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Aaaowugra-BmsormeHo wnte~aTorpa+wec~oe wmexosame mexawma npoqecca mme- 
HEIS? B 60~~0~ o6seaae pasnwwihtx IIO CBOIIM ~~a~¶ec~~ CBO~~~ ~rn~~oc~~ (Boxa, 
t.tTHJlOBId CIIRPT, ~elZl~&XXJIOp5iCTE& yI'JIepO~,@~eOH-1~),BO~HHXpaCTBOpOB(yPJIeKEfCJlOI'O 
HaTpUR, x~~op~croro tiaTpHR, caxapa) B 6Hrtapmtx cMece# (BOJJa-+ITEJIOBblti CUIipT, Bona- 
nreTnJIoBn# CKKpT, a~wnoBbM cn~p~--6e~aon,a~K~10~~8 CIIxpT-SfIOpBEUIbti ~~TE~JIOB~~ 
CIIHpT). 

~p~~e~eH~,~o~yqeHHHe B peay3sbTaTe 6oJramoro Komf9ecma na6~~Ae~~,xoe~Bep~e 
AambIe 06 OT~~IBHEEC@~MW~~ do, ¶acToTaxoTparBa fu CKO~OCTH pocTa naposw nysbfpeft 
w mm3x mr~Koc~eil K 0 B~IURH~~ Ha w RaBJIemifl, raTepmaJra H TenJroBoB xiarpyatm 
cidaYm3aemoit no;eepxnocTw riarpesa. 

BiTepB&te noJryseriblr c~c~~a~~ecKme xatisare 0 c~opoeTa poc~a naposbnt nysarpett npa 
mfneiimf BOAHMC pacTi3opoIi u Cisitrapmtx aaeoTponmax H iieaseoTponimx cnfecelt. 

NOMENCLATURE 

concentration of highly volatile liquid 
component Cper cent] ; 
excessive concentration of highly vola- 
tile vapour component [per cent] ; 
vapour bubbles diameter at departure 

CmnXl; 
frequency of the vapour bubbles de- 
parture Es- ‘] ; 
specific heat flux [W/m”] ; 
latent heat of vaporization [J/kg] ; 
temperature difference [degC] ; 
growth rate of vapour bubbles [mm/s J ; 
reduced vapour velocity [m/s] ; 
actual number of vaporization nuclei 

[I/m”] ; 
heat-transfer coefficient [W/m” degC] ; 
vapour density [kg/m3]. 

HIGH INTENSITY heat transfer in nucleate boiling 
is accounted for by the specific mechanism of 
the process associated with the generation and 
growth of vapour bubbles on the heating surface. 
Irrespective of which mechanism of intensive 
heat removal from a heating surface may prevail 
during the boiling process under various condi- 
tions (piston mechanism, turbulization of the 
liquid layer at the wall, heat removal by vapour 
bubbles), the growth rate of vapour bubbles w 
is always of great importance. w is the product 
of the diameter of a vapour bubble leaving the 
surface do and of the frequency f of the vapour 
bubbles departure from the surface w = d,f. 

The relation of the reduced vapour velocity 
w = (q/r@‘) to w = d,f is proportional to the 
actual number of vaporization nuclei z on the 
heating surface. 
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For the further development of the theory it 
is necessary that the study of the process 
mechanism should be intensified which requires, 
first of all, a systematic experimental determina- 
tion of w under various conditions and for 
various liquids. 

Though the first investigation of this problem 
was carried out by Jakob and Linke long ago 
[l] the data on the kinetics of the growth of 
vapour bubbles reported so far are few and for 
the greater part inaccurate. 

1. METHODS AND APPARATUS 

The study of the process mechanism was 
effected with the help of high-speed photo- 
graphy of the nucleate boiling of a pool of 
liquid heated to the saturation temperature. A 
high-speed CKC-1M photocamera capable of 
taking 4000 pictures per second was supplied 
with a timer which permitted determination of 
the duration of the process observed. 

