shape of the
solid-liquid interface dufing freezing of pure n-hexadecane has not been
_observed, it is suspected that the same mecharism of crystal growth
'described above governs the solidification of this material. Rhtural
convection through the liquid would further decrease the actual time”fcr_
complete solidific;ti;no Solid thickness versuS'fiﬁe"cﬁffeS for n-hexade-
cane are shown in Figures 10, 11 and 12,

- As opposed to n-octadecane ﬁn&Ln-hexadecané_the solidiiiquid inter-
face for'mé?cury is known td'be_plan;r'and non-cryst&;loéiaphic.' Furthéf;'

the high therﬁal-eOnductivity of'this:material_iﬂﬁibates that heat trans-




fer througp'thé' liquid region would occur mainly by conduction. This
implies that no appreciable error would result in the numerical solution
which assumes & flat interface ahﬂ-negligible”effeets of natural convection
thrﬁugh tne‘liqﬁid iégion.' Hénce the good agréééen£ between the experi-
" mental and thebreticai'solidifiéation rates for mercury. | |
The velocity of the freezing front as a function of time is'shdwn
in Figures 13, 1k and 15. The experimental VeIOCity;WBS determined from
the slope of the experimental curves in Figures 6, 9 and 12. The motion
of the freezing front in all cases is such that it experiences a very
rapid acceleration for a short time at the beginning'of solidification,
then a slow decelefation as solidification progresses. ”in:bdth the
experimental and theoretical curves the peaks of'maximum.veiocity are
observed to occur at the same.time. Figures 14 and 15 show that the maximum
velocity peak for n-hexsdecane occurs at a later time than for n-octade;
carie. This is so because in these particulhr runs n-hexadecane had 58
degrees Farenheit of superheat at time zero compared with only 37 for .
n-cttadecane., The dashed lines in the curves represent assumed values of
the velccity near time zero, as accurate measurements during this small
time interval could not be made. Agreement between numeriéal and experi-
mental results for mércury as shown in Figure 13 is seen to be reas&hably
ébod. For n-octadecane and n-hexadecane the valueg of freezing front
velocity as obtained from the experimental results are seen to be approxi-
mately 100 per cent higher than the valugs given by the numerical solution. .
Eigures 16 through 22 show solid thickness as a function of the
square root of time for each of the initial temperatures. This form of

presentation is of the type discussed in Chapﬁer IT where the mathemati-
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cel exﬁression
=g/t + ¢

is used to Feediet solidification rates for various materials. The con~
'stdnte q and € heve units of incheSAminutes% and inches iesbectively;

The variables D and t have units of inches.and minutes respectively.

The values of q and C for mercury were found to be 0.825 and -2.5
respectively. For n-octadecane and n-hexﬁdecane q ranges from 0.19 to
0.21; C renges from ~0.11 to -0.25, and incfeases in abso;ute valﬁe_for
increasing degrees of Supeiheat. A small time delay before the start of
solidification is indicated by the small numerical value of C for n-octa-
decane and n-hexadecsne. A large mmerical value of C for-meréufy
indicates that a considerable amount of time wes'spent during the disSipa#
tion of superheat, actually about 1/3. of the total time for complete.
solidification. It is noted also that solidification of mercury did not
" start until all the superheat was dissipated and the liquid metal was
slightly undercooled.

Figures 23 through 29 show representative solidification frent
.profiles for all_runs, The presence of convection curTents during the
diSsipation of éuperheat accounts for the curved profiles. The curves
show that as solidification progresses, the profiles approach the ideal
one-dimensional édnéept._ The Profiles;for mercury. as shown in Figure 23
‘are séén td,ﬁe'more curved than{thoseffof n-octddeéehe”ehﬁ ﬁlhéxadec&ne.
This ie 5o because a great deal-ﬁore.of superheat had to be diéSipafed
during the mercury run. Flgures Eh 25 and 26 for n-octadecane, and

Figures 27, 28 and 29 for n~hexadecane show how the curvature of the
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profiles increases with:increasing amonnts of superheat.

Figures 30 through 36 show representative experimental temperature.

ﬁrofiles for 21l runs. Reférring to the thermocouple positions. shown

in Figure 2 the témperature profiles show the time at which the $01idifi-
cation front passed each of the thermocouple positions by the sudden
drop in temperature. Correlation Eetween these times and those noted

by the ultrasonoscope are good.

