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PREFACE
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Mechanical Engineer , USA CRREL , is acknowledged .
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APPARENT ANOMALY IN FREE ZING OF ORD INAR Y WATER

George K. Swiniow

INTRODUCTIO N

The equil ibr iu m temperature of water and ice unde r standard condit ions is /ero degrees ( el s i u s

(0°C). To freeze a discrete amount of water , it must he placed in an environme nt w i t l  a tem per at ure

be l ow 0°C and with the capabili ty of removing all the latent heat of fusion (approximate ly 80 caljg

of water) together with its sensib le heat (roughly I cal/g per degree) and sti l l  be below 0°C. The

ti me-tempera ture history of a typical laboratory experiment (for examp le 500 ml of water p laced

in a coldroom with a constant —5 °C temp erature ) beg ins with rapid cooling, dur ing which t ime th e

wate r may reach tem peratu res si gnificantly below 0°C. In order for fre ezing to beg in , nucleation

must take place. Once ice beg ins to form , the water temperature in the vicini ty of the water / ice

interface rises re latively quickl y to 0°C and , providing that the water does not contain appreciable

amounts of dissolved impuri t ies , st ays at 0°C unt i l  all the water in the v ic in i ty  of the measu ring

point is converted to ice. Under these cond itions the process of freezing is hig hl y p redictable al-

thoug h the onse t of nuclea tion is unpredicta ble.  Normally ice n ucleation is in i t i a ted  by disc iete ,

small , solid impur i ty  partic les which are almost always present. The purer the water and the smalle r

the specimen , the lower will  be the temperature at which water may beg in to freeze (Dorsey 1948).

This appears to result from a chance that  a nucleating particle is either present or abs ent in the

supercooled water.

There are three reasons why water under norm al conditions will  not freeze at 0°C. They are :

1) presence of dissolved m at te r , 2) confineme nt  in .i f ine cap il lary ,  and 3) suf f ic ient l y  high ambien t

pressure. The freez ing of a salt solutio n may beg i n at a te m per atu re be l ow 0°C, and the lower in g

of temperat u re wi ll be pr opor tio nal to t he “strength” (conce ntration) of the solut ion.  Since ice

does not form any so lid solution (Ben-Naim 1974) , t he first ice crystals increase the concentration

of the remai ning solution which freezes at a prog ressively lower te mp er ature. Since the gr a in sur-

f aces of most comm on soil m i n erals a rc  leachable (pa r t ia l ly dissol v able ), t he mo isture in most soils

is a solution. Thus the freezing of soil moisture is in princip le indist inguis hable from the freezing of

a salt sol uti on (Fig.  I ) .  In some special instances when .i f ine material is un l eachab le , it free zes when

sat urated with water in a manner similar to pure water: at a con stant but lower than O~C te mpera-

ture. Water under hi gh pressure freezes at a low hut constant temper ature if th e pr essur e is constant .

Water in a vessel freezing from the outside inward may develop conside rable destructive pressures.

There is no app arent reason why in the process of freezing the temperature may rise , in stead

of bei ng constant or declining graduall y,  as shown in I igure 1 . Nevert heles s , temperature rises hase

been observed during f ree/ ing. In all cases in the past , such obs ers ati ons were dismisse d ,tnd u’n-

sidered spuriou s , since often t he magnitu des obsersed were less than the pi uli ,th le ci ~ni of the

I emp eralur e-mea suti flg device . 
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Figure 1. The freezing of saturated silic a powder, time’ -! emperature’ ,e’Iatio,i ,
where a is the nucleation point, h the beginning of ice Iornwtion , c the co,nple’-
tion of ice formation, and d the ambient temperature . If freezing begi,rs at a~,
the temperature rises to b

At present , however , t hermometric  equipment an order of magnitude more sensitive than that
available in the past may hc used , and such observations can no longer be so easily dismissed . This
report presents the results ni two sets of ex periments demonstr a t ing temperature rises during the
freez ing process and gives a tentat ive exp lan a t io n of the phenomenon.

MATERIALS , INSTRUMENTS , MEASUREMENTS

Since it was to be expected that water in fine ~ OO~5 would free ze at a t emperature d is t inc t ly  be-
low 0~C, water was dispersed in the fin e pores of a uni form powdery iner t  material .  “Iner t ” meant ,
in this experiment , t he properties of s tabi l i ty  and resistance to leaching by ordinary water , and a
very simp le but sensitive test of acceptability of the trial powders was developed . A material , for
example ordinary glass powder , was sat urated wi th  dis t i l led water and stored typical l y  for 48 hours :
a water specimen was than centrifuged from the mate rial . Drops of water from mixtures  of soluble
powders when evaporated on .i microscope slide show character i st ical ly an amorphous precipi t ate
(this is a method commonl y used in microchemis t ry) .  Thus , i f t h e water f ro m t h e pores of .i gl ass
powder showed such a precipitate , then the glass powde r woul d he un accept able .