Experiments showed that the photography 
speed up to 1000 pictures per second was 
sufftcient to obtain reliable data on the growth 
rate of vapour bubbles at normal boiling of the 
liquid (without subheating). 

FIG. 1. Installation drawing. 
1. Source of light. 2. Condenser-cooler. 3. Working chamber. 

4. Test element. 5. High-speed camera. 

The liquid being investigated was boiled on 
the test element enclosed in a stainless steel 
chamber. Special windows of heat resistant glass 
were provided for observation and photography 

(Fig. 1). When experiments were carried out 
under atmospheric pressure the chamber was 
supplied with a condenser-cooler having a con- 
trolled cooling surface which (and this) per- 
mitted a constant pressure and constant 
composition of the liquid under investigation to 
be maintained in the case of boiling of solutions 
and binary mixtures. 

FIG. 2. Test element. 
1. Body. 2. Copper rod with heater. 3. Calibre. 

The test element (Fig. 2) made of sheet metal 
(0.14.15 mm) had the form of a horizontal 
hermetic cylinder of 20 mm in diameter and 
50-mm long. The heating surface of the test 
element was a narrow strip along the upper 
generating line of the cylinder. This was achieved 
as follows. A hollow copper rod with a wedge- 
shaped upper edge 1.5-mm wide and a nichrome 
heater was brazed within the cylinder. 

The cylinder inner space was filled with 
calcinated sand which allowed to be used the test 
element at pressures up to 10 bar. Nichrome or 
copper ball l-2 mm in diameter placed above the 
heating surface of the test element served as a 
calibre for determining the scale of the photo- 
graphs. 

This construction of the test element made 
it possible to obtain in the focal plane a narrow 
heating surface on which boiling occurred, 
thus eliminating possible distortions of vapour 
bubble diameter at departure as compared 
with the calibre. To determine the effect of the 
material of the wetted heating surface of the test 
elements were made of different metals (brass, 
copper, permalloy). 
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Boiling of Freon-12, which has a low boiling 
temperature at atmospheric pressure was studied 
either in a chamber enclosed in a special 
thermostat filled with “dry ice” (solid COJ or 
in a Dewar vessel, its lower part having trans- 
parent walls, which made additional cooling 
unnecessary. 

To obtain stable results the heating surface 
of the test element was subjected to preliminary 
“forming” which resulted from boiling of the 
investigated liquid on this particular heating 
surface for a long time. 

Specific heat flux on the test element heating 
surface was chosen in such a way that the 
maximum possible number of vaporization 
nuclei could be observed and optical super- 
position of individual nuclei could be avoided. 
The test element was kept under this flux for 
2G30 min after which the photographs were 
taken. 

Special calibration experiments were carried 
out to determine the values of the specific heat 
flux of the heating surface. Special apparatus 
controlled the heat flux. 

Photography was also carried out at a reduced 
heat flux on the heating surface when several 
(3-5) centers of vaporization could be seen in 
the field of vision. 

The diameter of the vapour bubbles leaving 
the surface was determined by comparing it with 
the calibre photographed on the same film. 
The frequency of vapour bubbles departures 
was defined for each active vaporization nucleus 
by counting the number of pictures taken during 
the time which elapsed between the successive 
departures of two bubbles, observed at a known 
shooting speed this being defined by measuring 
the time intervals. 

2. RESULTS 

1. Results of our cinematographic investiga- 
tions of the boiling process mechanism for a 
number of pure liquids boiling on wetted 
heating surfaces at atmospheric pressure are 
listed in Table 1. The experimental data were 
obtained on more than 5000 vapour bubbles 
which were investigated. 

