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D I S T R I B U T I O N  O F  D I S S O L V E D  GAS I N  W A T E R  A N D  

B U B B L E S  I N  I C E  U P O N  M O V E M E N T  OF A 

C R Y S T A L L I Z A T I O N  F R O N T  

M. K.  Z h e k a m u k h o v  UDC 532.694:536.421.4 

The dis t r ibut ion of d isso lved  gas  in w a t e r  upon inc rease  in a c rys t a l l i za t ion  f ront  is cons ide red.  
Optimal  conditions a re  de r ived  for  w a t e r  c rys ta l l i za t ion ,  under which the gas -bubble  d is t r ibut ion  
in the ice fo rmed will be the m o s t  homogeneous .  

As is well  known [1], the solubil i ty of a i r  in wa t e r  is at l eas t  an olxter h igher  than its solubil i ty in ice.  
Thus,  upon c rys ta l l i za t ion  of w a t e r  at the phase boundary the d isso lved  a i r  is l ibera ted  and diffuses into the 
w a t e r  volume and pa r t i a l ly  into the ice.  Thus,  in both the wa te r  and the ice the a i r  soIution becomes  s u p e r -  
sa tu ra ted .  Usually,  the wate r contains a number  of par t i c les  of a d iffe rent  subs tance ,  which m a y  become cen-  
t e r s  of gas -bubble  fo rmat ion  at r e la t ive ly  low supe r sa tu ra t tons .  Gas bubbles a re  fo rmed ahead of the c r y s -  
ta l l iza t ion front  on these cen t e r s .  With inc rease  in supe r sa tu ra t ion ,  the number  of act ive bubb le - fo rmat ion  
cen te r s  i n c r e a s e s .  The re fo re ,  the s t ruc tu re  of the ice fo rmed  by c rys t a l l i za t ion  of w a t e r  will be de te rmined  
by the degree  of supe r sa tu r a t i on  of the solut ion ahead of the c rys t a l l i za t ion  front ,  which, in turn,  is dependent 
on the g a s - l i b e r a t i o n  rate  at the c rys t a l l i za t ion  front .  With inc rease  in c r y s t a l l i z a t i o n - f r o n t  d i sp l acemen t  
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velocity, there occurs a significant increase in the number of bubbles forming ahead of the front, while the di- 
mensions of these bubbles decrease simultaneously. If external conditions are such that the bubbles cannot 
ascend to the water surface, then in the crystallization process these bubbles will pass through the phase 
boundary and be included in the ice volume. Thus, there is a direct relationship between the crystallization- 
front displacement velocity and the concentration and size of gas bubbles in the ice. In particular, the char- 
acter of bubble distribution within the volume of a freezing droplet will be determined by the droplet crys- 
tallization velocity and, consequently, by the temperature of the medium. In [2] broad experimental studies 
were performed of the dependence of ice structure on air  temperature in freezing droplets. These studies 
permit use of the character of bubble distribution in the freezing droplets to derive conclusions as to the tem- 
perature of the medium at which the crystallization process took place. 

If the crystallizing water is supercooled, then the increase in water temperature at the crystallization 
front will cause additional supersaturation, since with increase in temperature, gas solubility in water de- 
creases. The degree of this supersaturation may be determined from the known water-temperature distribu- 
tion ahead of the crystallization front. 

Determination of supersaturation of air  solutions in water ahead of a c rystallization front with considera- 
tion of the kinetics of bubble formation is beset with many difficulties. In part, these difficulties are connected 
with the fact that the number of active bubble-formation centers and the dependence of the activity of these 
centers on the degree of supersaturation of the gas solution are not known beforehand. Therefore, the simplest 
possible case will be considered here, in which the crystallizing water is so well purified of foreign impurities 
that bubble formation does not occur ahead of the crystallization front. 

