
Juurna/ o) Glaciolog)', Vol. 6, No. 4 7, 1967 

ICE - BRINE DENDRITIC AGGREGATE FORMED ON 
FREEZING OF AQUEOUS SOLUTIONS 

By P. K. ROHATGI 

(The International Nickel Company, Inc. , Paul D. Merica Research Laboratory, Sterling 
Forest, Suffern, New York, U .S.A. ) 

and C. M. ADAMs, J r. 
(D epartment of M etallurgy, Massachusetts Institute of T echnology, Cambridge, 

Massachusetts, U.S.A. ) 

ABSTRACT. D endriti c aggrega tes of ice and brine formed upon freezing of a queous solutions have been 
studied . Chlorides of sodium, po tassium, lithium a nd hydrogen were used as solutes; structures produced on 
freez ing of binary, terna ry a nd qua terna ry solutions were exa mined . Effects of freez ing ra te, solute concentra­
tion, solute diffusivity, mixing of so lutions and magneti c fields a re reported. 

The spacing be tween ice platelets o r dendrites was found experimentally to be proportional to the square 
root of the freezing time when the freez ing ra te was consta nt from beginning to end of solidifica tion . During 
unidirectiona l freez ing from a constant tempera ture chill , the solution a t each loca tion is subj ected to a 
spectrum of freezing ra tes; d endrite spacing increases linea rl y with d istance from the chill surface a nd it is 
inversely proportiona l to the squa re root of the maximum freezing ra te. 

In binary solutions d endrite spacing increases linea rl y with solu te concentration; above a critical solute 
concentra tion ice pla telets d evelop side branches. Applica tion of an externa l magnetic field has an effect 
similar to increasing concentration. At a given solute concen tra tion , spacing between ice dendrites increases 
linearly with solute diffusivity. 

In terna ry a nd quaterna ry so lutions dendrite spac ing is a fun ction of the concentra tions a nd diffusivities 
of each of the constituent solutes . 

R ESUME. Aggregat derzdritiqlle de glace et de saumllre.!orme par le gel de solutions aquellses. D es aggrega ts d endri­
tiques de g lace e t de sa umure, formes lors du ge l d e solutions aqueuses, ont ete etudies. Des chlorures d e sodium, 
potassium, lithium et hyd rogene ont ete utilises comme sels; les structures, produites par le gel d e solu t ions 
bina ires, terti a ires et qua terna ires, ont e te exa minees. Les effets de la vitesse de congelation, de la concentra­
tion de la solution, de la vitesse d e diffusion du sel , du mela nge des solutions et d es champs magnetiques, 
sont donnes. 

L'espacement entre les plaquettes de g lace ou les dendrites s'est revele experimen ta lement etre propor­
tionnel a la racine carree du temps de conge la tion lorsque la vitesse d e congela tion e ta it consta nte du d ebut a 
la fin de la so lidificat ion. Pendant une congela tion unidi rectionnelle par un a ba issement de tempera ture 
constant, la soluti on en chaque point es t suje tte a un spectre de vitesses de conge la tion ; I'espacement entre les 
dendrites augmente linea irement avec la distance d e la surface de refro idissement et il es t inversement 
proportionnel a la racine carree d u maximum de la vitesse d e congelation. 

Da ns les solutions bina ires, l'espacement en tre les dendrites a ugmente linea irement avec la concentra tion ; 
a u-dess us d ' une concentration critique, les plaquettes de g lace developpent d es a rborescences. L 'a pplication 
d 'un cha mp magnetique externe a le me me effet que I'augmenta tion d e concentra tion . Pour une concentra­
tion donnee, I' espacement entre les dendrites d e g lace a ugmente linea irement avec la vitesse de difJusion d e la 
so lution . 

D a ns les solutio ns te rn a ires e t quaterna ires, l'espace m ent est Lin e fonctio n des concentrat io ns et d es 
,·itesses d e diffusion de chacun des sels. 

ZUSAMM ENFASSUNG. D elldritische E is-Sale-Aggregate, elltstehelld heim Gifrierell wdssriger L6sllllgell . D endri tische 
Aggregate von Eis und Salzwasser , di e beim Gefri eren von wassrigen Losungen entstehen, wurden stud iert. 
Als Losungen wurden Chloride von Sodium, Po tassium , Lithium und Wasserstoff benu tzt. Froststrukturen 
von zweifachen, d re ifachen und vierfachen Losungen wurden un tersucht. Es wird li ber den E inAuss der 
Gefri ergeschwindigkeit , d er Losungskonzentra tion , d es Di ffusionsvermogens der Losung, der l\ili schung von 
Losungen und der M agnetfelder beri chte l. 

