’ - M httne'/Intre naca nnvicearch icn?R=102820024190 2020-N2-21TNR:21:47+0NN-0N7
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

CONVECTIVE FLOW DURING DENDRITIC GROWTH
M. E. Glicksman and S. C. Huang
Materials Engineering Department

Rensselaer Polytechnic Institute
Troy, New York 12181

ABSTRACT

A review is presented of the major experimental findings obtained j
from recent ground-based research conducted under the SPAR. program.
Measurements of dendritic growth at small supercoolings indicate that
below approximately 1.5 K a transition occurs from diffusive control to
convective control in succinonitrile, a model system chosen for this
study. The key theoretical ideas concerning diffusive and convectivé
heat transport during dendritic growth are discussed, and it is shown
that a transition in the. transport control should éccur when-the/éharacter-
istic length for diffusion becomes larger than the characteristic length
for convection. The experimental findings and the theoretical ideas
discussed.suggest that the Fluid Experiment System could provide appropriate

experimental diagnostics for flow field visualization and quantification of

the fluid dynamical effects presented here.
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INTRODUCTION

Accompanying thermal dendritic growth the latent heat is dissipated*
from the moving solid-liquid interface through the surrounding supercooled
melt. This heat transfer gives rise to a thermal field around the growing

dendrite, whereby latent heat flows from solid to liquid'along the thernal

gradient. The presence of such a gradient alone is responsible.foridiffusive”

heat flow, Under terrestrial conditions, however, a pressure gradient '

develops from the thermal gradient and its associated density gradient.

This gradient produces a fluid flow field which changes the thermal distri- :

_bution near the dendrite, thereby modifying the amount of heat flowing from'

the interface.- The| heat flow may be increased,or ‘decreased depending on the
relative direction between the diffusive flow and the convective flow. B

As described above, terrestrial dendritic growth experiments always
involve both d1ffusion and convection. However, the diffusive heat trans-
port process increases rapidly and non-linearly with increased supercooling,4
whereas the convective heat transport process increases more 1inear1y with=
supercooling. Thus at relatively large supercoolings, the diffusive com-
ponent tends to dominate the heat transfer processes, whereas at small
supercoolings, convection must eventually dominate. The diffusion—convection
transition in succinonitrile——a material used in a study of. diffusion-‘:A |
controlled dendritic growth [1]-—-occurred at about 1°C. Dendritic growth

in succinonitrile at supercoolings smaller than 1°C will thus be‘controlled'“
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by convection.

In the series of experiments examined in this paper, convection-
controlled dendritic growth was the.prime subject of study. Ekperiﬁents‘
reported here include the influence of spatial orientation (from 0-180°
relative orientation befween the growth direction and the gravity vector)
AﬁAthe dendritic growth of succinonitrile. The description and qualitative
éxbianation of the experimental results were presénted in a previoué paper
[2].

The spatial orientation effeét measurements were repeated at several
levels of supércooling be;ow 2°C to yield the dependence of the dendritic
‘growth rate on supercooling, in the range where the growfh kinetics are
éonéfolled bf natural convective heat transfer, Thesé results vyere preseﬁﬁéd
in.Refs. [2] and [3]. The discussion of orientation effects oﬁ convectively
ébntrolled dendritic growth was based originally on a theory proposed by
Doherty, Cantor, and Fairs [4]. This theory considers only the case of |
&end;ites growing under counterflow conditionms, i.e.; where the dendrite.
tip propagates.in opposition to tﬁe convective fluid veldgity. Moreover,

 this theory estimates the far-field flow velocity, U, inducea by natural
convection, by employing a formula deyeloped by Szekely and Themelis [5].
Finally, the convective heat transfer from the dend:ite tip can bé calculated
using a fluid mechanical model originally proposed for forced convection [6]._
fhe supercooling dependence of dendritic growth velocity predicted by this
theory is, however, iﬁconsistent with our experimental results [3];

The failurg of that theory may be ascribed to the théoretical assump-
tion-that the tip region of a growing dendrite is the sole source of heat
iﬁ tﬁe system. Consequently, the convection 1ength scale is linked to the

tip dimensions. Actually, in our method of studying solidification, a
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dendritic mass consisting of five or six dendrites emerges from the capil~

lary aperture in the bulb (C) - ¢.f. Fig. 1. Although each dendrite is
growing independently, the whole freezing complex acts as a large-scale
heat source. The convective current present in our experimental system

thus can be expected to flow more rapidly than a fluid curreant induced By

_a single dendrite tip acting alone. Hence, the convection length scale

should be associatgd with the multidendrite freezing complex..