To analyze the process of gas liberation from the crystallization front, we initially consider the case of 
crystallization of a homogeneous liquid occupying the volume x > 0 at the initial moment of time. Let T o be the 
initial liquid temperature; c o is the initial gas concentration in the liquid. At the moment t = 0 the temperature 
in the plane x = 0 decreases to T and remains constant during the liquid crystallization process. As is well 
known [3], the problem of solidification of a liquid in such a formulation allows an analytic solution. The phase 
division boundary then moves in the direction of positive x according to the law 

(t) -- 2a V-~lt, (1) 

whe re  ~t 1 is  the coe f f i c i en t  of t h e r m a l  d i f fus iv i ty  of ice;  t is  t i me .  The p a r a m e t e r  ~ is d e t e r m i n e d  by the t r a n -  
s c e n d e n t a l  equa t ion  

. czL | / -~p 

Here  X, n a re  the coe f f i c i en t s  of t h e r m a l  conduc t iv i ty  and d i f fus iv i ty  of wa te r ;  Xt, n l  a re  c o r r e s p o n d i n g  va lues  
fo r  ice;  p is  the d e n s i t y  of wa te r ;  c i is the hea t  capac i ty  of ice;  L is the heat  of fus ion  of wa te r ;  ~(x) is the e r r o r  
func t ion ;  and ~*(x) = 1 - ~ ( x ) .  

The p r o b l e m  reduces  to d e t e r m i n a t i o n  of the gas c o n c e n t r a t i o n  in the l iquid phase ,  with foreknowledge  of 
the law for  c r y s t a l l i z a t i o n - f r o n t  mo t ion  - Eq.  (1). 

In the m a j o r i t y  of c a s e s  the s a t u r a t i o n  d e n s i t y  of gas in w a t e r  is low. T h e r e f o r e ,  we m a y  n e g l e c t  the 
e f fec t  of t h e r m a l  d i f fus ion on g a s - c o n c e n t r a t i o n  d i s t r i b u t i o n  in the l iquid.  Then the d i f fus ion  equa t ion  for  con-  
c e n t r a t i o n  c wil l  have the fo rm 

Oc D 02c -- O, 
o-7 - -  o~ - - z -  (3) 

where  D is the d i f fu s ion  coe f f i c i en t  f o r  a gas in  a l iquid.  

The so lu t ion  of Eq.  (3) m u s t  s a t i s fy  the fol lowing cond i t ions :  A r t = 0 ,  c = co; as x - -  ~o, c - -  Co. 

M o r e o v e r ,  on the phase  d iv i s i on  b o u n d a r y  the ba lance  condi t ion  m u s t  be ful f i l led .  

Usua l ly ,  d i f fus ion  in a so l id  occu r s  s e v e r a l  o r d e r s  of magn i tude  m o r e  s lowly  than in a liquid,. Thus ,  be -  
low we wi l l  neg lec t  the d i f fus ion  of gas into the ice vo lume and a s s u m e  that  al l  gas l i b e r a t e d  a t  the c r y s t a l l i z a -  
t ion f ron t  wi l l  d i f fuse  into the l iquid .  Then the ba lance  condi t ion  takes on the fo rm 

( O c )  d~ (c--Q) f~ x=~(t) ,  (4) 

where  c 1 is the s a t u r a t i o n  gas c o n c e n t r a t i o n  in ice a t  z e ro  t e m p e r a t u r e .  
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We will seek a solution of Eq. (3)in the form 

where A and B are a rb i t r a ry  constants .  F rom the condition at infinity it follows that A = c 0. 
determined from Eq. (4). The final solution has the form 

c =  + - -  ~ ,  x 

(5)  

The value of B is 

(6)  

The amount of supersa tura t ion  AC which occurs  at  the phase division boundary will be equal to 

(co - -  cl)  
Ac = c -  c o ~ / /  

In the case of supercooled water ,  to this supersa tura t ion  there will be added a supersa tura t ion produced 
by increase  in tempera ture  at  the crys ta l l iza t ion front. 

Es t imates  show that at reasonable values of ~ corresponding to water  crys ta l l iza t ion conditions, thevalue  
of Ac determined by Eq. (7) does not exceed the equil ibrium concentra t ion of gas in water  at  zero tempera ture .  
On the o ther  hand, for spontaneous gas-bubble formation,  significant supersa tura t ion  is required.  Therefore ,  
under real wa te r - f r eez ing  conditions, homogeneous gas-bubble formation in the liquid phase is impossible.  

Despite the fact  that format ion and growth of gas bubbles ahead of the crysta l l iza t ion front will signifi-  
cant ly change the c h a r a c t e r  of gas -concen t ra t ion  distr ibution in the liquid phase,  a number  of important  con-  
clusions follow from Eq. (6). 

