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! \ I3STRA CT. The \,Vorkman- R eynolds effec t was inves tiga ted d uring the phase change of dilute (a bout 2 X 10 4 N ) K C I solutions into sing le crys ta ls o f ice. The ice crysta ls we re ori ented with the c-axes e ither pa ra llel o r perpendicular to the growth direc ti on. The solute di stribution in the liquid phase. nea r the inter­face (within to mm), was obta ined with a wire-type conductivity cell. For a crys ta l g rowth rate 01'8.8 f1.m / s the freezing potent ia ls were -r 10.0 V a nd -"- 6.0 V and the spec ific cha rge sepa ra tions were 1. 3 ± 0. 1 X 10- 6 C/ g of ice a nd 1-4 ± 0.1 X 10 - 6 C / g of ice for g rowth para ll el and perpendicular. respec ti vely. to the c-axes of the ice crysta ls. The equilibrium solute di stribution coeffic ient was found to be 4 x 10- 3 for K C I solutions fo r both c rysta l orienta tions. An "apparent" (beca use o f convec tion in the li qu id phase) distri bution co­effi cient ra nged from 0 .03 1- 0.074- The "appa rent" diffusion coeffi cients ranged from 1. 3 - 4.9 '" 10- 3 mm' / s and va ri ed lin ea rl y wi th g rowth ra te. The ion ic dis tribution coeffi cients. K + and K - . were approxima tel y K +- K - = - 2 X 10- 5 and K +, K - = 8 x 10 - 3 fo r the KCI solutions. 
R ESUME. Les p/ufnoll1elles cLectriques accompagnollt le cliallgemelll de jJ/wse de soLutions diluces de KCI dalls des lI1ollocristaux de gLace. L 'efl'et Workma n- R eyno lds fut c tudie durant le changement de phase d e so lutions diluees (c. 2 X 10 - 4 N ) K C I dans des mon ocri staux de glace . L es c ri sta ux d e gl ace furent o ri entes a\'ee les axes c soit para lletes . soit perpendicul a ires a la direction de croissance . La distribution du soh-a nt d ans la phase liquide pres de I' interface d a ns les 10 mm fut ob tenue avec une ce llule de conducti vitc a fi\' Pour une vitesse d e croissance du crista l de 8.8 f1. m / s. les potentiels de congela tion furent de 10.0 V et + 6,0 V e t les sepa rations de charge specifique de 1. 3 ± 0 .1 x 10 - 6 C/ g d e glace et de 1. 4 ± 0 .1 x 10- 6 Cl g d e g lace pour la croissa nce para llele ou perpendicula ire respec ti vement a ux axes C des cristaux de g lace. On trouve ra le coeffic ient d'equilibre de distribution du solva l1l ega l a 4 y 10- 3 po ur les solutions KCI pour les deux o rienta­tions du crista \. U n coeffi c ient de di stribution " a pparent" (du a la convec tion cla ns la phase liq uide) s'ctendait de 0.03 1 it 0 .074. Les coeffi cients cl e diffusion "apparen ts" s'etcncla ient de 1.3 a 4.9 X 10 - 3 1ll1ll2 / s et varia ient lin cairelllcnt avec la vitesse cl e decroi ssancc. Les coeffi cients cle clistribution d'ions. K+- K - = = - 2 X 10- 5 e t K ++ K - = 8 X 10 - 3 pou r Ies solutions cl e K C \. 