In this report, we will first describe a few:details of our experi-A
mental method and spmé'salient experimentai results, We will then present
a model inten&gd to explainlfhe supercooling dependence Qf dendritic growth
kinetics under the influence of convective heat transport, 'Major emphasis
is placed on predicting from theory the éupercooling level at which the |

transition from diffusion~-controlled to comvection-controlled dendritic

: giowth occurs. It should be noted here that preliminary to any anal&sis

of dendritic growth kinetics when under the control of convective heat:

transport, one must obtain a description of the kinetics when under the

" control of thermal diffusion aione. Fortunately, a new, and relativeiy .'

complete, theory of diffusion~controiled dendritic growth was publishéd

recently [7}. Furthermore, this theory has been verified in two experi-

ments [8,9] to be correct to at least + 5%. Thereafter in this report,

- the éupercooling dependenée of ‘dendritic growth velocity predicted by

this new dendritic growth theory will be used to predict the baseline

(diffusional) kinetics to analyze the influence of convection on dendritic

\.

'EXPERIMENTAL
The present series of experiments was designéd'to define critically

the precise experimental conditions for free dendritic growth with pure
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FIGURE 1. Schematic drawing of specimen configuration and support
stage. A and B are control heaters; C is the crystal growth chamber;
D is the tilting and secondary rotating device; E is the primary
rotation and X-Y translation stage; F is the tank cover.

c-3%
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heat transfer (i.e., no solute diffusion). These experimente‘were-designed
to permit measurement of'pertinent.experimental variables, namely: den~
dritic growth velocity, V; dendritic orientation angle with respect'to
_gravity, 8; and supercooling, AT = T-lm,'where_T is tne pre-set tempera-
ture of the molten succinonitrile, and Im is the ecuilibrium melting
: temperature of pure succinonitrile.
| Details of specimen purificationm, specimen characterization, tempera-

ture measurements; and temperature control were provided in annearlier
paper [2]. The accuracies and meaeuremental resolution of these factors
' are compiled in Table-l. As may be ehown from_Tableel; the uncertainty
“in measuring the initial. supercooling, AT, is less than + 0.001°C. “Furtneré_
more, our preparing a specimen of succinonitrile with better than 6—9'
purity ensures attainment of growth kinetics conttolled solely by the flow

of latent heat. Solute effects may be safely ignored.

Table 1. Resolution, Control Accuracy, and Purity of Experimental _

System
Temperature ‘Temperature Temperature Uncertainty “ "rdfityf}‘ -
Measurement Measurement - Control in Melting Level in - .
Resolution Accuracy ‘ . Stability ‘Temperature Specimen.
0.0004°C ~ #0.002°C +0.0004°C .  +.0.0004°C - > 99.99995%

Dendritic growth studies were carried out in the. specimen chamber
detailed schematically in Figure 1. Two control heaters, A and B,'prevented
.stray crystals from growing into the chamber-C The succinonitrile could
thus be kept liquid in the chamber at any pre—selected temperature estab—
lished in the thermostatted obeervation tank., Normally it took about 50

minutes for the entire specimen to achieve a uniform temperature. At that -
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point, control ﬁeaterAA was switched off, and the seed crystal above

location A was permitted to propagate into the chamber C through the
capillary., The dendrites growing within the chamber were then free of

any extraneous interaction with the glass chambe; walls until they

touched the walis at the end of each run. Furthermore, the outward

growing dendrites tended not to interact with one another through over-

' iaﬁ of their surrounding tﬁermal fields. Achievement of this uncoﬁstrained
or free dendritic growth condition is essential to the present kinetics
study,

As shown in Fig. 1, the specimen was supported by a special stage
which allowed full rotation, a tilt of + 6°, and a two-axis translation
of.i‘2.5 cm. The ability to maneuver the growing dendrites iﬁto a desired
spatiai orientation with respect to gravity and the axis of .observation
ﬁas essential to the present study; The growing crystals were observed
-with a Wild M5A stereomicroscope, equipped with a trinocular assembly and
 $ Wild MKal camera. Photographs were taken through an orange filter using
fihé-grain Polafﬁid 105 film (3 1/4" x 4 1/4", ASA 75) with difect, diffused,
eleétronic flash.: To minimize optical distortion from the spherical speci?
men chamber, the obéervation tank was filled with a miiture of ethylene
o glfcol~17 vol Z H20, selected to match the index of refraction of succinoni-
trile as well as act as the heat traﬁsfer'medium.