Der Z wischenra um zwischen Eispl a ltchen oder Dendri ten wurde experimentell a ls proportiona l zur 
vVurze l a us der Gefri erze it gefund en, wenn die G efri ergeschwind igkeit vom Beginn bis zum Abschluss der 
Verfestigung konsta nt wa r. Bei einseitig geri chtetem Gefri eren von e iner konsta nten K a ltequell e a us ist die 
Losung a n j eder Stelle einem Spektru m von Gefri ergeschwindigkeiten a usgesetz t; di e Dendritena bsta nde 
wachsen linear mi t dem Abstand von der K a ltequelle und sind umgekehrt proportiona l zur Wurzel a us d er 
max ima len Gefri ergeschwindigkeit. 

In zweifachen Losungen wachsen die D endritena bsta nde linear mit der Losungskonzentra lion ; liber 
e iner kri tischen Losungskonzentra tion entwickeln di e Eispla ttchen Seitenarme. Ein a usseres Magnetfeld 
wirk t si ch a hnlich a us wie e ine Steigerung der K onzenlra tion. Bei fester K onzentra tion wachst der D endriten­
a bstand linear mit dem Diffusionsvermogen d er Losung. 

In drei- und vierfachen Losungen ist der Dendritena bstand eine Funklion der K onzentration und des 
Di ffusionsvermogens j ed er der be teilig ten Losungen . 
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INTRODUCTION 

Structures of ice produced on freezing of aqueous solutions are extremely important in 
understanding the glacial phenomenon. In addition, usefulness of sea ice as a structural 
material depends to a great extent on its salinity (Kingery, r 960) and distribution of brine in 
the solid aggregate. Aqueous solutions of most ionic salts freeze by separation of practically 
pure ice crystals from the liquid phase; with very few exceptions, there is virtually no solid 
solubility of ionic salts in ice. The morphology of freezing ice crystals is of great importance 
in attempting to achieve separation from the brine in production of fresh water. 

As an ice crystal grows there is rejection of solute from the moving interface into the liquid. 
Since the rejected solute moves primarily by diffusion, concentration gradients are established 
in the liquid. The highest solute concentrations are found in the liquid immediately adjacent 
to liquid- solid interfaces and lowest concentrations at locations farthest from these interfaces. 
The velocity with which a solid- liquid interface can grow locally is determined by the speed 
with which the solute can diffuse away from the solid- liquid interface. Since liquid diffusivi­
ties are quite low, the growth velocity is correspondingly low. However, the overall rate of 
liquid to solid conversion is dictated by the rate of heat extraction. To transform at the rate 
required by heat flow, ice crystals grow as arrays of parallel plates or dendrites. Solidification 
progresses by simultaneous longitudinal and transverse growth of ice plates. During growth 
most of the solute is rejected in the interdendritic liquid between neigh boring plates where 
it is deposited as brine layers towards the end of the solidification cycle. The spacing between 
ice plates or brine layers governs the properties of the solid aggregate . Weeks and Assur (1963) 
have shown that vertical variation in the strength of sea ice is due to a change in the distribu­
tion of solute pockets. Bennington (1963) has discussed the variation in salinity of Arctic ice 
with depth and its effect on properties. 

Most of the work done on the formation of ice has been either on pure water or dilute 
solutions (Dorsey, 1948; Himes and others, 1959; Harrison and Tiller, 1963; French, un­
published) . The present investigation was concerned with factors which affect spacing between 
ice dendrites in solutions up to fairly high concentration levels. The effects of freezing rates, 
solute concentration, solute diffusivity, the presence of more than one solute in a solution and 
external magnetic fields were investigated. 