ZUSAMMENFASSUNG. Elektrisclie Erscheillllllgell bei der .(lIs1tllldsiilldeT/llIg von wiisserigen KCI-L6s11llgell ill Ein­kristallen VO II E is. Bei del" Z usta ndsa nderung von wassc rigen (c twa 2 - 10 4 N ) K C I-Losungen in Einkristalle von Eis wurde de l' VVorkman- R eynolds-Effekt untcrsuchl. Di e Eiskrista ll e waren Illit ihren c-Achsen entwed er pa ra llel oder scnkrecht zur Wachstulllsri chtung ori enti ert. Die Losungs\'erleilung in der FIOssigkeit nahe der G renzfHiche (innerhalb 10111111 ) . wurclc mil einelll Draht-Leilungsclemcnt e rmittelt. FOr eine Kristallwachstulllsgeschwind igkeit von 8.8 f1.lll / s betrugen die Gefri erpotenti a le + 10 .0 V lInd I 6.0 V und die spezifischen Laclungstrennungen 1.3 ± 0.1 X 10- 6 C / g Eis unci 1.4 ± 0.1 X 10 - 6 C/ g Eis fOr \\ 'achstulll j eweil s para llel und senkrecht zu den c-Achsen der Eiskrista ll e . Ocr Vertei lungskoeffi zient cl er Losung illl G leichgcwicht wurde zu 4 X 10- 3 feir KGI-Losungen und beide Krista llo rientierungen gefunden. Ein "scheinbarer" (info lge von Kon vektion in d(T FIOssigkeit ) Vertc ilu ngskoeffiz ient rcichte von 0.031 - 0.074. Die "scheinbaren" DiA'usionskoeffi zienten reichtcn von 1.3- +9 X 10 - 3 Illlll' / S und and erten sich linea r Illit der VVachstulllsgesch windigkeil. Die Ionenverteilungskoeffizien ten f( + und K - . wa ren a nn ahernd K +- K - = = - 2 X 10 - 5 und K ++ K - = 8 Y 10 - 3 fllr di e K CI-Losungen. 

I NTROD UCTION 

In 1948, vVorkman and Reynolds ( 1950) inves tigated an electrical effect whi ch accom­panies the phase change of dilute aqueo us so lu tions from the liquid to the so lid phase. They ob erved large electri cal potentials (200 V or more in some cases) and discharge currents on the order of I (.lA measured across the interface between the so lid and liquid phases of the solutions during the freez ing process. This effec t has been term ed the " W orkman- R eynolds effect", the " Costa Ribeiro effect", and the " Thermodielectric effect" (Gross, 1954) . In lhis paper we shall use the terminology of Gross ( 1958) in a recent review articl e and call th e above effect the \lVorkman- Reynolds (\lV- R ) effect. The electrical potentials will be referred to as " the freezing potentials" and th e electrica l discharge currents as "the fi'eez ing current " 

* Present add ress : Un iversity of Alaska . College, Alas ka 99701 , U.S.A. 
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A qualitative explanation of the W- R effect was offered by \tVorkman a nd R eynolds 
(1950) . Their explanation was based on pH differences between the unfrozen solutions and 
the m elt water from the solid phase. These a uthors considered the effect to be due to se lective 
incorporation of one solute ion into the solid phase during the freezing process. The idea of 
Workman and R eynolds have been extended and refined, particularly by Gross ( 1965), 
LeFebre ( 1967), and Drost-Hansen ( 1967) . 

Although the W- R effec t has been studied extensively, it appears that the effect of crysta l 
orientation has not been studied in d etail. The importance of crystal orientation is sugges ted 
by experience in crystal growth from the melt (Mullin and H ylme, 1960) a nd by som e experi­
m ents with dielectrics in which a phenomenon simil a r to the W - R effect has been observed. 
Mascarenhas and Freitas (1960) found , for single crysta ls of napthalene, that the charge 
separation for growth normal to the cleavage plane is about ten times g reater than for growth 
in any other direc tion. 

In the present investigation , the freez ing po tentials and the freezing currents have been 
measured during the phase change of dilute K Cl olutions into single c rysta ls of ice. The 
m easurem ents were made for two growth directions, para llel and perpendicular to the c-axis. 
In addition, the distribution of solu te in the liquid phase adjacent to the interface was de ter­
mined . 

THEORY 

LeFebre (1967) has derived an equation for the freez ing potential 
I 

_ Irxf 
( _ _ t_) f exp (t/Ri Ci) dt 

Vs - RC exp R C .\' 
2 i i ' i t -

where I is the charging current due to the difference between the ra tes of incorporation of the 
positive and negative ions, rx is a growth-rate constant, C j is the interface capacitance, Ri is 
the interface resistance, R is the crystal growth rate and t is the time m easured from the 
beginning of crystal growth. This equation for Vs does not apply to constan t crys tal growth 
rates which were used in the present experiments. LeFebre's equation reduces to 

Vs = R;I[I - exp (- t/Rj Ci ) ] , (2) 
for the condition of constant crystal growth rates. 

