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An effective method has been devised for preventing scaling in heat exchangers;  a mathe-  
mat ical  model is presented for  the scale formation.  

Most heat exchangers  employ water  containing a certain hardness as the heat c a r r i e r ,  and conse-  
quently scale is formed on the hea t - t r ans fe r  surfaces ,  which causes  additional fuel wastage and other un- 
desirable effects.  It is therefore  ve ry  important  to combat scaling in heat exchangers .  Although there  

h a v e  been many studies of scaling, there  is as  yet no agreed view on the mechanism;  var ious  resul ts  [20, 
21, 24, 32, 33, 35, 44, 45, 48] indicate that the var ious  salts present  in the water form scales of var ious 
chemical  composit ions and mechanical  proper t ies .  It has been shown [24] that the scale s t ructure  is de- 
pendent on the point where most  of the salt  c rys ta l l i zes  (on the heating surface or  within the liquid), and 
also on the proper t ies  of the salt itself. The rate of scale crys ta l l iza t ion is dependent on the tempera ture  
of the solution and the concentrat ion of the corresponding ions, i.e., the overal l  concentrat ion.  A decisive 
effect on the scaling rate comes  f rom the component f i r s t  deposited in the solid: calcium sulfate or  ca rbo-  
nate. In the f i rs t  case,  one gets a gypsum scale,  and in the second, a carbonate one. No explanation has 
yet been published for  this. Our views on scaling ,have been built up in the main from two papers  [46,47]. 
Additions to the data are also to be found in [32, 21, 33]'. At the present  t ime, scaling is considered not as 
a cyclic deposition of the entire d ry  mat te r  f rom the solution on bubble formation [46], nor  as due to e lec-  
t r ical  disequil ibrium at the surfaces  [45], which may have local positive and negative charges ,  but instead 
as a complex e lec t romechanica l  crys ta l l iza t ion involving var ious  physicochemical  and thermomechanical  
fac tors  [7, 40, 41]. 

The thermal  res is tance of scale is dependent on various fac tors ,  including the salt  composition of the 
water,  the ionic combustion of the sal ts ,  the salt concentrat ions in the working solution, the heat loading on 
the surface,  the t empera tu re  of the working liquid, the detailed heating p rocess  (usually s ingle-phase or  
two-phase g a s - l i q u i d  type), the l i q u i d - g a s  relat ion,  and other effects of hydrodynamic and hea t - t r ans fe r  
types. These fac tors  determine the composition and s t ruc ture  of the scale,  the scaling rate,  and the incre-  
ment  in the thermal  res i s tance  of the scale.  We therefore  have to consider  how to calculate the ma jo r  
cha rac te r i s t i c s  and p a r a m e t e r s  of the process ,  which var ies  over  a cer tain time interval,  although so far 
there has been no agreed view on the var ious  aspects.  

Some methods of combatt ing scaling are  advantageous on model solutions and on labora tory  equip- 
ment; however,  the resul ts  have not been reproduced on actual plant. We cons ider  this as being due to the 
complex p rocess  being at present  difficult or  impossible to simulate.  It  is therefore  n e c e s s a r y  to examine 
the scaling d i rec t ly  under industrial conditions on actual plant. 

Most methods of combatt ing scaling are  of par t icu lar  cha rac t e r  and are applicable only in par t icular  
cases;  reagent - f ree  methods appear  advantageous, but the need for constant  flushing reduces the pe r fo r -  
mance of the e lec t romagnet ic  method [1, 4-6,  12-29, 31, 34, 36, 37, 43], and also of the acoustic [2,30],  
hydromechanical ,  and other methods.  These techniques are applicable in hea t - t r ans fe r  flow sys tems  and 
cer ta in  types of steam boi lers .  In other  a r ea s  of engineering,  such as  chemical  engineering, food engineer-  
ing, desalination, and so on, such methods are  not always applicable on account of the i r  adverse effects on 
the quality of the final product.  We have examined the effects of flushing with industrial saturation gas  on 
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Fig. 1. The apparatus:  1) solution feed pipe; 2) accumulating flow- 
mete r s ;  3) g a s - l i q u i d  mixer;  4) condensate mete r s ;  5) Dewar vessel ;  
6) thermocouple switch; 7) UPIP-63M potentiometer;  8) s team inlet; 
9) t r ia l  tubes; 10) pressur ized  samplers ;  11) dampers ;  12) body of heat 
exchanger ;  13) internal jacket to eliminate condensate from outer jacket; 
14) metering tanks; 15) solution takeoff to plant; 16)differential p ressu re  
gauges; 17) gas f lowmeter  with double diaphragms and U-tube mano-  
meter ;  18) accumulating gas flowmeter;  19) gas  f rom plant; 20) baffle 
between t r ia l  tubes. 