The temperasture distributioﬁ in thefsolid.and iiqnid portions for
the case where solidification is half-way complete across the mold. is
shown in Figures 37, 38 and 35. The points plotted represent experimental
and theoretical temperatures at each of the thermocouple positions. The

dashed portion of the experimental curve represents the assuﬁed tempera-

ture distribution from the seventh thermocouple to the mold wall. Agree-=

ment between experimental and theoretical results for all the materialsi-
is seen to be reasomably good. Differences in the experimental and
theoretical temperature distributions in the solid.fegion are probably

due to the sssumption of constant physical properties in the mathematical

equations used in the numerical soluﬁion,
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

From this study of the uitraso#ic pulse-echo.techniQue as a me#ﬁs
" of detecting the motion of the'aﬁlidification front, the following con-
clusions may be drawns | |

1. The unidirectional motion and thelﬁrbfile configuratiﬁn of the
solidification.frcnt can be ﬁcéurafeif determinéd for'mercﬁry, n-octade-
cane and n-hexadeéane' paraffins by use of the ultr_é.do-nic pulse-echo
techniqueo

2. Changes in the temperature of the :ﬁeditnn ﬁhrong_h whiteh' sound
waves are traveiing must be taken intb cbnSideratiOn'if.dccurate readings
are to be obtained;

3. The tangent plene to the'g'-s@;idg-'iiquid interface &t the point
of reflection wust be nearly perpenaiéilar to the incoming ultrasonic
signél,'othefwise the reflected sound ﬁaﬁes will not be received by the
transducer.

I, A low frequency ultrasound is recamménded for maximum_ihtensity
of the transmitted signal through the medium.

5. The ultrasonic energy, when applied in a non-continuous f&éhion
as in this iﬁvestigatibn does not noticeably affect the solidification.
| proceSS; the motion of the f:eezing front being a functiop dﬁ_the physical
and thermal propéitiéé'bf thé;sﬁstémanly. '

6. The ultrasonic pulseéechd'techhique as applied in this work

would appéar to provide an external means of studying solidiffcation rates
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of metals and non-metals without’ grestly interferring with the solidifica-
tion process. o | -

The following items d£e3éeﬁoﬁﬁéndéd ﬁs"a.loéicﬁivéiﬁen3£6n of the
work which has been-pfésentgd in this thesis:

1. A sﬁudy'Should foflowjusing ﬁﬁrg ﬁetalé;ahd métﬁl ailoys'as
the solidifying matéfial.in-one-dimehéibﬁél and two-dimensionel configuras
tions. . |

2. Rbthbdg to use traﬂsdﬁééfé'at témperatures higher than their
present operating ranges should be studied and deveioPed-fbr use with

pure metals and metal alloys having a high freezing temperature.




APPERDIX A

SCLIDIFICATION RATE DATA

.Table 1. Solidification.Rate Data
' for Mercury at 75°F (Run No, 1)
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Ultrasonoscope - Cbrrected Solid

‘Heat Sink
Time Readings .~ . Thickness = Temperature
Minutes Inches - ¥ Inches - - °F -
0.00 3 1/16 S0 -102
10.00 3 .00 -110
13.25 2 9/16 L 716 -110
14 .25 -2 15/32 BT i 7 -109
16.50 2 416 T 1216 -109
19.00 - B _ 1 =109
20.00 1 15/16 1'1/16 -109
21.50 11316 .1 3/16 -108
23.50 1 9/16 1 7/16 . -109
2k .50 1 8/16 1 8/16- -109
25.50 1 7/16 -1 9/16 -109
27.50 1 5/16 1 11/16 -109
28.25 1 4/16 11216 -109
30.00 -1 3/32 1 29/32 -109
31.00 1 e -109




Table 2. Solidification Rate Data

for Mercury at 75° (Run No. 2)

Corrécted Solid =

‘Ultrasonoscepe Heat Sink
Time Readings - Thickness Temperature
Minutes Inches Inches °F
0.00 3 1/16 o -105
©10.00 -2 31/32 1/32 =109
11.00 2 12/16 4/16 -109 -
12.00 2 10/16 6/16 -109
13.00 2 8/16 8/16 =110
17.00 2 2/16 _Ab/16 =109
20.00 113/16 1316 -109
21.50 - 121/32 111/32 ~109
2k, 50 1 6/16 1 10/16 -108
26.00 1 L4/16 1.12/16 -109
26,75 1 3/16 1 13/16 -109 -
27.75 1216 1 1h/16 - -109
29.75 1 2

-109
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" Table 3. Solidification Rate Data
for N-Hexadecane at 7O°F.

Ultrasonoscope Corrected Solid Heat Sink

Time _ Readings Thickness ... Temperature
Minutes Tnches Inches ' : °F
0.0 3 1/32 o © -0k
1.5 2 1L4/16 2/16 -105
4.0 2 12/16 _ L/16 - S 2106 -
6.0 2 10/16 .. B16 -107
8.5 2 9/16 ' 7/16 : -107
15.0 2 5/16 11/16 _ =107
20.0 2 L/16 : . 12/16 S =108
2k.0 2 3/16 : - 13/16 -108
28.0 2 2/16 o - 14/16 -109
%0.0 -1 1k /16 1216 -108
4g.0 1 12/36 1416 _ -108
54.0 1 10/16 1 6/16 _ -108
61.0 1 9/16 N AT o -109
- 66.0 18/16 JL8/16 0 =T 108
71.0 17/16 “19f16° ¢ L 207
78.0 1 6/16 1 10/16 : -108
86 .0 1 4/16 S 1.12/16 = -109
92.0 1 3/16 1 13/16 : -109
97.0 1 2/16 1 14/16 . =109
103.0 1116 1 15/16 : -1.09
110.0 1 2