If the resista nce of the ice can be neglected in comparison to Ri , then 

Ri = Vm /lm, 
where Vrn is the maximum freezing potential and Im is the maximum freezing current. The 
separate ionic distribution coefficients are defin ed to be 

K+ = ct/et a nd K - = C;/Ci" (4) 

where ct and C; are the positive and negative ion d ensities in th e ice a t the ice- liquid interface 
and ct and Cr: are the positive and negative ion densities in the liquid at the ice- liquid 
in terface. These unequal ionic distribution coefficients and the separate ionic diffusion 
coefficients D + and D - are related (LeFebre, 196 7) to the freezing po tential Vs through the 
charging current 1. In the case of identical ionic diffusion coeffi cients the freezing potential 
can be attributed to the difference between the ionic distribution coeffi cients 

l' 
K+- K- ~ C- ' (5) 

L 

where l' is the charge parameter defined by LeFebre ( 1967) . The equilibrium solute di stribu­
tion coefficient is approximately 
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ELECT RI C AL PHENOMENA I N FREEZ I NG K C l SOLU TIO NS 27 1 
T he data for the solute distribution in the liquid phase have been analyzed using the equation of Tiller and others ( 1953) : 

CL(X) 1 - Ko (RX) -C- I = ~exp - n ' o 0 0 

where CL(x) is the solute concentration in the liquid a t a distance x ahead of the ice- liquid interface, Co is the solu te concentration in the bulk liquid , Ko is the equilibrium solute distribu­tion coefficient, R is the crystal growth rate and Do is the solu te diffusion coefficient in the liquid phase. Equation (7) is valid provided ( I) a steady-state solute distribution has been established in the liquid ; (2) diffusion in the solid is negligibl e; (3) the value of Ko is constan t a nd Ko < I ; (4) convection in the liquid is negligible (i. e. no mixing of the solute in the liquid phase) . 
Experimentall y, a steady-state solute distribution was established in the liquid phase after a 40 mm thickness of solid had formed at a growth rate of 5.5 fLm fs (O sterkamp, unpublished ). It should be emphasized that this result is valid only for the growth conditions of the present investigation. Somewhat different results (Gross, 1968) have been obtained under different g rowth conditions. According to Gross ( 1968), diffusion of sol ute in the solid phase is extremely low. J accard and Levi (196 1) have found a concentration dependence of the distribu tion coeffici ents of N H 3 and NH4F in ice, but it does not appear that an investigation has been made for K C I in ice. Since the present investigation was primarily concerned with a small concentration range (2 .2- 2.4 X 10- 4 N ), condition (3) was satisfied . 
The experimental conditions maintained in the present investigation indicate the presence of convection in the liquid phase. Thus, convection in addition to diffusion caused the transfer of solute away from the interface a nd Equation (7) was not strictly valid for the system. However, the data have been analyzed under the assumption that diffusion was the primary means of solute transport away from the interface. The distribution and diffusion coefficients were obtained from a semi-logarithmic plot of Equation (7) . These were called "apparen t" distribution and diffusion coefficients because of the presence of convec tion in the liquid phase. The solidification of dilute aqueous solutions during small crystal growth rates results in the formation of clear, g lass-like ice with a smooth or planar interface (Harrison a nd Tiller, 1963; W'eeks a nd Lofgren, 1967) . At larger crystal growth rates the ice changes to a cloudy or milky appearance and the planar interface becomes unstable and breaks down into a cellular interface. A necessary condition for the formati on of a cellular interface is the presence of a constitutionally supercooled layer a head of the ad vancing solid- liquid in terface. Tiller and others ( 1953 ) have derived the expression 