the scaling during heating of sugar  solutions of concentrat ions up to 15 % which contain numerous inorganic 
and organic salts. 

We use the method of [3] to record  the major  technological and other charac te r i s t i c s  of the sealing 
in the hea t - t r ans fe r  equipment and circulat ion loops containing one-phase and two-phase g a s - l i q u i d  mix-  
tures .  

Figure 1 shows the apparatus for examining the scaling in these heat exchangers;  th i s  could be used 
d i rec t ly  in actual plants with hea t - t r ans fe r  tubes of d iameter  33/30, length 1500 ram, and made of brass ,  
s tainless steel,  or  ordinary steel.  The tubes were removed after  each ser ies  of tests  and cut open along 
the length to measure  the scale  thickness and to take samples  for physicochemicat  examination. 

The tests  were done with sugar  solution and technological water  of total hardness  13~I at heat load-  
ings from 0.00006 to 0.6 MW/m 2. The reduced liquid flow ra tes  varied from 0.2 to 2.5 m / s e c ,  and the gas 
ones f rom 0.2 to 10 m / s e c ,  the pa r ame te r s  of the saturated steam varying from 0.2 to 5 atm. 

Figure 2 shows the var ia t ion in scale thickness along a hea t - t r ans fe r  tube with the one-phase and 
two-phase heating methods for the technical water  af ter  250 h; the scale thickness is c lear ly  much less  in 
the two-phase g a s - l i q u i d  mode. 

Figure 3 shows that the thermal conductivity of the scale as a function of thickness is represented by 
a straight  line in logari thmic coordinates.  The maximum scale thickness was 0.15 mm for  the two-phase 
case (lines 1 and 3 of Fig. 3); here the ~'s = f(Ss) curves  are represented by the empir ical  formulas  

w 
lg~ s = a -t- b lg~t s, - , (1) 

m. deg 

W (2) ~ s  a b -= 1 0  ~3s, - -  , 
m �9 d~g 
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Fig. 2. Variation in scale thickness along tubes (heating zone from 
0 to 1500 mm): 1) af ter  250 h with a solution containing 2.5 %CaO; 
2) a f te r  120 h with a solution free from CaO (curves 1 and 2 are  for  
the normal  working state); 3) af ter  250 h with a solution containing 
2.5 % CaO; 4) af ter  120 h with a solution free from CaO (curves 3 
and 4 are for  the two-phase state);. 6 s in mm, / tu  in ram. 
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Fig. 3. Thermal  conductivity of scale as a function of 
thickness:  1 and 3) two-phase heating; 2 and 4) ordi -  
nary  heating; flow speeds,  m / s e c :  1 and 2) 1.5; 3 and 
4) 0.5; h s in W / m . ~  

which apply for two-phase heat  t r ans fe r s  for 5 s -< 0.15 mm; Table 1 gives the values of the constants  a and 
b in (i) and (2). 

The thermal  scaling coefficient r was calculated from the formula of [38] and varied less in the two- 
phase equipments than it did in the one-phase  ones (Fig. 4). 

The definition of r indicates that the thermal  res is tance  of the scale R s can be represented  for these 
two cases  as 

Rsl ~ ~lqT, m-deg/W, (3) 

Rs 2 _~ ~,q~,rn .deg/W. (3a) 
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T A B L E  1. V a l u e s  of a and b in (1) and (2) 

Siagle-phase beating (lines 2~o-phase heating (lines 
Reduced flow 2 and 4) 1 antl 3) 
speed 

0,5 

1,5 

a b 

I 0 -~ --0,278 

10 -1'5s2 --0,4027 

a b 

I 0 -L  1967 --0,06634 

I0 -~176 --0,05819 

~ " f 0 "" o I ~o 

; ..~ ". 
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Fig. 4. Temperature Coefficient of scaling as a function 
of f low speed: 1) with 2.5 %CaO; 2) without CaO; 3) tech- 
nical  w a t e r ;  4) d a t a  of [38]; 5) with 2.5 %CaO; 6) wi thout  
CaO; 7) t e c h n i c a l  w a t e r  ( c u rve s  5 -7  a r e  fo r  t w o - p h a s e  
hea t ing ) .  