Size uni formity  was also desirable since it provided control of the degree of saturat ion , specif ic
surface , etc . The abrasives industry produces .i large var iety of powders and several were tested for
acceptability. Commercial a lumina abrasives were found to be un.i ccept ab l e because of the i r
instabil i ty,  but materials such dl commercial corundum powder , ground quart! and fe ldspar (. ilbi te )
resisted le ach i n g, a nd were accept able. The crushing and gr inding of such m aterials  as qu a r t z  or
feldsp ar produces , howe ver , a mixture  of pa r t i c l es d i f fe r ing in s i ze and shape , and rout ine screening
was not found to differenti a te them ,iclcq u ,ite l y . Se t f l in g  fine part icles in a simp le cascading f low
system (Vanderwi lt  1938) was found to result  in mate r  i .ils wi th  hi gh u n i f o r m i t y  - F or co.ir se

2

___________________________________________________ - -— - ~~~~~~~~~~ ~ 
_________________________________ -



f r a c t i o n s  .i so lu t ion  of .in e n  d i i r . i i  omin e re . al t h i ck ene r  ss .is used; the i n cre ased s i s c o s i t v  of the

~~ .11 en peinti t ted s e t t l i n g  of un n fo r  n i f r a c t i o n s .

Normal ly  the s u e ’’ of .i 
~~~~ 

den is desi gnated hs a nu m er ic a f  r a t i n g  whi ch equals half  the sum

of t~~ o nominal  siev e ~n p eni r ig  size s be t ss ce r n w fn j i . In the powder is  I et.un ed. I he term ‘‘ si ze ’’ of a

powdet in th i s  r epo i t is clef m e d  d i f f e r  en t l ~ ; it  is h a l t  th e sum of tes o mutu a l ly  perpen d icul ar

dimensions .is measured on the mic i ose ope stage. 1 svo techn i ques  wer e used to f i n d  powder size -

d i r e c t  measur en ient in ver t ica l  p ar al le l  li ght  of the powder on a microscop e slide wi th  n i i c r  , r mc te r

ineasu r er i ler it s  (which  ~ as f o u n d  t e n  he s u f f i c ient Io n coarser m ate r i a l )  and mi crop hoto enl argement

(en rp t  m a gn i f i ca t  ion ) which seas nece ssary f o r  f i n e  p.o t i d e s . l)ue to the cascade sett l  rig in water ,

ser good u n i f o r m i t y  ,)t shape was noted;  t h e  ra t io  of w i d t h  to length never exceeded 1/ 1 .2 ,

w h i c h  shows the degree of the gr. iins ’ sph er i c  i t ’ ,  (roundness varied wi t h  the f r ac tu re  habi ts  of the

par t icular  m i n e r a l s ) .  I b i s  degree of shape u n i l o r m i l ’ ,  ~enu l d  not have been achieved by convent i ona l

I .ic t i on separ . I t inn g  methods.  M at e r i a l s  selee ted for the exp erim ents  are listed in Fable I;  c e r t a in

other interm e d i .st e  powders were set aside for uses as descirbed he-low .

Table I. Materia l sizes used in freezing experiment .

,n, asur ed i.arxea( ,,~ serral , l ,  ,- ,J,ia lion

iWfl i (~~plfl)

551) 2.6

42 0  2 . 4 —- I

200 2 . 3  - 2

135 2.6 - 2

64 2 . 5  ‘-.4

42 1. 2 ‘-5
64 2. 5 ‘- .4

20 2 .0 20

13 1.6 2 5
4 0.6 I S

2 0 . 3  30

lie greater the degree of u n i f o r m i t ’ ,  in the siz e , shape and physical properties of the surface of

the mate r ia l s , the better r esults are obt a ined in u n i f o r m i t y  of p. icking (density,  porosit y and mois-

t u r e  co ntent )  i t  packing is done unifo r m l~ - Dalla-Val lc  ( 1948) and Dersievic i ( 1958) investigate d
cor lsi st encs of packi ng and found that assemblages of unifo rm material s pack consistentl y to a

porosit~ of 40 ± 3’~.

The best reproducible r e’sti l t ~ were obta ined h\ se t t l ing  and vibra t ing ma te r i a l s  in a i r - t ree  water .
scess wate r was removed by placing a dr ’, powder of .I sli gh t l y  large r size on top and in contact

w ith the materi a l settled in the conta iner.  Its cap il l a ry  ,ict ion excess water moved out ar id the

spec imen remained saturated in i t s  densest st a te .  By this method the sa tu r  .it ed state wi th  the

densest possible p a ck ing could a! ’.s.is s be reproduced. ( i n n t r o l  ee ls per formed hs ‘out H it ’ moisture

conten t determination ,tnd pi cnomctr ic de terminat ion  of sp e c i f i c  gr ,is i t ’, -

The sp cc in lcrr arrangement is shown in I i gure 2 . Since t h e r e  was coni cer n about a symmet r ic  and

irreg u la r h eat f l ow , a ser es of f i ne th er moco u p les were used in separate trials , and it  was found th .i t

heat f lose ss j s c u f f  i c i e n t l s  ss mm cm Ic .nl f r o m  the ct ’rr t e r  ou tward .

It is evident that wa te r  disper sed in t in e pores of a un i f o n  ni f ine  powder wil l  t r eeic di f fe ren t l y

tha n in bulk:  the so lum etr  ic heat of fusion will  1w onl~ th. i t  of the water in the p ore sp.nc c, and

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
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Figure 2. Specimen arrangement.

the specific heat of a water-saturated quartz powder will  be , at 40% porosity, approximately 0.69
cal/cm 3 °C. This modifies the shape of the t ime-temperature graph; compared with  an equal volume
of water such a mixture  wil l  cool down faster and the plateau of ice formation will  be shorter. This ,
and the fact that the experimental specimens were relativel y clean , required measures to avoid
excessive supercoo ling.

Two methods of e l iminat ing undesirably large degrees of supercoo ling were employed. 1 he f irst
consisted of placing into the specimen a drop of water containing nuclei (which can be defined only
as impuri t ies  with thc capabil i ty to nucleate free zing) which tri ggered free zing as soon as the speci-
men temperature went below 0°C. The method worked by in i t ia t ing  freezing at the desired spot
a n d at the desired te m pe r at ur e , b u t was una cceptab l e , since no matter how small the drop of wate r ,
it was always contaminating. Another method was safer . It consisted of p lacing a very thi n , fle xible
water- filled capillary into the spot where the beg inning of freezing was desired . When the desired
te m perat u re be l ow free z ing w as re ac h ed , nucleation was ini t ia ted through the cap il l ary by bri n g i ng
it s free end into contact wi th  ice.

Freezing took place in a thermostaticall y regulated cabinet  at — 1 °C with a measurable variat ion
of ±0 .03°C. The thermostat ic  regulator was a normal ly  open mercury expansion device , regulating

4
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WIRING DIAGRAM

2, Trons former
3, Relay switch 4, L’U,-ioc