-109




Table 4. Solidification Rate Data
for N-Hexadecane at Q0°F.

v

Ultrasonoscope - - ‘Corrected Solid " Heat Sink

Time Reading - ..Thickness Temperature
Minutes Inches .. Inches °F
0.0 - 3 2/16 BT I T Aaee
2.0 2 14/16 . 316 - St -10k
5.0 2 12/16 _ - 5/16 B ~106
8.0 2 10/16 e 716 ~107
15.0 2 7/16 9/16 -107
20.0 2 5/16 11/16 -107
26.0 - 22/16 - 1bk/16 -108
33.0 2 : 1 : =108
40.0 1 15/16 -1 116 -108
Ly .0 ~ 1 14/16 © 1 216 _ -108
49.0 1 13/16 1 3/16 -108
52.5 1 12/16 1 4/16 - -108
60.0 1 10/16 1 6/16 . =108
66.5 1 9/16 1 7/16 . -108
71.0 1 8/16 1 8/16 -108
78.0 1 7/16 1 9/16 -108
92.0 15/16 1 11/16 - -107
9.5 1 476 1 12/16 _ -108
105.0 1 3/16 1 13/16 -108
'109.0 12/16 1 14/16 -107
116.5 11/16 1 15/16 -108
124.0 1 2 -108
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Table 6. Solidification Rate Data
for N~Octadecane at 90°F.

Ultrasonoscope -Corrected Solid Heat Sink

Time Readings Thickness Temperature
Minutes Inches Inches ' °F
0.0 31/32 SR B ~10k
2.5 2 29/32 216 -105
k.0 2 27/32 . 3/16 ' -106
9.5 2 19/32 - 716 -109
12.0 2 8/16 8/16 -109
15.5 2 6/16 - 10/16 . -109
20.5 2 416 . 12/16 -110
2h .0 2 3/16 - 13/16 ' -110
27.5 2 2/16 : ~ . 1kN16 -110
3.5 1 14/16 : 1. 2/16 , -110
k7.0 1 13/16 1 3/16 =110
53.0 11116 156 ~110
58.5 1 10/16 1 6/16 -110
65.0 1 8/16 1 8/16 - =109
74 .0 1 6/16 1 10/16 , S .109
85.5 1 416 11216 -110
97.5 1 2/16 1 14/16 -110
i01.5 11/16 115/16 _ -110
110.0 1 2 : : -110
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Table 7. Solidification Rate Data
for N-Octadecane at 100°F.
Ultrasonoscope ‘Corrected Solid : Heat Sink
- Time . .Readings .. Thickness . . Temperature

Minutes . Inches - Inches ' . PE
0.00 - 33/32 0 ~104 -
1.00 2 31/32 3/32 =107
2.25 2 27/32 7/32 -108
4.00 2 25/32 9/42 - -108
6.00 2 11/16 12/32 : - =109
8.00 2 19/32 : 7/16 -109
12.00 2 15/32 17/32 ' -109
- 16.00 2 11/32 - . 21/32 : ~109
21.00 2 17/32 : - 25/32 ' -109
27.00 2 3/32 29/32 109
35.00 1 31/32 11/32 o ~109
41.50 1 27/32 15/32 - =109
47.00 1 25/32 1 7/32 -109
52,00 111/16 1 5/16 . -109
53.00 119/32 - 113/32 : -109
69.50 1 15/32 117/32 © =109
77.00 113/32 . 1 19/32 -109
83.50 111/32 1 21/32 -109
95.00 1 7/32 1 25/32 _ - =109
108.50 13/32 1 29/32 . -109
117.00 11/32 1 31/32 -109
120.00 1 2 : -109
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'APPENDIX B
' SOLIDIFICATION FRONT FROFILE, DATA

Table 9 Solldlficatlon Front Profile Data’
- for Mercury at 75°F

Corrected Solid Thickness for
Trangducer Positions 1 thrOugh 5

T:E_me_ . . _ — Inches — L -
Minutes 1 P _ 3 L 5
10.00 0 L | 0.
13.25 7/16 6/16 5/16 3/16 . 1/16
16.50 ' 12/16 23/32 21/32 '8/16 7/16
19.00 : 1 1 14/16 13/16 11/16
21.50 13/16 1 3/16 1 2/16 116 1
24.50 186 18A6 - 1716 11/16 1 5/16
27.50 111/16 1 21}32 1 10/16 1 10/16 1 9/16

.00 2 2, - 115016 1 29/32 1 27/32




Table 10. Solidification Front Profile Data
for N-Hexadecane at 7O°F. .