F i r s t  of all, it should be noted that since the a i r  dissolved in the water  contains various gaseous compo-  
nents,  differences in diffusion coeff icient  ahead of the c rys ta l l iza t ion  f ront  will cause s t ra t i f icat ion of these 
components;  c rys ta l l i za t ion  will be accompanied by diffusive separat ion of foreign impurities contained in the 
water .  In par t icu lar ,  ions of varying mobili ty will be separated,  which may lead to formation of potential dif-  
fe rences  on the phase boundary. 

Another important  conclusion following from Eq. (6) is the following. The s e l f - s imi l a r  solution of Eq. (2) 
is unique. This situation cor responds  to t ime-independent  gas concentrat ion on the phase boundary and, con-  
sequently,  the t ime-independent gas -bubble - fo rmat ion  conditions d i rec t ly  ahead of the crys ta l l iza t ion  front.  
Therefore ,  if the bubble - fo rmat ion-cen te r  dis tr ibut ion in the liquid is homogeneous,  then ice will be obtained 
with an air-bubble concentra t ion identical throughout the volume. Under any other water  c rys ta l l iza t ion  regime 
the gas concentrat ion at the front will va ry  with t ime; consequently,  the bubble-format ion conditions ahead of 
the c rys ta l l iza t ion  front  also change. Therefore ,  the bubble dis tr ibut ion in the ice will be inhomogeneous; an 
increase  in solution bubble dis tr ibut ion leads to an increase  in bubble concentrat ion and size in the ice being 
formed.  Thus, to c rea te  an ice specimen with the mos t  homogeneous s t ruc ture ,  it is neces sa ry  to cons t ruc t  the 
exper iments  in a manner  such that the initial and boundary conditions formulated for  the problem considered 

he re are  fulfilled. 

It is known that foreign impuri t ies  contained in the water  are  expelled from the crys ta l l iz ing mass  into 
the liquid volume - sel f -puri f icat ion of the ice occurs  in wate r  crysta l l izat ion.  Solution (6) descr ibes  the d i s -  
tr ibution of the concentrat ions of these impuri t ies  in the liquid phase. 

We will now cons ider  the case where the crys ta l l iza t ion  front moves with constant  velocity u. We assume 
that at the initial moment  the homogeneous liquid fills the space x > 0 and that the initial gas concentra t ion c o 
is constant .  At the moment  t = 0 the c rys ta l l iza t ion  front begins to move to the right along the positive x axis 
at constant  velocity.  

It is required to find the dis tr ibut ion of concentra t ion c in the liquid volume. 

In the present  ease  it will be m o r e  convenient to wri te  the diffusion equation in a coordinate sys tem mov-  
ing f rom the right toward  the left at veloci ty  u. In such a coordinate  sys t em the phase boundary will always 
be located at the origin x= 0. 
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The equation descr ib ing gas -concent ra t ion  distr ibution in the liquid may then be wri t ten in the form 

where  5(x) is the Dirac delta function. 
on the phase boundary at the origin.  

F o r  convenience  in solving Eq. (8), we introduce the new function F = c - c  0. 
have 

Oc O~c Oc 
- - - - D  - - - -  u - -  = u ( c  + Ac) 8 ( x ) ,  
Ot Ox ~ Ox 

where  &c = co-c  1. 

Oc D 02c Oc 
- -  - -  u - -  = u ( c  - -  c O  5 ( x ) ,  ( 8 )  
Ot Ox 2 Ox 

The right side of Eq. (8) r epresen t s  a source  of power u(c - cl) , located 

Omitting the bar,  we will 

(9) 

The des ired solution of Eq. (9) must satisfy the following initial and boundary conditions: c = 0 at t = 0 
and c --* 0 as x -* ~o. Moreover ,  the balance condition must  be fulfilled at the phase boundary. 

We apply the Laplace t r ans fo rm to Eq. (9). Then the equation in t r ans form var iab les  appears  as 

d2c u d~ p - u (Ac + c )  6(x). 
dx ~ '-- D -  dx D c -  D - P  , (10) 

To find conditions on the phase boundary we integrate  both sides of Eq. (10) f rom - e  to +e. We obtain 
@e 

dc [+e u - +e P c dx -- u Ac 
dx 1-e + D cl-e D ,., D -~-+-c  . (11) 

As e tends to zero ,  in the l imit  the integral  on the left  side tends to zero.  Thus 

In the region x > 0 Eq. (10) has the form 

dCx= ~ ( k c )  DT~- = - - u  2c+ T .=o" (12) 

d2c u de p - 
d x  ~ + D dx D c = 0 .  (13) 

In the region x < 0 F - O. On the boundaryx = 0 the condition of Eq. (12) is fulfilled, and c - -  0 as x -* m. 