~~~~~ 6, Thermoregulcto,

I,Fcn -

I jj—Spectmen 
- 

-

A A
_ _ _ _ _ _ _ _  -

- 5, Heater

~~~iU ~~~ 1i
—5- - —,-- - ---- -‘-

~—rnsu/at ion

CAaI NET INT ERIOR

Figure 3. Constant temperature cabinet.

heat , which provided more accurate temperature stabili ty than regulating refri geration. Accordingly,
as with a biological incubator , the cabinet had to be placed in a lower ambient temperature than its
setting, and so it was placed in a coldroom with a —5 °C temperature. As a measure of the cabinet ’s
perform ance we can state that there were no observable temperature deviations inside a frozen
specimen of saturated sand used in the trials after it reached the rmal equi l ibr ium. The arrangement
is shown in Figure 3 (the sand was used only to test the cabinet ) .

Special attention was given to preparation of thermocouple junctions. Thermocouple measuring
points were soldered the routine way, t hen kept for 20 m m at a temperature just below that of
melting solder and tested for stabil i ty and reproducibi l i ty of temperature measurements. Normal ly ,
of 10 to 12 soldered points , on ly 2 or 3 could be accepted. Another consideration was give n to
the validity of the measurements performed: the copper -constant an thermocoup les may ha ve
introduced a maximum errcr of ±0.0005°C when using a ±0.25°C scale. This error appears system-
at i cally in each measurement , and althoug h its maximum range is known , i ts act u al m agn it u de
remains undetermined.

5
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The signal amp lif icat i on system had a zero position un certainty of ±0.5 pv which could result
in a temperature error of ±0.013°C, bu t this  was a vi si ble er ror corr ectable to ± 0.005°C. The total
maximum accuracy error from these two sources could then be 0.0055°C. Furthermor e , one had
to consider precision errors stemming from thermo couple drift , am plifi ca t i on response a nd l i m its
of sensit ivity in the measu ring system. A copp er-consta n ta n thermocouple could have its output
changed by 0.75% in the temp erature range it was subjected to (±0 .25°C) . The si gnal amp lifier ,
wi th in  the exp erimental  range of +50 to 0 to —50 pv , mi ght have a respo n se ch ange of as muc h as
±0.4%. The recordi ng system had a precision of 0.35% of the range . Therefore , t he total errors in
precision are estimated to have had a ma x imum of 1.5%. Of course , this fi gure indicates the maxi-
mum theoretical ly possible total error when all factors are added. Since all errors discussed mi ght
have ei ther  positive or negative values and might not always occur at their  full  values , and since all
measurements were repe ated a large number of t im es , most errors were probably much smaller .
Therefore , the observations reporte d below should be considered as valid to a hi gh deg ree of
certa inty .

EXPERIMENTS W ITH WATER FREEZING IN FINE PORES

From the foregoing we see that  there is no conceivable reason why the process of freezing mi ght
or could take place at a t emperature higher th an that of equ i l ib r iu m.  It  is also hard to visualize
any reason why an in i t i a l ly  lo w equ i l i b r i um temper ature (due to the presence of a solute , or con sta n t
high pressure or dispersio n in f ine pores) would rise . It  is especially hard to visualize the rise of the
f reez i n g te m perat u re above 0°C. Ixperiments with a phase change anomaly would , one would t h i n k ,
be best performed at a temperature below that of n ormal equ il ibr ium without  an increased pre ssure
or the addition of a soluble substance.

Thi s consideration was the reason why the water for the freezing experiments  was dispersed
uniforml y in the pores of unif orm , unl eac h able mate r i al s as descr ibed above . The si z e of t h e
specimen and the amoun t  of insulat ion around it were adjusted so that  the whole cycle cooli n g,
supercoo ling, nucleation , free z ing, and final cooling to the cabinet ’s ambient  temperatur e - took
place in three to six hours. The centrall y located thermocouple with the special hea t leak prevention
measures (shown in Fi g . 2) recorded the time-temperature sequence of the process wi th i n  the
accuracy and precision described .

In essence, the observations showed a small temperatur e rise after supercooling and nu cleation
during the freezing stage . Fi gure 4 shows the observatio ns in a schematic way. A specimen , i ni t i a l l y
at an above-freezing temperat ure , loses heat and supercools , i.e. reaches a negative temperature. At
a point a in Fi gure 4 either spontaneous or art if icial  nucleation takes place. At th is  poin t in a very
short time (recording equipment shows no time) the temperature reache s point b , wh ich is by
definit ion the onset of freezing. If :  1) the ini t ia l  volume of water is large enoug h (about 1 cm 3 or
more) so that no appreciable surface tension effects take p lace , and 2) the water is pure enough
that there are no measurable solute effects , this temperature is 0°C , For water in very fi ne pores ,
capillaries or sing l e d r op l ets , point b is below 0°C. Point c in Fi gure 4 is where ice formatio n is
com p lete and the specimen cools and asymptoticall y reaches the ambien t  temperature.

Normally,  most of the path between b and c is a straigh t l ine  (the break at c is very di f f icul t  to
observe) , but the observed effect consisted of a slight rise of temperature whi le  the process of ice
formation was underway (poi nt b 1 in Fi g. 4).