Corrected S8olid Thickness for
Transducer Positions 1 through 5

Inches

Time o

Minutes 1 5 | 3 L 5
1.50 2/16 ofi6. . 216 2/16 - 2/16
%.00 . 1416 L6 4/16 LA6 A6
8.50 - 7/16. 7/16 7/16 _T/16 - 7/16

110.00 2 S : _ 2 2

2
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Table 11. Solidification Front Profile Data
for N-Hexadecane at 90°F. '

Corrected Solid Thickness for
Transducer Positions 1 through 5

Time _. . Inches |
Minutes 5 2 3. by 5
2.00 , 3/16 - 3/16 . 5/32 5/32 2/16
5.00 5/16 5/16 9/32 /16 7/32
8.00 7/16  13/32 6/16 11./32 - 9/32
15.00 9/16 . 916 | 8/16 15/32 7/16
26.00 1k /16 - - 27/32 . 25/32 12/16 11/16
33.00 1 31/32 15/16 1k/16 13/16
53.50 . 19/32 146  17/32 15/32 1 3/32
71.00 1 8/16 18/16 1 15/32 17/16  16/16

99.00 1 25/32 125/32 0 1 12/15 123/32 1 23/32
5 /32 .

2 2 T 2

v




Table 12. Solidification Front Profile Data
for N-Hexadecane at 120°F.
Corrected Solid Thickmess for .
Transducer Positions 1 through 5
Time _ - Inches _ \ _
Minutes 1 o ‘ 3 - L 5
2.00 1/16 1/16 - 1/16 1/32 1/32
4,00 5/32 5/32 3/32  3/3 1/16.
6.50 9/32. VAT 3/16 - 5/32 3/32
15.50 10/16 19/32  17/32 15/32 616
2k .00 12/16 23/32. 21/32 10/16 9/16
36 .50 15/16 . - 15/16 - -29/32 1k/16 13/16
57.00 146 1446 17/32 - 13/16 15/32
83.00 1 9/16 1 9/16 117/32 - 117/32 1 8/16
114.00 1 14/16 114/16 -1 14/16 1 1%/16 1 1416
131.00 2 2

2 - 2




Table 13.

‘Solidification Front Profile Data for

N-Octadecane at 90°F.

Corrected Solid Thickness .,.'fo'vr.
Transducer Positions 1 through 5

Time . o _ _ Inches .
Minutes 3 P 3 ' | N 5
2.50 2/16 2/16 2/ “3/32 3/32
4.00 3/16 36 . 5/ 5/32 2/16
9.50 7/16 7/16 . 13/32 13/32. 6/16
15.50 10/16 10/16 10/16 106  10/16
24 .00 13/16 13/16 . 13/16 13/26 - -13/16
110.00 2 : ' ' o 2
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Table 15. Solidificstion Front Profile Dats
~ for N-Octadecane at 120°F,
Corrected Solid Thiclmess for
. Transducer Positions 1 through 5
Time J " Ii_lcnes
Minutes N 5 3 Ty 5
3,50 4/16 C4/16 7/3%2  13/6h 3/16
10.00 7/16 13/32 .. 11/32 5/16 9/32
20.00 10/16 19/32 9/16 i7/32 8/16
23.00 11/16 21/32 : 10/16 19/32 9/16
38.00 31732  31/320 0 . 61L/6h 15/16 29/32 .
53.00 1 k16 1h/16 - 17/32 1316 15/32.
64.00 1716  17/16 113/32  125/6k 16/16
82.50 0/16 110/16 1 39/6k 1 39/64 119/32
10%.00 15/32"° 15/32 15/32 15/32 ° 15/32
122.00 2 2 2 2 ' 2




.HPPENDIX.C
' NUMERICAL SOLUITON OF THE SOLIDIFICATION PROBLEM
The solution to the tiaﬂéiﬁnﬁ heat conduction.problem inveolving .
melting or freezing propﬁséqﬂby;Mﬁrray (41) is based on_#'fariable.space
network techniqﬁe. A slab 6f'material of totsl thicknesé_E is taken and
divided into N increments. Tﬂe pﬁgition'of the freezing front is denoted
by e¢. The sﬁiid-régidn (i éje) isggivided into r equal increments of é/r
thickness, while the liguid regiOn 18 divided into (N - r) equal incre-
ment of (E - ¢)/(N - r) thickness. Figure 40 shows how the solid phase
increments increase in size as the liquid phase increments decrease dur-

ing the process of solidification.

Derivation of Numerical Approximations-

The diffErential equations for ohe-dimenﬁional heat conduction

in the solid and liquid regions respectively of a freezing body are

given by:
2
.15 08 ,
s s
w UaE o=
and
2 .
- 88 )
at ax




t=
|

P X

neY n=id n=11 n=¥2=N

& - Situation at ¢ = 'hl

ﬁﬁ)---!f:

T n=10 n=l2

LIQUID
e

b - Situation at t = t,

Figure 40, Description of Variables.




The motion of the freezing front in temms of the temperature

gradients and thermal properties of the liquid and solid phases is given

by'the expression

i
. |
ae 1 [ 2% L % 1 - @
at = L\ s % 'L B -
= ’ Xx=g .

The effect of variation of density with temperature is neglected.
Thermal properties k and d, however, are given for both the solid and
liqpid phases.