THEORY 

Nf ass transport 

An analysis of mass-transport events in the interdendritic liquid between two growing 
plates (Figs. 1 and 2) provides a basis for quantitative interpretation of experimentally 
observed dendritic structures. The main purpose of the analytical treatment of interdendritic 
liquid diffusion is to relate the dendrite spacing and the maximum concentration differences 
in this region to solidification variables. Most analyses on re-distribution of solute have been 
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Fig. I. Schematic re/JTeseJltation of solute-concentration profile in the interdendritic liquid between two ice plates 
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Fig. 2 . Actual-temperature and liquidus-temperature distributions in the interdendritic liquid 
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for a case where the solute is being rejected into a large volume of liquid ahead of a plane 
interface (Tiller and others, 1953) . In the present situation, solute is being rejected into both 
sides of a liquid region bounded by parallel planes; in addition, these planes are simultaneously 
moving towards each other. 

The solute rej ected at the interface (X = a) moves towa rds the center of the interdendritic 
liquid region (X = 0), producing a concentration gradient in the liquid (Fig. I ) . The concen­
tration difference (tlC) between the center (C = Co ) and the bounding surface (C = Ci ) is 
directl y proportional to supercooling, tl T , prevailing in the center of the liquid region 
(Fig. 2) . For bina ry solutions, solute concentration should conform to Fick's second law: 

OC D 02C 
00 = oX' 

where 0 = time and D = diffusivity of solute in liquid. 

Since the constitutional supercooling in the liquid is generally of the order of o ' l ac. 
(Rohatgi, unpublished [b] ; Rohatgi and Adams, 1965), the concentration gradients in the 
liquid remain quite small. Since the rate of increase of concentration, aC/aG, is substan tially 
independen t of position, Fick's law reduces to an ordinary differential equa tion: 

dC D d2C 
dG = dX2 ' (2) 

Double integra tion of this equation leads to the difference in concentra tion between the 
center and the bounding surface of the interdendritic liquid region: 

a2 dC 
tlC = 2D de (3) 

where a = half thi ckness of the interd endritic liquid region. 
The average solute concentration of liquid Ca increases during freezing as follows : 

G 
-- = I - ] s (4) 
Ca 

where G = initial solute concentra tion, ]s = fraction solid = 1 - (2a/L ), L = center to 
center distance between adjacent d endrite pla tes. 

Substituting Equation (4) into (3) gives the concentration difference as a function of 
dendrite spacing, freezing rate, overall concentration and diffusivity: 

V G djs 
6.C = 8D de ' (5) 

The supercooling resulting from this concentration difference is: 

VmGdjs 
tl T = mtlC = 3D de 

where m = slope of the liquidus line on the pertinent phase diagram. 

(6) 
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FREEZING SYSTEMS AND H EAT TRANSPORT 

Freezing !if droplets 

This technique consists of immersing small droplets of aqueous solution into a large 
qua nti ty ofa cold organic liquid (20 per cen t kerosene, 80 per cent mineral oil) . The organic 
m edium is m a intained a t a tempera ture (typically - 20°C. ) substantially below the liquidus 
temperature of the sol ution . The rela tive density a nd the viscosity of the organic liquid a re such 
tha t the droplet sinks slowly through it. The droplet remains perfectly spherical during freezing. 

The size of the droplet and the ra tio of its thermal diffusivity to that of the m edium were 
such tha t temperature gradients wi thin the droplet during freezing were negligible. U nder 
these conditions the solidification rate did not vary either with position within the droplet or 
with time. In other words, the solidification rate was uniform wi th respect to space and time. 
Droplet diameters are typically of the order of 0 ' 2- 0 ' 3 in . (5· I- 7 ·6mm.) . The principa l 
advantage of uniform freezing conditions is that the resulting dendrite spacings a re uniform 
from the surface to the center of the droplet . 

The freezing time of a droplet (French, unpublished) is proportional to the square root of 
i ts diameter a t any given tempera ture of the organic coola nt. 

Unidirectional freezing system 

In this system aqueous solutions a re poured into a " T ygon" tube fi tted on a copper chill 
which is kept cool by freezing mixtures. The solution freezes under conditions of unidirectional 
heat flow from the chill surface. U nidirectional growth of ice from a constant-tempera ture 
surface is a heat-tra nsfer situation of practical importance; it is m a nifes ted in na ture during 
vertical freezing of saline-wa ter pools with the a tmosphere acting as a heat sink. H eat-transfer 
analysis during unidirectional solidi fication of solu tions is m ore complicated , since the laten t 
heat is evolved over a ra nge of temperatures. T emperature gradients set up in the liquid are 
accompanied by the forma tion of a solid and a solid-plus-liquid zone growing from the chill 
surface. Freez ing in these zones takes place in accordance with tempera ture patterns fully 
describable by solutions to Fourier 's law of heat conduction : 

aT (X a2T 
a0 = af (7) 

where T is temperatu re as a function of time, 0, and dista nce y from the chill surface. (X is the 
thermal diffusivity. 