Figure 5 is a reproduc tion from a t ime-temperature recorder s t r i p showing an ac lua l measurement
obtained . A series of trials was made to see whether or not there is a relation between the rate of
freezing, grain site , ambient  temperature and magni tude of th e t em p e r .nmu re  rise .

6 
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Figure 4. The freezing of an inert quart/ -water mixture, 100% saturated,
where a is the nucleation point, b the beginning of /ce  formation, b 1 the
peak temperature during freezing, and c the completion of /ce formation.

Table II. Freezing experiments on fine powders.

Moisture Equilibrium
Grain Content temperature Temperature
size (saturated) (°C) rise (“C)

Specimen (~zm) by weight (6 in Fig. 4) (b-b 1 in. Fig. 4)

13 580 0.23 0.0 12 0.007
14 A 420 0.2 2 0.050 0.038
15 200 0.2 1 0.077 0.052
1 6 135 0. 2 0 0.100 0.070
I 6E 64 0.22 0.122 0.077
17 42 0. 2 1 0_ I s o  0. 105
t7 B 20 0.2 1 0.170 0 .1 2 5
20 13 0.21 0.205 0.145
2 1 4 0.2 2 0.2 55 0.185
22 2 0.2 1 0.270 0.195

T able I t  shows results of a selection of experiments in each size group of powders from 580 lo
2 p m . t he  data r n .’s e .n l that  the f iner  the pores in which water is dispersed , the lower its f reezing
tempera ture . Besides th is , i t  c1 in e s not reveal much more than Fi gures -1 and do; all it shows is
t h at ther e is a ~cI unexplainable rise of temperature during the period ( C f freezing under the special
c n ,n d i t i o n s  w i t h i n  the f r an w work  of the exper iment ,  that the temperature at which freezing began
hecame lower is the material  became l i n e r  was e.kp ected ; water  in fine pores must freeze at a lower
temper ature  i i ”  a n.il , n~s is the f re d  rig of I i nc  drops of water)  - Since the anomaly in the tempe r a-
T i m  , , hmst ’ r s ect  ~~.i’, conniei  tt - d w i t h  he at , whether  gener ated , released nm otherwise induced at the
n’ s- .isor oi . point , thet e w ,r s a m m c c c i  In n m ex p l an a t i on  or , n r C  gin -l step f u r the r , for exper in ’tent s capable
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of be ing exp lained.  The higher rise in temperature (Table I I )  with finer materials may only be the
consequence of hi gher total interfacial heat flow resistance. And this means that the experiments
canno t be explanatory;  they are just a demonstration.

Other observations made in the process of experimental work concentrated mainly around the
process of freezing, change s in the rate of freezing and moisture content.

When freezing was induced by artificial  nucleation to proceed from the center outward , the
phenomenon of temperature increase during phase change was not observable. The reason for this
is obvious — heat was flowing out , without accumulation.  If superco ol ing were allowed to reach
very low temperatures at ambient temperatures significantly below —1 °C (around —4 ° or — 5 °C) the
phenomenon could not be observed and freezing proceeded rapidly with the specimen being part
of its own heat sink. When specimens were foosel y pac k ed , with a water content hi gh er tha n that

- 
i of saturation in the densest state , the phenomenon of temperature increase dur ing phase change

again could not be observed. The specimens froze in a way similar to that shown schemat ically in
Figure 1; i .e. the temperature during ice formation was steadily fal l ing.  The author noticed cracking
and water extrusion; this led to the conclusion that pressure developed wi th in  the specimen and led
to a lower freezing temperature.

It is concluded that the experiments described were an i l lustrat io n of two s im l : i t a ,n e ou s  effects.
These were the general lowering of equi l ibr ium temperature of water when it was dispers ed at fri-ct-
ing temperatures in fine inert media , which was studied in detail by Bak ai ev et al . ( 1959),  and t he
unexplained rise in the equilibrium temperature when phase change took place. Since there was no
conceivable heat source for this effect (freezing proceeded from the outside in , apparently witho ut
pressure buildup) the heat formation must have been related to the ice/water interface rather than
the interfaces between water and mineral grains. For this reason a method of experimenting with
pure water had to be desi gned.

FREEZING EXPERIMENTS WITH BULK WATER

The freezing of a volume of water from the outside inward results in a pressure bui ldup,  with an
inevitable lowering of equ i l ib r ium temperature. To avoid this effect one needs a relia ble means to
relieve the pressure. One way to do this is to have a small balloon inflated with air in the center of
the water container. During freezing, such a balloon would take up most of the pressure developed.
An exploratory experiment of this type was performed with approximately 5 I of water and several
trials were made at —40°C. The very low temperature of —40°C was used to expedite the rate of
freezing. A rise of temperature similar to that of the previous experiment could in some cases be
observed , but  electrical background noise , f luctuations in pressure , lac k of control in freezing rates
and perhaps the exper iment ’s genera l crudeness led to the abandoning of any further work of this
type.

To all ow more control over the freezing process and to e l iminate  as many as possible of the
variable unknowns (such as nonlinearity of freezing at a constant temperature , asymmetric ice
advance toward the center , etc.) a new experiment was designed. A 2Y2- cm-thick a luminum plate