The numerical approximation'for %glx can be represented in
=g

" several ways. Murray shows that the most accurate expression is given

bys
_ e |
%] = P~ Mea1 - (3a)
ox | 24x ' '
x=e 8
and
Y
BeL _ Qr+2 ll. r+l b
=| T m (30)
X=e. . AXL
Also
D e - -
- de . Tm+] m
at - At | (4)

Substitution of equations (3) and (&) into equation (2) yields

- and algebraic expression, applicable to the digital computer,which defines

the motion of the freezing front:
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resﬁricted to the solid reg:l.on. The same equat:.ons mll -apply to the o

. ,g-\ _;,_-

liquid region by just changing the pertaining pamete&'
with respect to spa.ce, B B/ax s can be represented blr'-. > fmd

: _approxima.tion as:

2 a4 aa R
3 en :_Bnﬂ.-— 29‘11 * e‘.t'l-l : (68.)
3 2 L2 '
x Ax™

Similarly:
S Tl : (6
ax 2N ' :

 Since temperstures are to be described at mdiring 'points the
- substantial temperature-time derivative must be used to represent the
rate of change of temperature. In the solid region the tempera.ture at

each point x %xn(t), as described by the substantial derivative is:

ag. 28 | | aen | )
T | & *® (7
X=X x
1
“ax dt 8 2 ‘
&€ . X
t %

since dxn/dt = defe fo:'-equally' -spaced lum_ps". Substitution of eduatipns o




(6a) and (6b) into (7b) yields:

.8 58,8 )
88, mx (8 - 8) 4 e (6., - 28, ¢80 ) )
' T s - .
at € 2k at -
_ s
" since X = nﬁxs
Also, by further approximations:
:i.?.ll ~ Bl nm ' (9)
dat At

where the ‘su'bsci'ipt n re'pré_sents a.}'-s_._p‘ecific loca.tioﬁ in the ma.-'teri'.a.l »
and the subscript m represents the cc’arre'sp'ohéling' time i:ntervé.l. Substi- -
tution of equations (4) aﬁd (9) into equa.tioﬁ {(8) yields an algebraic
temperature distribu’cion equation which is 'applicﬁblé for di'gita.l coﬁlpu-

tation:

en';m+1 - '911,-111 i nlx, . -.en-;lirl - 7911’5135111 fni1” °m
At T e ' ZBXS . At
- o .
om0 fam) (108)
e

8

Si'milé.rly for the lliq_luid region:

At = E-e)

eri,m+1 ” en,m (W-n)ax, /8,

5 | /} - (10m) .




In this work a system of" N'-__='2r. = 12_netwo.rk 4intervals is used.
For this case and after some algebraic munipulation equations (10) reduce

tOI H

€
m

n ol % R 2 {72_0.8 (®On m ®a-1 ,m) (__EF_

N 226 4+ 8 , 0 =1,2,3,4,5 ’ (11)

+ n+l ot n n-1,m .
' 36a At I(N-n)(E e ) I € '_'-e
8 g =0 2 e I T |
n,m _ n,m (E - e l 7201_' | n+l,m n-1,m At
9 o -
+‘._n+:,’"’.“ - 28n,m_+ en-l,-m_ s 1 -.-. 7,8,9,10,11 : (12)
where e6 fu51on T Q::f. 'ﬂ.fjigj
and 613 = 91'1 by symmetry. -
For the motion of ghe - fiis?i‘on front:
- 8 - 48
,' - 4 38t 4 ~ 5 8 7
Cmel em oL {ks — ‘5 E } (13)

.B‘ounda.ry Conditions

In addition to the équati'ons for the interior region and fdr the
motion of the freezing front, two conditions at the boundaries of the
mold must be pre'scri.bed. For n-octadecane and n-hexadecsne the boundery

condition at x = O is given by:
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0 . = 90 (constant for t > 0)

where 90 represents the"e:quilibx'-iinn‘ temperature oi‘ the acetone and dry
ice mixture. For méféury, however , the témperature at the solid-mold
interface is 'é.lWa.jrﬁ_higher than the _ﬁéat sink temperature as discussed
in Chapter V. The bounda.ry'conﬂitioh at x = O in this case must be
determined 'by-considemtion of the heat flu‘x- Scroés the_ glass panel |

separating the heat sink and mold ares:

IS - 90
Q0 = = (14a)
—
k
g
= Uo(TS ~ ©) | (14b)
By a numerical approximation:
at At
20 | 8, -8
_ s 1l,m o,m . Q0

Substitution of equation (14b) into equation (15b) yields an expression

for 90:
106 At (68, -0 )
=0 + .S _1:1‘11 O,m + @(TS -~ B ) (16)
o m+l O, € € ks o]

The boundary conditibn'aﬁ"‘x'" =E (912) is similarly determined by considera-

tion of the heat flux across ‘the front --giass‘ pan'ei.:-.
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R ¥ S (17)
Bk h
k h
. g
= UN(eiQ',m - TR) (170)
By & numerical approximation: .
Vo Coan = o | (182)
dt = At

- {Bll I - “12.m | (18b)
= _

Substitution of equation (17b) into_eqnatién (18b) yields &n expression
for 912: :