(8) 

where G is the temperature gradient in the liquid and m is the slope of the liquidus line. Equation (8) is a criterion for the presence of constitutional supercooling in the liquid phase and was used to obtain es timates of Ko since the change from clear to cloudy ice was observed experimentally. 
At a cellular interface, the concentration of solu te in the ice cells is relatively small and the so lute tends to accumulate between the ice cells. The length of the cell s is given (Harrison and Tiller, 1963) as 

- 2mCo 
d ~ GsKo [~Dfa +Kof( 1 - Ko)]' (9) 

where Gs is the average temperature g tOadient in the solid , </> is a geometrical factor' a nd D/a is the ratio of the distance between cells to the cell diameter. The value of the term </>D /a ~ 0.5 for ice. 

4 
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EXPERIMENTAL DETAILS 

Pure water (conductivity ~ 10- 5 Q - I m - I) was obtained by processing ordinary tap 

water. The tap water was doubly distilled and then passed through a mixed-bed ion exchange 

resin and a 3 [Lm filter. The conductivity measurements were made in a Jones-type conducti­

vity cell with an A. C . Wheatstone bridge consisting of a General Radio 1605 AH comparator 

and General Radio 510 resistors. This pure water was used for the solutions and also as a rinse 

and soak water. 
Large single crystals of ice (26 mm O .D .) were grown in the "Lucite" (polymethyl 

methacrylate) tubes shown in Figure I and were examined optically between crossed polaroids 

to determine their crystalline perfection. The crystal orientation was determined with a 
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Fig. I . Sketch of the " Lucite" tubes and the associated electrical apparatus used f or growing single crystals of ice. A , thermistor 

probe; B , electrical connections to the platinum wire electrodes. 

universal stage of the same design as employed by Langway (1958). The electrodes were 

platinum wires (0.36 mm O.D.) placed perpendicular to the axis of the tube. The two lower 

electrodes were 2- 3 mm apart and 18 mm from the single upper electrode. A forepump 

vacuum connection to the "Lucite" tube allowed the dissolved gases in the solution to be 

pumped off prior to freezing the solution. 

The " Lucite" tubes containing the seed crystal in the desired orientation and a suitable 

solution were lowered into a cold bath (-50°C ± I QC) with a constant-speed motor. The 

cold bath consisted of an ethanol and water mixture in a metal container which was placed 

inside a deep-freeze unit. The freezing potentials were measured with a Keithley 610A 

electrometer and recorded with a Bausch & Lomb VOM-5 chart recorder. 

https://doi.org/10.3189/S0022143000023583 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023583


ELECTRICAL PHENOMENA IN F REEZING K C l SOLUTIONS 273 
The solute distribution in the liquid phase was obtained by measuring the resistance between the two lower electrodes in the freezing tube as a function of time as the ice- liquid interface advanced toward these electrodes from below. \,yhen the two lower electrodes were frozen into the ice, a switching arrangement allowed m easurement of the freezing potential between the single upper and two lower electrodes while the ice- liquid interface was in that region. Thus, both the solute distribution in the liquid phase and the freezing potentials were measured for each crystal specimen. 
The freezing currents were obtained by shunting the interface with a high impedance resistor ( 1.00 X 108 il ) and m easuring the potential drop across the resistor. The specific charge separation Q was calculated from the curve of freezing current against time. 
The solute concentrations in the present experiments were determined to within ± I % for constant concentrations. However, the solute concentration gradient near the ice- liquid interface resulted in an estimated error of ± 8% because of changes in the cell constant of the wire-type conductivity cell. The position of the ice- liquid interface was determined to within 

± 0.2 mm from the lowering rate of the sample and the resistance change between the lower two electrodes as these were grown into the ice phase. 

RESULTS AND DISCUSSION 

Single crystals of ice were grown from dilute (2.2 X 10- 4 N ) KCI solutions with their c-axes oriented either parallel or perpendicular to the growth direction. The results are summarized in Table I and typical solute distribution curves in semi-logarithmic form are shown in Figures 2 a nd 3. Equation (7) was used to obtain the apparent distribution and diffusion coefficients in Table 1. The values for K are larger for growth parallel to the c-axes of the ice crystals and K increases as R increases although the specific dependence of K on R is not clear. The values for D are approximately the same for both crystal orientations and D increases linearly with R as shown in Figure 4. Extrapolation of the curve to R = 0 indicates a value of D :::; 1 X 10- 3 mm2/s. This is in excellent agreement with the known value (Gross, 1968) of Do = 1 .00 X 10- 3 mm2/s. 