was cut out in the center and sandwiched between two thermoinsul at ing windows (two air spaces
for each) so that a rectangular vesse l of approximately 750 cm 3 was for med. Adjacent to the
cavity a I .4-em-diam U-shaped canal was dril led for circulation of coolant. I i gure 6 shows sche-
matical ly the experimental arrangement .

The thermistor probe in the center of the cavity was inserted thr ough an opening in the a luminum
which also served to fill the cavity with water  and to relieve the pressure by removing by suction
excess water during freezing. A thermocoup le was used to moninor  the temperature at the ice /a lumi-
num interface , while the thermistor probe recorded the  temperatu re  in the center  ol the Is ty .  The

9
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Camera
Figure 6. Controlled freezing experiment, schematic illustration.

sensitivity of the thermistor was sufficient to register a temperature difference of ±0.005°C or better ,
but only changes of ±0.01°C were recorded , which appeared sufficient for this series of experiments.
Another thermistor probe was installed in a way permitting the exp loration of temperatures in
various parts of the cavity during freezing. The rate of freezing was controlled by the rate of coolant
flow; the rate of the ice/water interface advance was determined from a series of photographs taken
during the process of freezing.

The access port in the top of the cavity (not shown in Figure 6) was frozen over with a thin crust
of ice at all times during the experiment. Excess water (from freezing) which was squeezed on top
of the ice crust was siphoned off , so that there was never excess pressure developing. The freezing
process could , therefore , be controlled at all times , and freezing rates could be kept constant. One
specific situation of significance must , however , be pointed out. The formation of a single ice crys-
tal and its growth after nucleation is normally accompanied by a continuous increase ot the ice/water
interface , and directional freezing, such as that in nature (from the top down), takes place with a
constan t ice/water interface. In the experiment about to be described , however , freezing from the
outside in is accompanied by a progressively decreasing interface. This point is of importance for
further considerations.

The experiments with the device shown in Figure 6 always began by storing it empty in a -5°C
coidroom for at least 24 hours , so that the thermoinsulating window spaces lost enough heat to st ay
below 0°C for the duration of the tests. The actual work began b y t i l l i ng  the c . iv i t y  with cold water
and circulating the coolant throu gh the U-shaped canal. The preparation n il  relatively cold clean
water presented cert ain difficulties. Percolating dist illed water throug h a layer of crushed cr was
un satis factory, since the water obtained was u sually O.2~-O. 3°C , ih , rc e f r eez ing ,  It  w.is f o u n d  that

10
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figure 7. Recorder chart of a freezing experiment. Left scale, upper graph: water tempera-
tures ( °C) in various parts of the vessel. Right scale, lower graph: temperatures at outer
boundary of icc ’. Bottom scale : time (mm ).

s t r , r i m i c ~ a stipp l~ nil water overnig ht in a coldrn aoni , d u r i n g  which  t ime  ice fo rmed  on the wa lls  of the
vessel , lr eq uen l I~ res ul ted in ‘‘ warm ’’ water  tip to ,n ha l f  degree .n l iov e Ii  c c / l u g .  The best procedure
to avoid th is  was to use sli gh t t ~ supc ’rc oo lcd water , sshi ch ,if ter being poured into  the c as i ty  l onm e d

~r nn ic  small  ice crystals  that  mos t - to the top. This ss , m ten had ,n t empera tu re  ol onl~- O .02 — 0. 03 ’( .

he . ictual  expe r imen t  began li~ c i r c u l a t i n g  li quid n i t r o g e n  and m c’t om d ing  tempera tures  inside the
sc” ,st ’l and at a side wall nfl the icc-metal  contact (I  i g. I i ) .  1 he r .nte of temper ature  lowering at the
ice-metal ed ge was kept l inear li~ adjus t ing  the coolant flow . I I r e temperature in the center of the
vesse l was observed 1r,  m i s c  not ict - .ibly dur ing  t h e  l i t s i  ha l f  of the ex pe r imen t .  I i gure 7 is a simulta-
m e n us i t ’Ll n rd in g  of the edgt- temper , i tur c and the wate r  t empera tum t’ , t he l , i t t er  obtained with a
th ermist i  cm mounted s~ th a t  it  could he placed in various p , irts of the vessel . It  w.ns found tha t  the
wat t - n was by no ’ nm ea ns i sni th en ina l thro ug hout th e chamb er -

En sn- n - whether nn ri  ‘r the  sl ig ht dic tur l , . in ic e i m l t r n  ‘duced Ir ~ t l i - rn i i stor  movement inside the  c’ssel
i n t e r f e r ed  ss nh lb ,  h e m  . , c c m i r i i u f . i t i n n n , t he ss , i le r  w,ns s t i r r ed  in ou r’ n - \ r n - m  ment , Ii ss ,n s r ioted n l i a t
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f igure ~ . / ) , s s / ~’m, t o n / i  nit Jm n ’ (A %ln () 4) st , n ’a//s in the freezing i ’cssel.

i n t e r m i t t e n t  periods of s t i m  m n m m i ~ t i n t  I t )  m i n i  resul ted ri a sligh t therm al  disfur l iance , but  the general
rise i n  te mp e r , i t m i mn ’ co n t inued ,  ~~~ ohscr sed th . i t  the wate r in the experimental  vessel showed
perceptible i n  n m u s & ’c t i n  ‘n ni, ‘s cnn ”: i n - Jo  visual ic this ph enomenon the w,it er was marked h~ d r opp ing
t W O  gr .iin s of po t a s sium pt - r m , n u m g . i m n , , t e , which left  tW O ser f  ical l ines in the reserv oir (I i g. 8.i), 1 he