F i g u r e  4 shows tha t  the  p o w e r  n in the  f o r m u l a  of  [38] d i f f e r s  f r o m  o u r  r e s u l t s  ( l ines  5 -7 ) ,  and 

, - - n  
~1 = C.10-1~ , (4) 

42 = C. 10 -x~ (IV~ + W0)-". (4a) 

We d e r i v e d  a r e l a t i o n s h i p  f o r  the o p t i m a l  mode  of o p e r a t i o n  of a t w o - p h a s e  e x c h a n g e r :  

K = abag �9 102, W / M  2. (5 )  

Tab le  2 g i v e s  the  va lue  fo r  a and b in r e l a t i o n  to the  w o r k i n g  t i m e  fo r  a t e c h n i c a l  so lu t ion  wi th  c o n -  
t en t s  of 12-15% d r y  m a t e r i a l  wi thout  CaO and with  the a d d i t i o n  of 2.5 %CaO in a c c o r d a n c e  wi th  the t e c h -  
n ique  a p p r o p r i a t e  to d r y - m a t t e r  c o n t e n t s  of 12-15 ~ .  

The v a l u e s  in T a b l e s  1 and 2 show tha t  the amoun t  of i n j ec t ed  g a s  m u s t  be r e d u c e d  a s  t i m e  p a s s e s  
when the so lu t ion  c o n t a i n s  2.5 % CaO,  whi le  no such  r e s t r i c t i o n  is r e q u i r e d  for  the  C a O - f r e e  c a s e .  
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F i g .  5. T h e o r e t i c a l  m o d e l :  a) t e m p e r a t u r e  d i s t r i b u t i o n s  in o n e -  
phase  and t w o - p h a s e  hea t ing ;  b) p a r a l l e l  v e l o c i t y  s e c t i o n s  of o n e -  
phase  f low in b o u n d a r y  l a y e r ; c )  f lowl ine  p e r t u r b a t i o n s  due to 
t u r b u l e n t  p u l s a t i o n s  p r o d u c e d  by gas  i n j ec t i on :  1) C~ = 1.0; 2) 0.5; 
3) 0; t ,  ~ 

T A B L E  2. V a l u e s  o f  a and b fo r  (5) 

1 Values 
Op.time, h a 

<30 
80 

100 
120 

No CaO 

0,2 
0.1 
0.374 
0,1 

8 
10 
7 
9 

Op.time, h 

36 
50 I 
80 

loo f 
150 i 
200 
~- 250 .} 

Value~ 

. t b  
+ 2.5% CaO 

0,37 6,7 
0,4 8,0 
0,35 9,0 
0,35 10,0 
0,4 I2,0 
0,4 t5 
0,4 18 

Physieochemical methods [40] gave the chemical and phase compositions of the scale on heating solu- 
tions for 250 h in actual working conditions with various working parameters. 

The thermoehemieal transformation products from the organic substances affect the color of the 
scale, the strength of the structure, and the rate of formation of crystallization centers in the layer near 
the wall. The amount of these products in the scale from a two-phase exchanger (Table 3) was less by a 
factor 3 than that in an ordinary one-phase one; the organic materials are firmly bound to the inorganic 
part of the scale and substantially influence the deposition rate and scale composition. 

The results give a first indication of the scale formation mechanism with gas injection. 