. e ) :mhelézﬁ)-m(e

= 9 - - TR)p (19)
12,[&""1 = 12,111 (E _ em) (E _ em)

_ Initial Conditions

When ¢ = O it is seen that infinite or indeterminate forms result
in some terms of the equations.. Thﬁs the problem must be started with aﬁ
assumed value of €" -In the present work LR and the corresponding time
increment are selected from the experimental data. The initial value
of 90 for mercury can be obtained by a trial aﬁﬂ error calculation or
by experimeﬁtal determination of the temperature at the solid-mold inter-
face. For n-octadecane and n-hexadecane Bo_is assumed at the heat'sink

temperature as previously discussed. Initial values of 91 and 95 are




S e i vwm . ma e
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—
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obtained by extrapolation between 96 and_86, the fusion tempertﬁrea
?@}??ﬁ of;GT through 812 rep;esent the temperature excess above the _
'fﬁsiqn”temggratgre_in_tpe liquid region. ‘Ehgsemfalnesmarg;obtaiheduhj
referring to the temperature profiles\obta;nedfdnring_expgrimgntatiog,v...
‘which ghqy'ip every case that a constant value of 6 .in the liquid phase

is an acceptable assumption.

-Other Information

L_In the computer solution fhé'nﬁﬁericﬁl vaiue“of the time incremént,
Bt{ must be continually ?ariediin order to maintaiﬁHa.requiied level of .

stability. Here At is'dete:mfnbﬁ from the smallest of:

0.2_gi
N (20a)}
ar -
8
or
0.2 (E - sm)2 =
At ' (20)

S GL(H _ r)z.

-Physiqql constahts for-mercury were obtained %}dm.the Liquid *

Metals Handbook (42). Physical constants for n-héxadstane and n-ottade-
céne were ob£;ined from réferénces (43), (L4h) and (hﬁ). All constants
used“in the numerical solution aﬁpear in Appendix D. Symbél changes_
were necessary to tfansfbrm~the solution into program _language. _A_H
sample of the'computer'prograﬁnabpears in Appendix E.

The output of the comﬁuter incluﬂed sﬁlid fhickness, freezing
_ frbnt velocity and température.distributién écros§{t§gipold as a'fuhctibn

of time. The freezing front velocity is calculatgdupyithe expression:
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v =R, 1 | (21)

The temperature di’stgribution across the mold is given by .the .temperatufés :
at both boundaries and a.'ble_ach-’ of the s.e\'renthemodouple._ppq-}#igng._.
(see Figure 2). Temperatures at each of the themmocouple positions sre.
Qﬁ%cp%a?éd_ by interpolation between the temperatures. .qorrg.spondiqg. 1o

‘the -mc_w_:i:ng_\_gqintg in i;hg vafia’.ble sp_ﬁce ngtwork. A '.samp_le. of. the computer

~output appears in Appendix F.
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NUMERICAL SOLUTTON CONSTANTS

_'Ifa'ble 16. Nmeri._cal Solution Constants
for Mercury at T5°F.

| Constants Value
|
F(1) -27.0 °F
F(2) -21.0 °F
F(3) -16.0 °F
F(4) -12.0 °F
F(5) - 7.5 °F
F(6) - 5.0 °F
F(7) 0.0, °F
F(8) 0.0 °F
F(9) 0.0 °F
F(10) 0.0 °F
F(11) 0.0 °F
F(12) 0.0 °F
F(13) 0.0 °F
E 0.242 ft
G ©0.0208 .5 £t
PS 5.30 x 10 ¢ L7 /sec
PL Ch.2h x 10 £t2/sec
L k.9 3 Btu/1b
Qs 1:50 x 10 Btu/sec-ft-°F
QL 1.12 x 1073 Btu/sec-£t-°F
R 856.0 1b/ft3 .
T 660:0 °F
TEMP . 75i0 °F .
™ -38.0 °F
UN 5.25 x 10  Btu/sec-££°-°F
i3] -69.0 o °F B .
- vo 1.99 x 10 ' Btu/sec-ft2-°F
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Table 17. Numerical Solution Constants
for N-Hexadecane at 70°F.

Constants Value ‘Units
F(lg -169.0. op
F(2  <130.0 °F
F(3)  ~100.0 °F
F{l) - .70.0 °F
¥(5) - k5.0 °F
F(6) -'20.0 - °p
F(7) 0.0 SR
F(8) 6.0 °F--
F(9) 6.0 °F -
F{10) 6.0 °F
#{11) 6.0 °F
r{12) 6.0 . °F
F(13) 6.0 °F
E 0.2k £t
G 0.0208 ¢ £t
PS 1.01 x 10 £+2 /sec
PL 8.32 x 1077 £t% /sec
L 1020 5 Btu/1b
G - 2.62 x 10% Btu/sec-£t-°F
QL 2.00 x 10 Btu sgc-ft-fF
R 50.0 1b /£t .
T 240.0 °F
- TEMP 70.0 °F
™ 62.0 °F
TR 13.0 L o o
UN’ 2.93 x 10 Btu/sec-ft” -°F
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Table 20. Numericsl Solution Constants
for N-Octadecane at 9O°P.