c rystal I r~igment s r .n pud l ’, f roze  in to  the a ds an i c i n g  ice at  the h o t t n n m  and did not produce a d d i t i o n a l

in the ss .1 nc r  m m th e co n t .nnn i em . A c ur nn n t i s  ph cnn n m cr onm ss,is ofrs&-r v ed w i t h i n  a I n ’w m i n iu t t - s
(shown fi ~ an i nss s in I i gures Sb intl Si) :  th c s I r  caks , cnn igin aI t~ l inear , began to develop i ev en se
plumes which  settled w i t h i n  2 I n n  I mi n t  to th e b m n t t m , n i i . I he r e n i a i m m i n g  p c i  imi , i u u i ~, i i i , i t r ’ s n m c a k s  br in k e
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a. 3 mm after beginning. b. 3.5 m m .

c. 5 m m .  d. S m m .

Figure 9. rernp erature oreasurements within convection cells. (Dye is 20% alcohol and water solu-
tion added to aniline.)

up, forming many small cells and shear streaks (arrows in Fig. 8d) . Apparently due to the solut ion ’s
densi ty ,  cry s ta l l i n e  potassium permanganate is not a suitable material for decorating convection
motion. Art at tempt to use anil ine dye solution in wate r also lai led , presumably because the solution
w,

~ 

heavie r than waler . An ~lc~hol solution of aniline was , however , lig h ter tha n water . I t was found

tha t  20~ alcohol ,tdded I nn an a n i l i n e  water so lu t ion , if introduced wi th  a sy r inge  in to  .i cont a iner  of

13 



isothermal water , stays in a motionless cloud for a time significantly longer than the experiment
may last. This solution was used to help decorate convection.

Fi gure 9 shows closeups of convection cells decorated with dye. Approximately ¼ ~zl of solution
was introduced with a microsyringe into the water. Figures 9a and 9c show the exploring thermistor
probe within an upward moving cell.

the temperature as observed on the recorder was temporarily fal l ing (arrows in Fig. 7). When a
downward-moving convection plume passed the probe , the temperature was observed to rise. Figure
9b shows a confluent stream of water moving a cloud of dye with it over the probe and 9d shows
the forming of a counterclockwise rotating convection cell. The intensity of convection , together
with its pattern , changed in the ever-shrinking space as freezing progressed. While convection cells
formed , moved and then disappeared during the first half of the experiment , clearly discernible
double cells formed during the second part of freezing (in three dimensions they would probably
be described as toroidal). The stability of the double cells increased , but the intensity of flow and
temperature decreased. This can be seen in Figure lOa which shows a somewhat unclear asymmetri-
cal convection cell in the left part of the picture , lOb shows the formation of a cell on the right side.
The photograph was taken approximately 5 mm after point c (arrow) in Figure 7. Figure 1 Oc
appears to show a slowing down of convection , as well as a steady lowering of water temperature.
Figure lOd was taken approximately S mm before the experiment was discontinued. The two
arrows on the righ t side of Figure lOb indicate an intr iguing phenomenon which was very often
observable: the shear motion of water along the interface of the ice.

Since convection is a process of thermal mixing,  there arises a question: What would be the
thermal history of the water without  any convection? To eliminate con vection a small amount of
industrial water thickener , the type used in modern aerial firef ighting, was dissolved in distilled
water . When this thickener was used the water became more viscous , although the concentration
of the suspension was less than 0.01%. This solution was cooled to +0.02°C and introduced into the
vessel , and the experiment proceeded as described. The result was that the temperature of the water
did not rise , but fell to 0°C and remained at 0°C throughout the experiment.

Another exploratory test concerned the possibility of some (unspecified) property of water which
causes temperature rise at freezing. It consisted of starting the experiment the routine way and re-
moving all remaining water after its temperature rose several hundredths of a degree and replacing
it with new water chilled to the initial temperature . The exper iment was repeated several times
with the result that freezing was always accompanied by a measurable temperature rise.

Neither stirring nor removing the water and starting again interfered seriously with the phenome-
non of temperature rise in the process of freezing. As mentioned , it was relatively easy to adjust
the coolant flow to a linear lowering of the temperature at the ice/metal interface. During the
progress of freezing, the volume of water was decreasing, the total ice/water interface was shr inking
and all geometric relations were changing. To obtain measurements of these changing relations , a
continuous series of photographs from a fixed point was taken. A superimposition of photographic
image s taken at precisely known time intervals provided the basis for the necessary measurements
(Fig. 11).

Three experiments were selected for acquisition of a set of data on the process of freezing (Fi g.
12). The experiments lasted approximately 60, 80 and 110 mm with deliberately linear ch i l l ing
rates of 1 .33°C, 0.75°C and 0.36°C/m m . Temperatures were recorded from a centrally located
stationary thermistor (due to pen leaks a and c had to be retraced on the same paper and b was a
point-by -point redrawing). Since the stationary thermistor point encountered only a few strong