TABLE I. AVERAGE VALUES OF THE APPARENT DISTRIBUTION AND 
DIFFUSION COEFFICIENTS AND MAXIMUM FREEZI NG POTENTIALS FOR T H E 

PHASE CH ANGE OF 2.2 X 10- 4 N K CI SOLUTIONS 

Apparent Apparent Maximllnl Growth distribution diffusion freezing rate coefficient coefficient potentialt R K 103D Vm (im/ s mm2 / s V 
c-axis perpendicular to growth 

1.4 0 .068 4·9 * 2.1 0.033 1.5 * 
3·3 0.040 1.8 0·5 
5·5 0.03 1 2.0 + 1.0 
8.8 0.047 3. 2 + 6.0 

14 * * + 5. 0 

c-axis parallel to growth 
1.4 0.035 1.3 * 2.1 0.039 1.5 
3·3 0.046 1.9 0·5 
5·5 0.03 1 2.0 + 1.0 
7. 1 0 .055 4·5 + 2.0 
8.8 0.074 3.6 + 10.0 

12 * * + 8 .0 
14 * * + 9. 0 

* Insufficient data for these values. 
t Freezing potential of the liquid with respect to the ice. 
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Larger freezing potentia ls were associa ted with phase cha nge when the c-axes of the ice 

crysta ls were parallel to the growth direction (Table I ) . T he average maxim um freezing 

poten tia ls a re shown plotted against growth ra te in F igure 5. T he verti ca l ba rs in F igure 5 

represen t the sp read in the data . T he largest spread was 4 .0 V for a crystal growth rate of 

8.8 fLm fs with the c-axes of the crys tals parallel to the growth d irection . 

T he freezing poten tials were small (+ [ V or less) when R ::;; 5.5 fLm fs and la rge (+6 V 

or more) when R ~ 8.8 fLm fs. T hese growth rates bracket the transition from clea r ice (planar 

interface) to cloudy ice (cellu lar in terface) as shown by Figure 5. T he transi tion region was 

not a lways as sha rply defined as shown in Figure 5. H owever, a la rge number of exper im en ts 

indi cated that it was usua lly within the region shown for the solute concentration and growth 
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Fig. 2 . Typical semi-logarithmic /)lots of the solute distribution in the liquid phase (if. Equation (7)) obtained dllring the phase 

change of 2 . 2 X 1 0 - 4 JV KCl solutions. The c-axes of the ice c,-vstals were oriellted perpendicular to the growth direction. 

conditions used in the present experiments. The length of the cells d ca n be calc ulated from 

Equation (9) . If Ko ~ [ 0 - 3, then d ~ 2 mm for a 2 X 10- 4 K Cl solution . T his d is of the 

same order as the d ep th of the cha rged layer in the ice ( I mm) as determined experimen tall y 

by LeFebre ( [967) . T hus, the possibili ty exists that the la rger freezing potenti a ls may be 

associa ted with the fo rma tion of a cell ular interface. 

T he transition from a pl anar to a cellular interface (as indicated by the change from clea r 

to cloudy ice) was visua lly observed and Eq uation (8) was used to calculate the equili bri um 

distrib u tion coeffi cient Ko. T he value of Ko fo r KCI solu tions was calculated to be 4 X [ 0 - 3 

for bo th crys tal orien tations; however, the m ethod of visua l observation is not sufficien tl y 

sensi tive to determine small di fferences (20% or less) due to crys ta l orien tation. Some experi­

m ents were a lso perform ed with dil ute (a bout 2 X 10- 4 N ) NaCl and Li Cl solutions (O sterkam p, 
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unpublished ), and the va lues of Ko were calculated to be 9 X 10 - 3 and 3 X 10- 3, respectively, for th ese solutions. T he value of Ko for NaCl solutions has been estimated by W eeks and Lofgren ( 1967) at about 10- 3, while H a rrison a nd Tiller ( 1963 ) Sla te tha t Ko < 10- 4. There does not appear to be a ny da ta availa bl e for the K CI a nd Li CI solutions. 