The solution of Eq. (13) sat isfying these conditions has the form 

c = 2hc 

V 
I 4pD 

p 1 -1- u2 

Transforming  to the original ,  we obtain 

( " *  Ac exp --  

ni 

u 4P---D-D 1 x].  (14) �9 e x p [ - - - ~ - ( l  § / ! +  u~ ] 
- - - - - -  3 

aii~ e ptexp - - -2~ 1 +  ~ dp. 

4pD ) 
,~-,"~ p ( V / 1  + u2 3 

Using,  in turn, the d isp lacement  theorem and the theorem of integrat ion of the original  [4], we finally obtain 

C - -  

/g2T X 2 ) 
t exp , 

Acu ( ux ) ( 4D 4D,: __3hcu~ exp( 2ux ) ~ ( 3 u ~  ) 
I/~D_ exp - -  ~ ]/_~_ dr + 2D --  - 7  1 r x dr. (15 ) 

�9 . 2 V D-c 2 V - D -  
0 0 

Integrating the second integral  by par ts ,  the solution of Eq. (15) may be wri t ten as 

r exp ( u2T x 2 ) 

c - -  V ~  D_ exp - - - ~ -  �9 V ~- 
0 

_ _  
3Acu 2 

2D 

t 
x 3 u  K f  

0 

4-v-~X-}- 3u~ exp ( (x- -3uT)2)  d Q 4 D T  (16) 
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On the boundary, f rom Eq. (16) we have 

e (0, t) = q~ + exp - -  -- ~b 

F rom this it is simple to see that as t -" ~o the quantity 

3u~Ac 
c (O, t) -~  - -  t. 

D 

-" 3u~Act2D [ l + q s ( ~  2~V-~-]3al/t-'/]" 

Thus, the gas concentrat ion on the phase boundary for  constant  veloci ty of c rys ta l l i za t ion- f ron t  motion 
grows proport ional ly  to time t and to the square of this ve loc i ty .  Thus, in principle,  after  a cer ta in  period of 
time homogeneous gas -bubble  formation should begin. 

In the case considered here the effect of diffusion separat ion of gas components ahead of the c rys t a l l i za -  
tion front  will appear  to a sti l l  higher degree.  

In conclusion, we note that solutions of problems analogous to those considered above but with other c r y s -  
ta l l izat ion-front  d isplacement  velocit ies are obviously quite difficult to achieve. The solutions obtained above 
offer  definite descr ipt ions of the c h a r a c t e r  of i ce - s t ruc tu re  formation in the wa te r -c rys ta l l i za t ion  p rocess .  
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EFFECT OF ULTRASOUND ON THE PROCESS OF 

MASS TRANSFER IN CEMENT MORTAR 

AND CONCRETE 

I. Z. Danilov, P. P. P rokhorenko, 
and V. P. Zhuravleva 

UDC 532.546:66.0 84 

We present  new resul ts  in the investigation of the depth and rate of impregnation of cement  m o r -  
tar  and concre te .  We show the effect  of ultrasound on the process  of mass  t rans fe r  in concrete .  
We establish the possibil i ty of using ultrasound for accelera t ing the impregnation of concre te  
and also of o ther  cap i l l a ry -porous  ma te r i a l s .  

The mos t  important  ma te r i a l s  for the industrial  produetion of s t ruc tura l  elements of buildings and in- 
dustr ia l  installations are  concrete  and c e m e n t - s a n d  mor t a r .  Both of these mater ia ls  belong to the ca tegory  
of cap i l l a ry-porous  substances ,  whose distinguishing feature is their  capaci ty  for  actively absorbing mois ture  
and gases  from the surrounding medium. This phenomenon is due to the chemical  proper t ies  of the cement  
stone and its m i c r o p o r e  s t ruc tu re .  

The absorptive and capi l lary intake by the concre te  or  the m o r t a r  of substances which are  harmful  to the 
cement  stone leads to a reduction of s t rength,  an increase  in deformabil i ty ,  and a change in the hea t -engineer -  
ing cha rac t e r i s t i c s  of s t ruc tu ra l  e lements .  These phenomena are  more  often observable at  chemica l - indus t ry  
en te rp r i ses  [1-4], where there is always a high concentra t ion of aggress ive  reagents  inthe surrounding medium. 
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