Frge dendri;es emerged from the tip of the capillary and grew into
the'sphérical chamber in the ekpected'<100>‘cube—edge directions. Although
éucﬁ dendrites were either perpendié@lar or pa;allel to each otﬁer, they
. gre&'in random directions with respect to the direction of observation.
| To ‘determine fhe true growth velocity and the true growth orieﬂtation

with respect to the gravity vector, g, the dendrites were photographed
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from two different directions. Since the microscope was fixed, this re-
éuired rotation of the'speqimen chamber. | |

| The specimen rotatién procedure fequired to measure true dendritic ,
growth velocities and growth orienf:ations consisted of the following steps:

| 15 As soon as free dendrites sfar_ted growing, the specimén chémbef

‘was rotated to position a colineax."Apa-ir of det;drites (e.8., dendri;es with
" axes -aloné [100] and [100] in the plaﬁe ofibi:setvation. Figure 2(a) is a
photograph taken 'after compleﬁion of this toﬁationoperaﬁi'on; the' that
t':heA images of those branches of dendfite c, which were gro'wi_ng- ﬁerpendiéuf'
lar to the focal plane, appear as a "strling of bead'sl". Also, the tigs pf .
dendrites a and b were sﬁultmeously rotated into 'ﬁhe‘ focal plane. Under
't.his special circumstance, -t"he relative orientati:oﬁ an'gle of dendriteg ‘
fromlg is é:;pressed by 61, defined .in Fig. 2(a), Iap_d that of ,‘devnd.rite b
by (180-6,) '

lated directly from the, tip displacements measured on a series of ph&éq;_ ’

. . Also, the growth velocity of .dendrites a and b can be calcu- .

~ graphs taken at known time intervals, such as shown in Figs, 2(a) and :Z(b) .

2) The angle 6., _shown in Fig. 2(a), howevér, might not represent

2
the true deiiiation angle of deritdritev c from g, because dendrite ¢ might

‘be growing at '_somé angle 8, out of the plane of Fig. 2(a). '_I'Hé angle' 8,
‘was m;ésuted ‘on a photograph takeﬁ after tﬁhé s'peciﬁen éhambef had "been
"rotaﬁéa +90°, or -90° about §.1 This is shown 4n FngVZ(c).v Ve hocé~aggin'
that the perpendicular branching sheet of dendrite g‘ in lF_»:Lg. 2(c), was |
_pre\_ziOusly observed ;as the side-branches of dendr.:ite, c inAFig. 2(a). .
Ag:c.:ordiingl);,‘ the frtie; deviation gngie of dendrite c. from E should be -

2 2. .1/

62 + tan 63)

(180-9,). Also, the apparent growth velocity of dendrite c, as well as

given by 64, = tan-l[(tan 2] and that of dendrite d by

2

that of dendrite d, must be multiplied by the factor (cos®, +sech,), which -

accounts for i:hg- stereographic corrections discussed above.
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FIGURE 2. (a) Dendrite a and b rotated to lie in the focal plane.
(b) 4.7 minutes after (a). (c) A sideview of the growing dendrite

complex seen in (a) and (b), accomplished by a 90° rotation of the
specimen chamber about G. .
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RESULTS AND DISCUSSION