In the presen t situa tion of freezing from a constan t-temperature chill su rface, the tempera­
ture p rofi les can be represen ted to as close an approximation as desired by a combination of 
errOl"-function equa tions. T he temperatu re iso therms are parallel to the chill surface and they 
m ove at a parabolic ra te. T his is documented by observation of the eu tectic tempera ture 
isotherm which is readily visib le during growth as the lim it of the a ll-solid region. 

In view of growth conditions, actual-tempera ture distri bution can be well a pproximated 
by a combination of two error-function equations describing the conditions in differen t 
tempera ture regions. For hea t-transfer a na lysis the freezing material is approximated by two 
zones having differen t constant specific heats (Fig. 3) . The specific heat of the forwa rd zone 11 
(which has a temperature above T s) is taken as equa l to the effective specific heat of the 
liquid- solid region just below the Iiquidus temperature. The specific heat of ma teria l in zone I 
(which has a tempera ture below T s) is ta ken as equa l to that of the solid . T he error-fu nction 
equa tions describing the tem pera ture profil es (Fig . 4) in each zone are of the following form : 

Y 
T - T i = A erf ( 0 ) , 

2 (XI " , 
Zone I , (8) 

y 
T - T L = B erfc ( 0 ) , 2 (XII • , 

Zone 11, (9) 
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where cq, an = thermal diffusivities in zones I and I1 , respectively, and A, B = constants, 
T j = chill surface temperature, T L = liquidus temperature . 

The boundary conditions and the approximations used in evaluating the constants are 
d esCt-ibed in detail by Rohatgi and Adams (in press) . These temperature distributions can be 
transformed into a d escription of freez ing events by making use of phase-d iagram J'elationships; 

TL y 
----;- = Ti + A erf ( 0 )' Zone I, (10) 
I - J S 2aI- ' 

Zone n. 

Freezing rates at different distances from the chill obtained by differentiation of Equations 
(10) and (I I) are of the form; 

(
dfs)I Ay (I - 15)2 2 [{ Y }2] 
d0 y 2TL(aI) ; ' 0 3/ 2 ' 1T).exp - 2(aI0)& Zone I, 

(
dfs)II By (I - is ) 2 [{ y }2] 
de y = 2 Tdan ))' 0 3/ 2 • ~ • exp - 2(an er Zone II, 

Figure 5 shows the freezing-rate distribution (Rohatgi and Adams, in press) during 
un idirectional solidificat ion of a I' oN potassium chloride ingot. The results of heat-Row 
a nalysis can be summarized as; 
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Fig. 5. Freezing rates of I' oN potassium chloride solution versus fraction solid at dijjerent distances from a swface at - 70oe. 
in contact with the solution 

1. When an aqueous solution at its liquidus temperature is presented to a constant­
temperature ch ill surface, the liquid at each level is subjected to a spectrum of freezing 
rates. The freez ing rate at each level starts low, goes through a maximum and then 
decreases during the freezing cycle. 
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11. The spectrum of freezing rates is differen t at different di stances from the chill and the 
m aximum freezing rate, as we ll as the aver'age freez ing, is inversely proportiona l to the 
square of the distance from the chill : 

( 1/s) M 

de et:. ----:;- , 
y 

( (4) 

(df~r I 
( (5) 0:: -de y-

where y = distance from chill. Superscripts M a nd A m ean maximum and average, 
respectively. 

Freezing rate and freezing time 

The freezing rate is expressed as the rate of fraction solid with t ime and has the dimensions 
of reciprocal time. Expressed in this way, th e freez ing rate has been found determinative of 
d endrite spacing . In some cases, such as the freezing of dmplets in a cold OI-gan ic liquid , the 
freezing rate is substantiall y uniform from beginning to end of solidi fication. In this special 
case th e freezing time is numericall y id entical to the inverse freezing rate. 

SPECIMEN P REPARATION AND MICROCRAPHY 

Thin slices a re cut from droplets of unidirectionally frozen samples a nd mounted on a 
transparent glass slide b y freez ing sm a ll drops of water a round theil- periphel-y , They a re then 
polished on a series of emery papers; the final polishing is done on a soft tis ue paper. A L eitz 
biological microscope was used for structural observations ; photography was done by mount­
ing a 35 mm. Exacta camera on the eyepiece tube using light transmitted through the speci­
men. Specimen preparation a nd photograph y were done a t -40°C. 