T he freezing currents we re measured during the phase change of 2.4 X 10 - 4 N K Cl solutions. Single crystals of ice were grown with the c-axes oriented either parallel or perpen­dicular to the growth direction at a growth rate of 8.8 fJ.m Js. T he specific charge separa tion 
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TRANSITION 
CLEAR ICE REGION ClOUDY ICE 
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Fig. 5. A verage maximum Jreezing potentials versus growth rate (see Table I) Jor growth parallel (D) alld perpendicular (0 ) 

to the coaxes oJ crystals Jormedfrom 2.2 X 1 0 - 4 N KCl solutions. The vertical bars represent the spread in the data. 

Q. was calculated to be I.3 ± 0 . 1 X 10- 6 C/g of ice and I.4 ± 0.1 X 10- 6 Cfg of ice when the 

coaxes were oriented parallel and perpendicular, respectively, to the growth direction. These 

values of the specific charge separation are of the same order of magnitude as found by other 

investigators (Pruppacher and others, 1968). 

The interface parameters, Ri, Ci and l' of LeFebre's model have been calculated from 

Equations (2)- (6), and the results are shown in Table H . It appears that data are not available 

in the literature for the ice- liquid interface parameters for KCl, NaCl and LiCl solutions. 

However, LeFebre (1967) has found that Ci = 2 X 103 pF, Ri = 2 .8 x 10 10 Q and l' = I.O X 

X 10- 1 C jm 3 for a 2 X 10- 5 N KF solution which may be compared with values for the same 

parameters determined in the present investigation (Table 11). 

TABLE IT. ICE- LIQUID INTERFACE PARAMETERS FOR THE SOLUTES SHOWN AS A FUNCTION OF 

CRYSTAL ORIENTATION 

Solution 

KCI 
2.2 X 10- 4 N 

NaCI 
2.4 X 10- 4 N 

LiCI 
2.1 X 10- 4 N 

KCI 
2.2 X 10- 4 N 

Maximum 
freezing 
potential 

Vm 
V 

Ice- liquid inteiface parameters 
IO- BRit 

n 
c-axis perpendicular to the growth direction 

+ 6.0 1.9 ± 0.2 8 ± ( 

+ 9.0 * 

+ 9.0 * 

c-axis parallel to the growth direction 

+ 10.0 2.8 ± 0.3 10 ± 1 

* Insufficient data for these values. 

I ' t 
C/ m' 

* 

* 

t The separate values of RI and J' were computed for a crystal growth rate of 8.8 f1.m / s 

only. 

The difference between the separate ionic distribution coefficients for the KCl solutions 

may be calculated by Equation (5). Since the negative ion density in the solution CL- ~ 1.4 X 

X 10- 1 C /m3, then K +- K - ~ - 2 X 10- 5 • The sum of the separate ionic distribution 

coefficients for the KCl solutions may be calculated by Equation (6) . Since the equilibrium 

distribution coefficient Ko = 4 X 10- 3, then K++K - ~ 8 X 10- 3• 
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CONCLUSIONS 

A wire-type conducti vi ty cell may be used to d etermine the solu te distribu tion in the liquid 
phase near an advancing ice- liquid interface. T he theory of Tiller and others (1953) describes 
the solute distribution in the liquid phase near the interface (within 4 mm) provided apparent 
distribution and diffusion coefficients are used in place of the equilibrium distribution co­
efficient a nd the usua l diffusion coefficient. The apparent distribution coefficients and the 
maximum freezing potentials are larger for growth parallel to the c-axes of the ice crystals. 
It appears that significant freezing potentials may be associated with a cellular interface 
structure; however, additional experimental work is needed to test this hypothesis. 
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