convection fluctuations , the water temperature vs t ime p lot of Figure 1 2c was exceptionally smooth.
It should be recollected that Fi gur 7 was obtained from a mobile thermistor p la ced in to  visible

14 
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Figure 12. Water and ice temperatures during freez ing erperiments with a constant
rate of ice advance.
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T ime , m inutes

Figure 13. Ice/water interface vs time.

convection currents. The rapid down-dip in Figure 1 2c at 96 m m was reg i stered when the ther m istor
tip was submerge d into a r i s ing  convection plume.

As men t i oned , the ice/water interface , t h e wa ter , and the ice volume , toget her wi th  the i r  ra t io s,
cha nge under the experimental  conditions in ,n special way , The decrease of the ice surface proceeded
nea r ly li n earl y with time (Fi g, 13) as was expected, Water volume also decreased nearly linearly
(F ig. I 4 ) .  The relationships of surface to volume and surface/volume rat io to t ime are shown in
f i gures 1 S and 16 . Fi gu res 13-16 show that with l inear cooling of the ice the volumet r ic  u . i r e  of

— 
free z i ng is n e ar l ’. linear , while  the rat io of the surface area of ice to the rem .n ining volume n t  wat er
increases ~ i i h  t ime .
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Figure 16. Ice surface to water volume vs time.
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SUMMARY AN D CONCLUSIONS

The effect of the temperature rise dur ing freezing of ordinary water was observed and demonstrat-
ed by two dif ferent  experiments. The first , consisting of the freezing of water dispersed in fine
po res , demonstrated the effect only weakly. It required a large amount of samp le preparation effort
but did not have suff icient  control over the process of freezing. The water was in in t imate  contact
with mineral  particles which , besides preventing a pressure bui ldup during freezing from the outside
in , had a hig h heat conductivity and specific heat , thus diminishing the overall effect. The assump-
tion that the temperature rise anomaly wil l  take p lace only if the equi l ibr ium temperature is de-
pressed si gn ificantl y below zero was found to be erroneous.

The search for better control and a better experimental principl e led to the second arrangement
(shown in Fig. 6) of’ experiments with pure water in a nearly two-dimensional set-up. The total
magn tud c of the temper ature rise was observed to be larger , but no clear relation to freezing rate
was observed. The technique of heat removal using boiling liquid nitrogen provided a positive con-
t r ol ove r the free zin g pr ocess, and the use of more refined measuring techni ques (thermistors) pro-
vided a hi gher degree of confidence, Another advantage of the experiments was the use of mark er
fl uids to observe convection.

The effect , as observed on numerous occasions , was consistent. Removing the water after the
in i t i a l  rise of temperature and replacing it wi th  freshly chi l led  water did not e l imina te  the effect , nor
did stirring. As mention ed , a specia l precaution was taken to prevent heat in f lux  into the chamber
itse l f . This was achieved by storing it for at least a day i n a coldroom at about —5 °C. It was found
that longer storage resulted in inte mtsivc ice needle formation on the inner surfaces of the insu la t ing
windows, The ice needle s obstructed the view considerably, but  i t was observed t h at st ron g sh eet
con vect i on was ta k i n g place para ll el to the w in do ws and t h e tempe r at ur e i nsi de th e ch am ber rose
rapidly and irregularl y. This type of exper iment  (Fi g. 17) h ad to be disca r ded . Du r i ng a n acceptable
experiment the amount of ice forming on the windows was si gni f ican t ly  less t han 1% of the total
ice surface (Fig. 18). But the presence of ice at the windows throug hout the experiment  and the
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Figure 17. A discontinued experiment in polarized light.
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Figure 18. The appearance of a normal sequence of
events during an acceptable experiment in partially
polarized light.

relativel y slow growth of its crystals were the reasons why heat in f lux  into the water along the line
of view w0s judge d not to be a problem . Trials in a coldroom at a negative (°C) temperature cx-
cluded heat inf lux completely and demonstrated the temperatur e rise. Also , a strong light beam
focused on the thermistor tip did not produce any response on the recorder . The experiment was
usually discontinued after a gradual temperature decrease down to 0°C. At that stage the appearance
of the cavity was typicall y similar to that shown in Fi gure 19.

The scientific conception of an objective reality is by necessity always partial and incomplete.
As much as it would have been desirabl e , the two series of experiments neither fu l ly  explored nor
fully described the phenomenon of temperature rise accompanying phase change of ordinary water.
Nevertheless , in both series this phenomenon was registered and observed. This was possible by the
use of sufficiently sensitive measuring devices and by taking care to eliminate possible outside
sources of heat. Otherwise the observations would have to be dismissed as spurious.

The second series of experiments , where freezing and therefore heat flow were essenti ally two-
dimensional , had the advantage of sufficiently reli able temperature measurement techni q u es and