R ESUL TS AN D DISCUSSION 

Dendritic structure 

The solid aggregate formed on freezing of aqueous solutions consists of groups of parallel 
plates of ice. Examination under polarized light shows the orientation of plates within a gmup 
is the same; different g roups have different orientations. Figure 6 shows schemati call y the 
structural fea tures of a gmup of d endrites after complete solidi fication. Figure 8 shows a 
microphotograph of a typical aggregate sectioned p erpendicular to direction of growth. The 
dal-k phase between the ice plates is salt- ice eutectic, the very last material to solidify. 

Effect of freezing rate 

D endrite-spacing m easurements were m ade on different size droplets [or [our different 
solu tions (Fig. 7) . T he freezing time o[ a dropl et is proportional to its diameter. This m eans 
that dendrite spacing is d irec tl y proportiona l to the square root o[ freezing time, or, stated 
a no thel- way, Pl-oportional to the inverse square root of freezing rate (Fig. 7) . 

In unidirectiona l samples frozen from a constant-temperature chill surface the d endrite 
spacing increases linearl y with distan e from the chill surface. Figures 8 and 9 show transverse 
sections of a sample at increasing distances from the chill ; the sample was m ade from a I . oN 
potassium chloride solu tion in contact with a chill at - 70°C. Examination of such successive 
sections and some longitudinal sections has indi cated qu ite conclusively that the dendrite 
spacing increases principa lly by divergent gr'owth of neigh boring plates. The di vergence of 
plates is accommodated by the decrease in the number of groups per unit area, with increasing 
d istance from the chi ll. Out of th e large number of groups that are produced next to the chill 
by very rapid initial freezing, on ly a few survive at larger distances from the chill. 
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In both single- and mixed-solute systems studied so far , dendrite spacing has been found 
to increase linearly with the distance from the chill (Fig. 10) . Each position in the sample 
during growth from a constant-temperature chill is subjected to a spectrum of freezing rates 
(Fig. 5) . The maximum freezing rate at any level is proportional to the square of its distance 
from the chill. The dendrite spacing is, therefore, inversely proportional to the square root of 
the maximum freezing rate (Fig. I I ) . 

The dendrite spacings in the two sys tem s were equal when the maximum freezing rate in 
the unidirectional freez ing system equals the constant freez ing ra te of the droplet sys tem. 

Fig. 8. Transverse section qf a unidirectional sample from a potassium chloride solution, 
0.90 cm. from a - 70°C. chiLL surface, X 23 

Fig. 9. The same sample as in F igure 8, 3 . 2 cm. from the chiLLed surface, X 23 
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In summary, the relationship between dendrite spacing and freezing rate, dfslde, can be 
expressed: 

(
dfs)-! , L = K, de + K, ( 16) 

where K , and K.' are constants. 
This means (Equations (5) and (6)) that the interdendritic supercooling, Ll T, or super­

saturation, LlC, does not vary with freezing rate (i.e. with position in the unidirectiona l 
specimen). 

Effect of solute diffusivity 

Dendrite spacings have been measured for solutions of potassium chloride, sod ium 
chloride and lithium chloride at the same concentration and freezing rate. Figure 12 shows a 
linear increase of dend rite spacing with solute diffusivity for the droplet freezing systems. 
Figure 13 shows similar results for the unidirectional freezing sys tem ; the dendrite spacing 
at a fixed distance from the chill surface increases linearly with solute diffusivity. The dendrite 
spacing can be expressed as a function of solute d iffusivity in the form : 

L = K2 D + K,' (17) 

where D is the diffusivity of the solute and K 2 and K,' are constants. 
The supersaturation LlC and supercooling Ll T in the interdendritic liquid increase in 

the following manner : 
6.T C( K2D + K,')2 dfs 

6.C = -;;: = 8D de . ( 18) 
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For a system such as freezing of droplets, the transverse growth velocity, V, of the solid­
liquid interface is g iven by : 

V = ~ = L dfs = (K2 D + K/ )dfs ( ) 
20 f 2d0 2d0 ' 9 

At a g iven freezing rate the transverse growth velocity is higher the higher is the solu te 
diffusivity. 