108

Constants o Value ‘Units

F(1) -190.0 . °F

F(2) Abo.o o

F(3) ~105.0 °p

F(h; - 75.0 °F

F(5 - k5.0 . °F

F(6) - 20.0 °F

F(7) 0.0 - °p

F(8) 5.0 °F

F(9) 5.0 °F

F(10) 5.0 °F

F(11) 5.0 °F

F(12) 5.0 °F

F(13) - 5.0 °F

E 0.242 . 4

G 1 0.026 7 ft_, -

S 9.60 x 10 ££2 /gec

PL 8.41 x 1077 ft2;3ec

L 105.0 Btu/1b :
8 2.64 % 1022 Btu/sec-£4-°F
QL 2.06 x 10 .Bt1/1/s c~ft-°F
R 51.0 1b/ft

T 240.0 °p

TEMP 90.0 °F

™ 83.0 °F

TR 2.0 ° ca
un 2,58 x lO-h Btu/sec-ft2-°F




109'

Table 21. Numerical. Solution Constants
" for N-Octadecane at 100°F.

Constants ' Value Units:

F{1) . -190.0 .. °F

F(2) ~ -140.0 - °F

F(3) -105.0 : °F .5
F(4) - 75.0 °F :
F(5) - k5.0 °F -

F£6) - 20.0 °F

F(7) 0.0 - °F

F(8) 14.0 "OF

F(9) - 1k.0 °F "

F(10) 1k.0 °F

F(ll) 1k.o P -

F(12) 14.0 °F

F(13) - 1k.0 °F

E 0.242 £t

G 0.0234 7 ft, |
PS 9:60 x 10 £42 /sec

PL 8.4 x 1077 2t2 Jgec |
L 105.0 Btu/1b - -

o8 2.64 x 1072 Btu/sec-ft-"F

QL 2.06 x 107 Bt?/éec-ft-?r

R 51.0 1b/tt3

T 240.0 °F

TEMP 100.0 °F

™ 83.0 _ °F

TR 2.0 n - °PF "

UN 2.58 x 10 Btu/sec-£t<-°F




Table 22.

'theficéi‘S&iﬁtioﬁ'COnstantsﬁ

for N-Octadecane at 120°F.

1o

Constants Value Units

F(1) -190.,9- °p

F(2) -140.0 °F

F(3) -105.0 °F

F(4) - 75.0 °F

F(5) - 45.0 °F

F(6) - 20.0 °F

F(7) 0.0 °F

F(8) 20,0 °F

F%Q) 29.0 . °F

F(10) 29.0 °F

F(11) 29,0 °F

FEl2;' ;29,0 °F

F(13 i 29.0 °F

E 0.2k ft

@ 0.0208 7 Tt

PS 9.60 x 10 7 P12 /sec

PL 8.4 x 10 ££2 /sec

L 105.0 5 Btu/1b |
@8 2.64 x 102 Btu/sec-ft-°F
QL S 2.06 x 10 Bt?/hgc-ft-PF
"R 51.0 1b/ft '

T 210.0 °F

TEMP 120.0 °F

T™ 83.0 °F

TR 2.0 ) °F 5
UN 2.58 x 10 Btu/sec-ft°-°F




SAMPLE COMPUTER PROGRAM




. INTEGER NoKsMeH: }
o REAL: t’prS:PLanQSpQLstTnXXxXTﬁ7190190X9619153XL97EHP:TM»
. PvUN)TRanTS!UO’ '
ARRAY FE111435001813)5THERMLO:8Y 3
LABEL L1sL2,HELLPL3SLAE 3 _ : ' S
FILE: IN MYRBATA(C2510). _ ' T : : 4.
FILE OUT ANS. 6¢2¢15) B
LIST LTY (E:GﬁPSpPLsLnQSnQLnﬂnTnﬁEMPsTMpTHoUNnISpUOJﬂ
T LT2¢T1,DT,6120X2P2FOR Me0 STEP 1 UNTIL 8 DO THERMEM)sV)S.
FORMAT FML(FT: 29X19F9g79X3nF7aﬂ9X19F9 T2X22F7 4 29!3»9(14:X1)9
X2:,E54043)»
FMZ{X2,"TIME= HINUFES"#X&n“SULID PBRTION—IN"pXQﬁ”PERCENT”“
s X4 s “TEMPERATURE PROFILE: = DEGREES " '
"FARENHEIT“#Xﬁp"VELDCITY"p/: :
. XZ&"TDTAL“9X4ﬁ”DT“$X89"TUTRL"pxsﬁ"DX"sXﬁp"SﬂLID”:
Xgs" TG0 Ty, T2 T3I T4 15 .1é: T? TB “pXﬁp '
"IN/HIN":/})
FM3(K259“SULIDIFICATI0N RATE: STUBIES FOR: HERCURY”:/
aXZE;"INITIAL TEMP = "p[3," DEGREES FARELHEI?"ﬁ/!/J )
HRITE(ANS(NU]J} :
FILL FE*d WITH: =2T50s =21, 0s. '1600' *12,02. 27355 -"8,02 040»
0:,02. 0400 040s- 04 0’ 0.0 000’ 0,0 .}