ease of freezing rate control , but it was at the same time weak in the fact that the ice/water inter-
face was ever-decreasing.

Our conception that the ice-water equilibrium temperature during freezing under standard con-
ditions is fixed may be significantly complete , except that the concept of “tem perat u re ” as three-
dimensional molecular vib ration or motion breaks down at the two-dimensional nature ot the inter-
face. Not having a full  and complete explanation for the described phenomenon a par t ia l  and
tentative one is presented .

Brownian movement is present in gases and liquids.  The kinetic theory is applicable to both a
li quid and a gaseous state (Loeb 1962). Equi l ibr ium may be regarded as a phase change dynamic
state; i .e. at a solid/liquid interface an equil ibr ium state is a condition when an equal amount of
matter (molecules) arrives and leaves the interface. Considering the danger of oversimp li t icat  ion we
may also state that the temperature in a discrete volume of l iquid (or gas) is the consequence of the
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Figure 19. The final appearance of the freezing ex-
periment in polarized light.

modal velocity or the modal translational energy of the molecules. The thermometer is then a
large-scale integrating device presenting the overall energy content in the discrete volume , or rather
the modal translational energy.

The view of a gas as an assembly of very fas t , medium and slow molecules may, to an extent , be
applied to liquids (Green 1952). The absolute temperature will have the following relation to the
mean square molecular velocity:

C2 = 3KT/m (1)

where C2 = mean square velocity
T = absolute temperature
K = Boltzmann ’s constant
m = mass of the molecule.

The concept of a discrete velocity as referred to a single molecule cannot be app lied to liquids ,
since each molecule in its motion interacts necessarily with others . But , since both gases and li quids
display Brownian movement , the Maxw ell-B olt zmann distribution law may apply to both. Then ,
denoting the total number of molecules in the system by N and the representative motion by V, a
form of the distribution law may appear thus:

~ N/ N = (4h 3
~s V) / mr ”5 V~C~~

2
”

2 (2)

where h is a relation equal to 6.034 x 1 o~ (mIT)5” ; m and T are , as before , the molecular mass and
the absolute temperature. Thus , the distribution law may he described in three simple terms:

The modal speed of the molecules Vm = 1/h . (3)
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and V,~ the effective speed of molecules.

V,r, \~ V — ~

The mean speed of the molecules V~ 2/~J~~
’. (4)

The average kinetic energy V~ = v’~7~ ~ 1/h . (5)

(A graph representing the Maxwe ll-B oltzmann distribution law is shown in Fi gure 20.)

These three values described the well-known graph i l lustrat ion of the distr ibution law . We must
reemphasi ze that  each numerical plot of N against V is representing onl y one specific energy state.
Adding energy in the form of heat will  move the peak of the distr ibution curve along the abscissa
toward hi gher values of V. Th e positi on of t h e peak is , therefore , a consequence of temperature ,
and the temperature of a system depends upon the modal distribution of velocity of all the slow and
fast molecules present.

The kinetic picture of a two-phase equi l ibr ium is that  of a constant molecul e exchange between
the gas phase and the l iquid .  There is no reason why a sol id / l iquid interface equi l ibr ium state could
not be visuali z ed the same way. It is u seful to have a brief glimpse at some differences of property
anti state found on both sides of an interface: the l iquid  molecules have thermal vibration and are
subject to Brownian movement;  s n n l i d  c rys ta l l ine  molecules vibrate  around fixed points (diffusively
arranged s t ructure) .  As a conlse qucnc e there are the thermodynamic difference s such as specific
heat , heat conduct iv i ty ,  et C . Ih e  specific heat of ice is roug hly half that of water , and so is its
the rmal &snmid u c  ( i s  tv .

Removal of heat f rom the in ter face  in to the ice results in the advance of heat into the water , and
it the l iquid  phase is isot hermal , there is no reason why a temperature rise should take place , ex cept
that the i n terface is confronted nn n t  wi th  molecules of equal energy (speed) hut with a variety of
molecular energies. If the kinet ic  theory applies to li q u ids , then t he ice/water interface wil l
“ immobil ize ” preferentially slower molecule s; i.e. it will have less energetic molecules . Consequently,
the water in the vic ini ty  of the interface will  he gradually enriched with fast molecules , a nd this i s

- 
- 

manifested in a shift of the dis t r ibut ion peak (F i g. 20) to the ri ght along the abscissa . The overall
effect is a hig her temperature. This exp lanation does not indicate any violation of the second law of
thermodynamics: all heat in the system is eventuall y conducted away.

It appears then that , under the circumstances described , the advancing ice/ water interface acquires
properties very similar to that of Maxwell’ s demon.

The greatest dif f icul ty  with the above explanation resides in the great uncertainty in und erstanding
the liquid state in general , and the structure of water in particular (F isenberg and Kau zman 1969).
It is therefore possible that the hypothesis presented may turn out t i n  he concise , i n t r i guing and
wrong.
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