Dendritic growth velocities,-v, were measured as a function ofi .
growth orientation, 6, at seventeen supercoolings ranging from 0.043;6 to f.J
_2°C. Five typical experiméntal curves of V versus 6 are shown in Fig._lah
As may be noted in Fig. 3, a downward growing succinonitrile dendrite ‘
'(propagating'against the natural convective fluid curreat) tends_to grow
faster'than_an upward-growing dendrite. Detailed discussion of this |
.orientation effect can be found in Ref. [2] and [3] | Also ohsetvahlefin !
Fig, 3 is that the dependence of the dendritic growth velocity on- spatial
orientation increases in degree at small supercoolings. The supercooling
' dependence of" growth kinetics for dendrites growing -parallel to gravity
is summarized in Pig. 4. Also included 1in Fig. 4 is the theoretical curve'
of V versus AT predicted for diffusion—controlled dendritic growth [7-9]
By comparison, the convective flow tends to enhance the growth of downward—ﬁ_
growing dendrites below a certain level of supercooling. -fig. 5 is'ob;> |
| tained when the measured growth velocities, Y are normalized to the theo-‘3g
- retical diffusive dendritic growth velocities, a4 Eig. 5‘shows clearly.“:n
| that theldiffuaion—convection transition occurs rather suddenly atga ”
'supercooling of about 1.5°C. | |

The remainder of this discussion concerns the development of a theory

to predict the critical ‘supercooling at which the diffusion—convection

transition-occurs. To account: realistically for the heat transport attenr' o

dant to. the crystal growth method used in this study, we will consider

the whole dendritic complex (see again Fig. 2) as the heat emitting source - ;l

which drives the natural convective fluid flow, Fig. 6. As such,_the .
reference length of the convective flow field, %, must be chosen as thef"

radius of the dendritic complex (% ~ 1 cm). This reference 1engthvis“relaf
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FIGURE 3. Dendritic growth velocity versus growth orientation with
respect to gravity at five levels of supercooling. -
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4 10 1073 cm) which

tively large compared to the dendrite tip radius (10~
was used as the reference length in the model of Doherty et al. [4]. The
velocity U_ of the convective flow induced by such a dendritic mass is

given by [10]

1/2 v o)

where A1 is a constant approximately equal to unity, v is the kinematic
viscosity, and Gr is the Grashof number defined as

3

BATL
Gr:-L—z——-’

v .

where g is the gravitational accele;ation, and B is the volume expansion
coefficient, The presence of fluid flow modifies the thermal field sur-
rounding a dendrite, which would be governed by the diffusion of heat

were the liquid phase in a quiescent state. The characteristics of heat
transfer within a thermal field can be convéniently described by the thick-
ness of the "thermal boundary layer". TFor the case of convective heat

- transfer, the thermal boundary layer thickness, §, is given by [11]

5. /% = A —1/2Pr—1/3

T oRe

s (2)

‘where A2 is a correlation constant approximately equal to 0.5; Re is the

Reynolds number defined as

Re = —— 3 (3)
_and Pr is the Prandtl number defined as

Pr =

> (4)

Ql<

where o is the thermal diffusivity. By combining eq. (1) and (2), the

thermalkboundary layer thickness can be expressed as
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5. = a1t (5)

L -1/4 |1/4 1/2 1,
0= A%, @ Y g/alpr/‘s,

For the case of thermal diffusion at a dendrite tip, § is given by the

Stefan boundary layer thickness defined as

5 =T, - (e

8 74
‘where Vd is the diffusion-controlled dendritic growth velocity, which;ﬁay-.'

“be described by the power law [1].

LA AU I W

Here; A3 is a conptént'equal to 0.018,'AS.is the entropy of fusion.per unit‘
. volgme, Y is the éolid-liquid ;ﬁﬁerfaéiai energy, Cp is the béat:capacity"
| of thevliquid, and L 1§_the latent heat of fusion. Therefore, the Stefan.
boundafy-layer for the_pure diffﬁéidn casé can‘be expfessed aé | |
: 2Y(L/CE‘)1'5 : o
%" 'A3".A's(‘AT)2'5_ | : -®

'When-BT = SS;Iai"Créssdief".can occur in ;he dominanﬁiheatntransportf 
mechanism, The "crossovef" conditi@n is obtained ﬁhen the right-haﬁﬂ sides
qf’eq.‘(SS and (8) are set equ#l. ‘This ﬁroéedure yields a critical #ransi—
tion suﬁercooling AT*, which when,ékpfeséed in a diménsionlés; form A9* =v

* . :
AT /(L/Cp), is given by .

o | - /9 I
A N2 /C \3 4 ; '
* | /feB 1 pu=2/27 - o

e =[(%)(?> (f) <x;a§x§>] e O

Inse:ting'the pertinent materials parameters (see Réf. [1] and [2]), into -
eq. 9 yields AT = 1,23°C for succinonitrile. Comparison of this result to. .