Effect of solute concentration and magnetic fields 

Dendrite spacing obtained on freezing aqueous solu tions increases linearly with solu te 
concentration . Figure, 4 shows this for sodium chloride solutions. Similar effects have been 
observed in unidirectional samples frozen from potassium chloride (Fig. 10), sodium chloride 
a nd lithium chloride solu tions. Solu te concentration has been found to have a simila r effect on 
d endrite spacings obtained on freezing of m etallic solutions (R ohatgi, unpublished [a] ) . 

The relationship between dendrite spacing, L , and solute concentration, C, under identical 
freezing conditions is of the form: 

where K3 a nd K3' a re constants. 

The observed increase of dendrite spacing with solu te concentration m eans that (Equations 
(5) and (6)) supersaturation I::::.C and supercooling I::::. Tin interdendritic liquid increase with 
solu te concentration in the following manner: 

I::::.T C (K3C+ K3T dfs 
I::::.C = ----;;;- = BD d0 . (21) 

The transverse growth velocity, V, of dendrite surfaces increases with solute concentration. 
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Fig . ' 4. Var':ation of dendrite spacing and dendrite morphology with solute concentration in sodium chloride droplets 

At a fixed freezing rate an increase in solute concentration above a critical value leads to 
development of side branches on ice platelets (Rohatgi and Adams, 1965). Curve B in Figure 
14 shows that up to sodium chloride concentrations of I . '2N, and at a freezing rate of o · 006 
sec. _I, the ice plates have perfectly smooth sides (Fig. 15) but at higher solute concentrations 
the plates develop serrations and distinct side branches (Fig. 16) . 

The effect of a magnetic field at different solute concentrations is demonstrated by 
comparison of curves A and B in Figure 14. In a ll respects, imposition of a magnetic field is 
equivalent to increasing sodium chloride concentration; it increases the dendrite spacing and 
promotes the development of side branches on ice plates. 

Structures from mixed solutions 

Freezing of multi-component solutions involves the simul taneous rejection of more than 
one solute species at the solid- liquid interface. These solutions more closely simulate natural 
saline waters which generally contain several solutes. Solutions containing more than one 
solute (Rohatgi and Adams, 1965; Brush, unpublished) freeze dendritically in the same 
manner as single-solute solutions. 

Studies with solutions from the family NaCl- KCI- LiCI- H 20 suggest the following trends 
in dendritic structure: 

1. If two solutes are present in equal amounts, the dendrite spacing lies between the 
values obtained with individual solutions in which each solute is p resent at its same 
concentration (Fig. 17) . 
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11. The solute present in large concentrations tends to govern the dendrite spacing ; small 
additions of other solutes cause a relatively small shift in the dendrite spacing. If the 
secondary solute has a higher diffusivity than the principal solute, d endrite spacing is 
increased and vice versa. Figure 18 shows small add itions of a faster-moving potassium 
chloride cause an increase in the dendrite spacing obtained in a sodium chloride 
solution, whel-eas additions of a slower-moving lithium chloride decrease dendrite 
spacing. 

lll . In solutions containing the constituent solutes in a fixed ratio, spacing IS larger the 
greater is the total solute concentration (Fig. 19). 

Fig . 15. o· 2JV sodium chloride solulion droplet. Freezing rale o · 36 min.- ' , X 23 

Fig . 16. 3' OJV sodium chloride solulioll droj)lel. Freezing rale o · 3 6 mill. - ' , X 23 

https://doi.org/10.3189/S0022143000019936 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019936


1
1

0
 

1
0

0
 

9
0

 

8
0

 

C
/')

 
7

0
 

g a:
 

u ::;;
 

6
0

 

'" z u 
5

0
 

<t
 

n.
 

V>
 

w
 

>-
4

0
 

ii'
 

0 w
 

0
3

0
 

2
0

 

1
0

 

0
' 

I 
I 

I 
I 

I 
I 

I 
I 

o 
0

.5
 

1.
0 

1
5

 
2

.0
 

2
.5

 
3

.0
 

3
.5

 
4

.0
 

O
IS

T
A

N
C

E
 

F
R

O
M

 
-7

0
·C

. 
C

H
IL

L
E

O
 

S
U

R
F

A
C

E
 

(C
E

N
T

IM
E

T
E

R
S

) 

F
ig

. 
1

7
. 