" RERD: (MYDATFA»/,1T1) L : ' : 3
CLOUSECMYDATALRELEASE) 3. L o
WRITECANSsFM3-TEMP) o R ' t
WRITECANS»FM2) 3 _ o o : -

. ‘K ¢« 5.7

Lis IF(0.2%G*2/(36,0%PS) 2 0-2*(E‘G)*2/(3690XPL)) THEN

' AT e0, 2&IE'G)*2/(36 OxPLY . ELSE
XTe0,2XG*2/(36,0%PS) 3
FL{7140,0 '3 .
FCi1a)eFf12]) 3 ' o
-XKG300*XT/(R*LJx(QS/G*(FESI'G 0*F[6])+0L/(E'611(F[93 '4,0XF[8]).
0y 'y
D[1]*FIl1+12.0xPS*XT/G¥C6oOxffle'F[l])/G*UOIQS*(TS'Ftll)) ’
D[?]«-O 0.3

a3



FOR Ne¢2 STEP- 1 UNTIL: 6 DO
OLNJSFIN] +.36,0XPSXXT/(G#2)X(NXG/(72,0xPSIX(F[N+1]=FIN=1))x
XX/XT+FEN411=2, 0XFINJ4F[N=11)
FOR N#8 STEP 1 UNTIL i2 DD
OCNI¢FINT + 36,0XPLXXT/CCE=GI*2)XC(12=NIX(E=G)/(T2,0%PLIXC
FIN®LFINm1 1) xXX/XTHFIN41 192, 0xFINT4FIN=11)
DC13)¢FI133442,0XPLXXT/LE=GIXC6,0X(FL12)°F[13))/CE=G)
~UN/QLXCFLY3]=TR)) 3
FOR- Nel STEP 1 .UNTIL £3 DO
BEGIN: F{NI&DLN] .
 OINJ¢O[NI+TM  END 3
GFG+XX. '
TeF+XT
T1+T/6040:
DT@KT/&O;O
OXe1250XXX -
G1¢12¢0x6
VeDX/DT3 -
PeG/001667X100,0 3
IF . Ks 57 THEW
BEGIN. WRITECANS[PAGED)
HRITE! (ANS»FH2)
: Ke¢O - END
kensr o
K3¢G/640 = 3.
XLeC(E®G) /6,0 3
Nel ).
FOR: Mei STEP. 1 UNTIL: 7 DO
BEGIN:
L2y IF H >6 THEN.
 BEGIN IF: (MXE/8,02(H=6)XXL+G) THEN.
BEGIN. He¢H*1 J G0 TO L2 END ELSE:
‘BEGIN: THERMIMI®O[HI+(MXE/8 O'G-{H'T)KXL)*(OIH+1J*D[HJJ/XL> )
G0: TO: L4 END} END. ELSE:
IF(MXE/Bs02HXXS) THEN
BEGIN: HéH#1 } GD- TO 2 END  ELSE
~ THERHEM)€O[HI+(MXE/B+0"(H=1)XXSIXCULH+13=0LHI) /XS5 }

YWk er W W om e

v we e ww

En



L4% ENDJ.
THERMLOJ}¢DL1] ;-
THERMI{B)«0{13] 3.

NRITECANS,FM1,{T2)
IF- G>0,1667 THEN
G0 TO HELL.
. G0 TO L1
"HELL® o
- ENDy

DATA MYDATA.

042425 0,02085 5.300=05, 4, 24@%05% 4,90 1 508=03; 1n12@'039356 03

650405 . ?5 0s =38,0- 113,00 5,25?‘049 ®69,0s 19999'02:

HqTT
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‘thermal conductivity in liquid region

APPENDIX G

NOMENCLATURE -

constant

shell thickness

. mold thickness

temperature excess above fusion tempeﬁature
bo#ition of fusion front

film coefficient

thernal conductivity

latent heat of fusion

increment in space

number of space increments

" congstant

density
number of space increments in the solid region
time

time

freezing front velocity . -

space location
thermal diffusivity in liquid region

thermal diffusivity in solid region
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Greek
letters

a

L T 4

=]

Subscripts

"mmelfing-femperatufe

1y

heat flux aqrbsé}front glass papel

thermal conductivity in solid region . -

i__heat"flux_acrosﬁ golid-mold interfhde=il

room temperature excgsé‘apbve fusion . temperature

heat sink temperatureféxéess above fusion temperaturee

over-all heat transfer qoefficient atx =N

“over-all heat transfer coefficient at x = 0

thermal diffusivity
position of fusion front
classification parameter
dimensionless parameter «
density

temperature excess above fusion tempersature

referring to glass mold
referring to liquid phase

evaluated at time mit

évaluated at x = nAx
evaluated at x = O
number of space increments in the solid region

referring to sclid phese

evaluated at time t
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