C r y s t a l l i z a t i o n  c e n t e r s  a r e  p r o d u c e d  a t  the  hea t ing  s u r f a c e  if the  s c a l i n g  so lu t i on  b e c o m e s  s u p e r -  
s a t u r a t e d  t h e r e ,  wh ich  can  o c c u r  on accoun t  of  e v a p o r a t i o n  in the m i c r o z o n e .  The  e f f ec t  can be r e d u c e d  
by d e p r e s s i n g  the a d h e s i o n  of the d e p o s i t ,  d i s p l a c i n g  the c r y s t a l l i z a t i o n  zone f r o m  the  bounda ry  l a y e r  to 
the  bu lk  so lu t ion ,  o r  c a u s i n g  the  m a t e r i a l  to d e p o s i t  in the  so l id  s t a t e  ou t s ide  the he a t i ng  zone.  

In  a t w o - p h a s e  f low, c r y s t a l l i z a t i o n  i s  a c c e l e r a t e d  by the bubb l e s  of gas  in the so lu t i on  [7], the  e n e r g y  
of n u c l e a t i o n  a t  the  g a s - b u b b l e  s u r f a c e s  wi l l  be l e s s  than  tha t  a t  the  he a t i ng  s u r f a c e ,  so  m o s t  of the  d e p o s i -  
t ion o c c u r s  a t  the  s o l u t i o n - g a s  b o u n d a r y .  
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T A B L E  3. C h e m i c a l  and P h a s e  C o m p o s i t i o n s  (%) fo r  Sca le  
in S i n g l e - P h a s e  and T w o - P h a s e  Hea t  E x c h a n g e r s  

Composition characteristic Single-phase Two-phase 

Free Water;* 
AF?hing loss 

Organic matter 
Including scale extract 
Unextracted fraction 
Calcium oxide 
Calcium 
Magnesium oxide 
M.agnesium 
Silicon dioxide 
Iron oxide 
Iron 
Aluminum oxide 
Aluminum 
Sodium 
Laad 
Manganese 
Phosphorus and barium 
Phase composition of components: 

2,58--3,94 
46,23--52,62 
47,38--53,77 

13 
8,6 
4,4 

32,8-- 35, 36 
23,49--26.3 
4,01--4,49 
2,42--2,71 
2,29--2,57 
0,76--1,06 
0,53--0,74 
0,13--0,15 
0,07--0,08 
0,37--0,48 

0,05 
0,! 

Not obs. 

calcium carbonam 
xonotlite 
gypsum 

ag.n. eslum carbonam 
cite 

ser p~ntite 
kaolLnite 
pymphyllite 
analcime 
hematim 
magnetite 
phdsphorite 
siderite 
na~olite 
hydrargill~e 
calcium oxalate 
calcium pectinatr 

58,5--63,0 
0,6--0,9 

O,t 
4,63--5,15 
0,14--0,28 
3,75--4,15 

0,11 
0,27--0,34 

0,4 
0,1 
0,1 
N one 
0,2 
0,1 
0,5 
0,I 
0,2 

0,51--1,26 
43,89--46,45 
53,55--56,11 

4,5 
3,4 
1,I 

33,8--39,95 
24,18--28,08 
2,67--3,03 

1,0--I ,83 
0,62--0,87 
1,25--2,02 
0,5--0,71 

0,37--0.41 
0,1--0,tt 
0,3--0,41 

0,05 
0,1 

60,2--71.0 
O, 1--0,2 
0,1--0,4 
5,9--5,73 

0,08--0,12 
0 41--0,73 

0,27 
0,50--0,64 

0,1 
0,2 
0,3 

up to 0,7 
0,4--1,2 
0,1--0,2 

0,2 
0.05 

[ races 

*Scale specimens subsequently analyzed after drying at 100"C. 

F i g u r e  5 shows the t e m p e r a t u r e  d i s t r i b u t i o n  in a w ork ing  tube;  F i g u r e  5a shows  the v e l o c i t y  d i s t r i b u -  
t ion in the  b o u n d a r y  l a y e r  f o r  o n e - p h a s e  l a m i n a r  f low.  The c o n c e n t r a t i o n s  of s c a l e - f o r m i n g  p r o d u c t s  in the 
so lu t i on  i n c r e a s e  a s  the f low s p e e d  in the  b o u n d a r y  l a y e r  i s  r e d u c e d  (Fig .  5b). F i g u r e  5c shows the  e f f ec t s  
of t u r b u l e n c e  p r o d u c e d  b y  i n j e c t i n g  g a s ;  t he  s p e e d  of the  m i x t u r e  in tha t  c a s e  i s  

wm~ = ~ + ~o,  m/see. (6) 