E
ffe

cl
s 

q
( a

dd
ili

on
, 

oJ
 eq

ua
l 

am
ou

nl
s 
if

 {[ s
ec

on
d 

so
lll

le
 O

il
 t

he
 

de
nd

ri
le

 s
l)a

ci
l/g

s 
ob

la
ill

ed
 w

ith
 o

· 
I 
J" 

so
di

um
 c

hl
nr

id
e 

al
/d

 o
· I

 JV
 

lil
hi

llm
 c

hl
or

id
e 

so
lu

lio
ll

s 

I/O
 r

l -
--

r-
--

-r
--

-
-
.
-
-
-
.-

-
.,

-
-
-
.,

-
--

--
.-

--
, 

1
0

0
 

9
0

 

8
0

 

Vi
 7

0
 

z o a:
 

u :;:
 

6
0

 

~
 ~5
0 

V>
 

w
 

f- ii'
 4

0
 

o z w
 

o 
3

0
 

2
0

 

10
 

o 
2N

 
N

o 
C
~
.
 

O
.O

S
N

 
K

 C
~

--
-.
..
 

0
1

L
-_

_
 -
L

 _
_

_
_

 L
-
_

_
 ~
 _

_
_

_
 ~
 _

_
 ~
 _

_
_

_
 ~
 _

_
 ~
~
-
-
~
 

3.
S

 
3

.0
 

4
.0

 
0

.0
 

O
.S

 
1.

0 
15

 
2

.0
 

2
.5

 

D
IS

T
A

N
C

E
 

FR
O

M
 -

7
0

·C
. C

H
IL

L
E

D
 

S
U

R
F

A
C

E
 (C

E
N

T
 IM

E
T

E
R

S
) 

F
(~
. 

18
. 

l!.
1f

ec
t i
f s

m
al

l a
dd

il
io

ns
 o

J a
 se

co
lld

 s
ol

ut
e 

on
 d

en
dr

ite
 s

lJ
ac

in
gs

 
ill

 u
ni

di
re

ct
io

na
l 

sa
m

l)i
es

 J
ro

m
 o

· 2
JV

 s
od

iu
m

 c
hl

or
id

e 
so

lu
lio

lls
 

o M
 I to
 

;;J
 

Z
 

t'
l IJ
 

t'
l Z
 Cl
 

;;J
 ..., o » Cl
 

Cl
 

;;J
 

t'
l Cl
 » ..., t'
l 

O
'l 

-.
.)

 

-.
.)

 

https://doi.org/10.3189/S0022143000019936 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019936


JO URNAL OF GLACIOLOGY 

110r----r---,r---.----,----,---~----r_--~ 

100 . 

90 

80 

;;; 70 
z 
~ 
o 
~ 60 

(!) 
z 
U 50 
~ 
en 
w 
~ 40 
~ 
o 
z 
w 
o 30 

2 0 

10 

00 0 .5 1.0 1.5 2 .0 2 .5 3.0 3.5 4 .0 
DISTA NCE FROM - 70·C. CHILLED SURFACE (CENTlMETERS) 
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CONCLUSIONS 

I . Binary, ternary and quaternary aqueous solutions freeze as groups of parallel plate­
shaped d endrites of pure ice separated by layers of brine. 

2. In systems where the freezing rate remains constant over the entire solidification cycle, 
the d endrite spacing is proportional to the square root of the freezing time. 

3. In unidirectional growth from a constant-temperature chill, the solution at each 
location is subjected to a spectrum of freezing rates. The freezing rate starts low, goes through 
a m aximum and then decreases to the end of solidification . The dendrite spacing increases 
linearly with distance from the chill surface; at each location dendrite spacing is inversely 
proportional to the square root of the maximum freezing ra te. 

4. Interdendriticsupersaturation, !1C, or supercooling, !1 T, are independent of freezing rate 

5. An increase in solute concentration causes an increase in the dendrite spacing and, at 
relatively high concentrations, side branching of primary dendrites takes place. 

6. In binary solutions dendrite spacing increases linearly with solute diffusivity at fixed 
values of concentration and freezing rate. 

7. When more than one solute is present in solution, dendrite spacing is governed by the 
concentration and the diffusivity of each of the solutes. 

8. Application of external magnetic fields causes an increase in dendrite spacing a nd 
promotes the development of side branches on ice plates . 

IvIS. received 25 November I966 
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