that measured from Fig. 5, indicates that eq. 9 is.predictive to within N
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FIGURE 6. Schematic showing the natural convective:

fluid flow in front of a downward-growing dendrite.
The convective flow is induced by heat released by
the solidifying dendritic mass.
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about 10%Z, which is the combinéd‘level of uncertainty of the parameters,

. Normally, viscosity and expansion coefficient are considered impor;
tant materials parameters in determining the relative ease of natural
copvection. Equation 9, however, indicates that Ae* varies with 8 to the
1/9 power, and Qith v to the -2/27 power. Furthermore, since AO* is pro-

1/9, the: manner of choosing the reference scale has rela-

portional to £
tively little effect on the predicted value of the "crossover" supercooling.
‘The crossover point shows a similarly weak dependence on the gravitatipnal

level g.

'»VSUMMARY
1) The kinetics of dendritic growth in pure materials is COntrqlled
by.the release of latent heat, which‘is removed from the solidéliquid
interface by diffusive and/or convective flow.

- 2) The diffus;on of heat from a dendrite increases rapidly and
ndn-linearly with increasing supercooling, whereas the convection of heat
véries in a more linear mannér. |

3) Significant convection effects in succinonitrile, manifeéted
by the brientation dependence of the growth rate; occur when the supér-
cooling is less than 1.5°C.

4) The crossover between diffusive and convective transport depends
-on the relative thickness of the Stefan or diffusion length compared with A
ﬁhe'thermal boundary layer, These lengths become equal at a supercooliﬁg
" which may be calculated from diffusion theory and fluid mechanics.

5) The theoretical expression for the "crossovgr" supercooling shows .
that this quantity varies weakly with such factors as the gravitational

acceleration, the melt viscosity, and the volumetric expansion coefficient.
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Ground based experiments have been carried out to ﬁeasure_the
influence of melt convection on the growth kinetics of succinonitrile.-
a model solidification system, which simulates the fréezing of metais;
Growth vélocity measurements.will be discussed, with supercooiing and
Vspatial orientation with respect to the gravity veétor as the two
major experiméntal variables. A distinét ;ransition has been obser?ed
near 1.5°C supercooling, where the heat transport mechanism changes
from diffusive to convective. The desirabiiity to determine, at -least
semiquantitatively, thé hature of the melt f10ws will be discugsed,‘
along with the requirementsiéhich might be impésed by'such measurements

'on the F.E.S.
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FUTURE .DIRECTIONS AND SIGNIFICANCE OF THE FLUID- EXPERIMENT SYSTEM

As described in this paper, convective transport can play a major

réle in dendritic solidification, eépecially at small supercoolings. .A
boﬁndéry iayer analysis developed here suggests, at least in pure systeﬁs)
‘that the domihant-transport mechanism changes at the "crogsover" of the
‘boundary layer thickness. A detailed analysis which characterizes the flow
fiélds.surrounding a dendrite has not yet been developed, nor have experiments
been performed to elucidate the behavior of these .flows. The Fluid Experiment
Systemn, (FES),'noﬁ being developed by NASA for inclusion on Space Lab ITI,
will brovide a vériety of fluid flow diagnostic techniques. The convective
floﬁs during dendritic SolidificafionAare generally slow, laminar flows, of
.thréé4ﬂimensional character. The'use of schlieren, shadowgraphic, or
hdlographiq floﬁ Qisualizatioﬁ techniques could be ekplored as possible
métho&s‘to measure the qualitative natﬁre of thesé flows. More quantitative -
approaches such as laser doppler or speckle interferometry could be explored
 for limited, detailed measurements of fluid flow velocities. If the - |
" characteristics of the melt convection could be convincingly established at
terrestrial gravitational levels, then the effect of reduced gravity under
space flight conditions would be justified. Indeed, the elucidation of how
cénvection modifies thé kinetics of deﬁdritic-growth in different spatial
orientations with respect to the gravity vector remains only partially under-.
gtood.' A more quantitative understanding of this complex phenomenon will
' gontribute to better solidificatién process design—both on earth and. in
space—and to échieving better materials with controlled chemical distributions
and reduced defects. To this end,rthe FES represents a potenfially importént
opportunity to:explbre mélt convéction in far greater detail than has hereto-

fore been possible.
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