The arrows F in Fig. 5 show the vertical turbulent pulsations in the carrying liquid, which increase on 
injecting gas; this is confirmed by a standard equation [7] derived from the relationship for the total kinetic 
energy of a multicomponent system: 

t x, 
Psf--PgSg< 3g >-- ~(pgSg+ pzSl)gd ~ 

; ~ 
<U; >----- pl (1 - -Sg)  (7) 

We see from (7) that the second and third terms in the numerator are very small, arid if we neglect 
them on the assumption that Sg = 0.5, the denominator will be half the numerator, i.e., the mixing in the 
boundary layer will be doubled in rate, which accelerates the heat transfer, reduces the nucleation rate in 
the cells in the turbulent jets, and causes more rapid heat transfer to the core of the flow, as is clear from 
the energy equation [8-11]: 

r 

< U" > = I E (~) cos ~d~. (S) 
0 
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The kinet ic  equat ion for  heat  t r a n s p o r t  f r o m  the wall  to the turbulent  co re  can be put a s  

o~v O T - OT ~'~ 
v --V-, O---~- + vh ~Oxk = Pr v2T + Z2ao q~; 

where  ~k = vk/v*  a long  the X k axis  (d imens ion les s ) ,  v ,  = ~/%/0 is the dynamic  ve loc i ty ,  and ~=  t / T ;  ~k 
= XkV . / u  = Rek(Xk); w = 2~ /T  n, e m  -1. 

By ana logy  with the h e a t - b a l a n c e  Eq. (9) we can wr i te  the m a s s - t r a n s p o r t  equat ion for  the d i r ec t i on  
f r o m  flow to the wall o r  v ice  v e r s a  as  

(9) 

o)~ OC OC . 
+ g xkO----z--= Sv=C + O, (10) 

07 

whe re  S = vD/v .  

i 

The t e r m  X qi in (9) m o s t  c h a r a c t e r i s t i c  of our  c a s e  is of i n t e r e s t  f r o m  the viewpoint  of q, the flux 
0 

of m a t e r i a l  to the h e a t - t r a n s f e r  s u r f a c e  o r  v ice  v e r s a ,  i .e . ,  

v~C vC (Ii) 
qwa'-- IvC[ ]vC[ , 

where  ]AC[ r e p r e s e n t s  the modulus  and 7 2 is  the L a p l a c e  o p e r a t o r ;  if [VC] = 0 (Fig.  5) a t  the nodes  where  
the de r iva t ive  is z e r o ,  we have 

qw a---~ oc. ( l l a )  

Ana lys i s  of (7)-(11) ind ica tes  tha t  the sca l ing  will  a lways  be l e s s  in a t w o - p h a s e  flow o n a c c 0 u n t  of 
the mixing  of  the l iquid by the gas ,  a s  (7) shows ,  and a l so  because  of the m o r e  rapid heat  t r a n s f e i  to the 
c o r e  of  the f low, a s  (8), (9), and (11) show. 

In the g e n e r a l  c a s e ,  the ra te  of  g rowth  of the sca le  on the h e a t - t r a n s f e r  s u r f a c e  can be r e p r e s e n t e d  
a s  

6s (m) _ 1 FsAt (12) 
Rs = ~'s(T)" K q ' 

whe re  

o r  

dR s )~s d6Sd'r 6s d)%d.c 

dr ~ 
, (18) 

dAt dQ 
Q v  s - - -  V s h t  - -  

dR s dT d'r 
dT Q~ 

S i m i l a r l y ,  we ge t  the equat ion for  the i n c r e a s e  in sca le  th i ckness  on the hea t ing  su r face :  

d6s --  )~s d R s  _~6sdlnks 
dT dT dr ' 

then with (14) we have 

dAt dQ 
F s F s h t - - - -  

d6 s dv s Q d~ , dlns s 
dT = ~ s  Q ~- 6s--d~--" 

(14) 

(15)" 

(16) 

The fol lowing is  the f inal  f o r m  f o r  the r e l a t ion  between 5 s and 7: 

T . . . .  (q~ + qo -i .qwa) qz. In qs-- b'ql _ q4 + q2 + qwa . q~b' In 
q2 (qa - -  b' + 5s) ql ql ' qa 

1 ql6s 
qa -- b' ql 

b r 
1 - - - -  

6. 

(17) 
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It  follows f rom (16) and (17) that the ra te  of sca le  growth is re la ted  to the ra te  of change in the heat 
flux, solution speed,  t e m p e r a t u r e  d i f ference ,  the r m a l  conduct ivi t ies  of  the media ,  gas  content of the flow, 
and so on; we have the re fo re  checked (17) by exper iment  and found good ag reemen t .  

Theore t i ca l  ana lys i s  and e x p e r i m e n t s  on gas  injection in scal ing thus indicate that the method has  
p rac t i ca l  advantages  for  heating technical  solutions.  

The t e s t s  show that  only about 1.0 m3/h of gas  is  needed per  100 m z of heating su r face  in o rde r  to 
reduce the sca le  th ickness  by m o r e  than a f a c t o r  of 10;the introduction of the g a s - l i q u i d  heating scheme  for  
mul t icomponent  technical  solut ions at one of the plants  will give an a v e r a g e  saving of 50,000 rubles  p e r  
y e a r  [7]. It is the re fo re  n e c e s s a r y  to p e r f o r m  the appropr ia te  s tudies  on heat  t r a n s f e r  in g a s - l i q u i d  con-  
dit ions as  applied in o ther  b ranches  of engineer ing where scal ing is  impor tan t .  

This  g a s - l i q u i d  heat ing method fo r  reducing scal ing should thus find a genera l  use in many  branches  
of engineer ing.  
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N O T A T I O N  

is the mix ture  veloci ty;  

is  the reduced  liquid veloci ty;  

~s the reduced gas  veloci ty;  
,s the p r e s s u r e  d rop  at  en t rance  and exi t  of h e a t - t r a n s f e r  tubes; 
~s the h e a t - t r a n s f e r  coefficient;  
,s the avai lab le  m e a n  logar i thmic  t e m p e r a t u r e  d i f ference;  
,s the t h e r m a l  conductivi ty of scale ;  
Ls the growth ra te  on the wall; 
Is the sca le  th ickness;  
~s the t e m p e r a t u r e  coeff icient  of sca le  format ion;  
~s the heat  flux; 
~s the t h e r m a l  r e s i s t a n c e  of scale;  
~s the t ime ,h ;  
~s the amount  of injected gas ;  
a r e  the concent ra t ions  of s c a l e - f o r m i n g  sa l t s  in boundary l aye r s ;  
a r e  the ve r t i ca l  turbulent  pulsat ions  of working fluid; 

is the pulsat ional  ve loc i ty  of gas  in tube; 

is the s tagnant- f low p r e s s u r e  constant;  
is the volume gas  content; 
is the diffusion coefficient;  
a r e  the gas  and liquid densi t ies ;  
~s the wall  fr ict ion; 
is the specif ic  ene rgy  of turbulent  pulsat ions;  
is the c h a r a c t e r i s t i c  frequency;  
a r e  the t e m p e r a t u r e s ;  
is the c h a r a c t e r i s t i c  t ime of p rocess ;  
is the turbulent  pulsat ion force;  
a r e  the e l e m e n t a r y  diffusion and t h e r m a l  fo rces ;  
is the sur face  heating a rea ;  
is the total  heat flux; 
a r e  the constants ;  
is the dis t r ibut ion of sink intensity;  
is the c r i t e r i a l  Schmidt  number ;  
is the concentra t ion modulus at nodes; 
is the Laplacian;  

is the amount  of heat pass ing  f rom tube wall to phase  in ter face;  
is the heat  t r a n s f e r r e d  f rom interface  to solution; 

t2 " 
is the cooling of sca le  (t s) by flow (the higher  n ~ < V3e > the lower the flow r a t e  
and the colder  the flow); 
is the heat content of scale ;  
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qwa = Gwa~/wa(twa-tcr) = F s ( t s t - t c o n d )  is the heat radiated by wall; 
b =nhs[(1/2) + (Swa/hwa)] = F s n ( t c o n d - t s ) .  
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