Table 1 

Heating surface Average 

Liquid 
permalloy brass copper 

d, f 
(mm) (l/s) (m&) (2) ($) (mZ/s) (I&) (4s) 

W 4, f nJ 
(mm) (l/s) (mm/s) 

Water 2.5 61 153 2.3 67 154 2.8 56 157 2.5 62 155 
Freon-12 0.7 84 59 0.7 99 69 0.7 91 64 0.7 91 64 
Tetrachloromethane 1.1 110 121 1.1 108 119 1.1 106 117 1.1 108 119 
Ethyl alcohol, 96.5 % 1.0 114 114 1.1 112 123 1.2 98 118 1.1 108 119 
Normal butyl alcohol I.05 106 111 - - - - - - 1.05 106 111 
Benzene 1.0 99 99 - - - - _ _ 1.0 99 99 

Observations were carried out at the following In Fig. 3 are presented distribution curves of 
specific heat fluxes : the diameter at departure, departure frequency 

(a) for water from 15. lo3 to 60. lo3 ; 
(b) for Freon-12 from 3. lo3 to 12. lo3 and 

and growth rate of vapour bubbles in the process 
of water boiling (from 970 observations) and in 

(c) for other liquids from 10. lo3 to 50. lo3 the process of ethyl alcohol boiling (from 
W/m2. 1460 observations). 
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FIG. 3. Probability distribution curves of diameter at departure d, departure 
frequency f and vapour bubble growth rate w for boiling of (a) water, (b) ethyl 

alcohol. 

As it is seen from Table 1 and Fig. 3 the 
investigations carried out at atmospheric pres- 
sure lead to the following conclusions : 

(a) the average growth rate of vapour bubbles 
w = d,f depends on physical properties of the 
liquid and its vapour, and is practically inde- 
pendent of the material of the wetted heating 
surface. 

(b) for the majority of the vapour bubbles the 
frequency increases with the decrease of the 
diameter at departure, w being constant. It is 
proved that the average w = d,f is really 
characteristic value of the given liquid and its 
vapour. 

(c) values of w for tested liquids except 
Freon-12 being about 400 m/h do not differ 
greatly from the values of w for water. Taking 
into account that these liquids differ consider- 
ably in their properties, it may be assumed that 
the values of w do not vary greatly over a wide 
range of liquids. 

(d) vapour bubble growth rate for Freon-12 
proved to be 2.5 times less than that for water. 
This accounts for the difficulty in the generaliza- 
tion of the experimental data heat-transfer 
coefficient a for boiling Freon-12 when using 
formulae which do not contain w explicitly. 
In many cases there is a great discrepancy be- 
tween theoretical and experimental values of 
c(. Yet when the effective values of w for Freon-12 
were used, the experimental data on heat-trans- 
fer intensity in boiling of Freon-12 and other 
liquids could readily be generalized. 

(e) probability distribution of diameter at 
departure, departure frequency and growth 
rate of vapour bubbles are close to the normal 
probability distribution. This conclusion greatly 
simplifies data treatment as the most probable 
meanings of the values under study are close 
to the arithmetic mean values. 

The experiments did not reveal any influence 
on the average w of the changes (4-5 times) of 
heating surface heat flux. 
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These results correspond to the previously 
reported data for methyl alcohol boiling ob- 
tained by J. W. Westwater with co-workers in 
one of their experimental works [2]. 

When vapour bubbles generate and begin 
to grow in the liquid pool, their growth rate 
greatly depends on the liquid superheat At. 
Theory and experiments make it evident. 

The fact that w does not depend (or has a 
slight dependence) on 4 may be explained by 
the following considerations : 

(1) At changes essentially less than q, (2) 
high At occurs only close to the heating surface 
and it influences only a portion of the vapour 
bubble surface, (3) there is a compensating 
influence of time interval necessary for the 
temperature field regeneration in the liquid 
near the heating surface after the vapour bubble 
departure. This may be explained by the fact 
that w here considered is related to the whole 
period of time between two departures of the 
vapour bubbles including the induction period. 

2. To determine the influence of pressure 
on the growth rate of vapour bubbles experi- 
ments were carried out with pure liquids within 
the pressure range from 1 to 10 bar. 

To obtain comparable data series of experi- 
ments were carried out with each heating 
surface in turn, covering successively all experi- 
mental pressures beginning with 1 bar. 

The experimental relationship of the average 
vapour bubble growth rate for water and 
ethyl alcohol are plotted in Fig. 4. To compare 
the data, the ordinate represents the relative 
values of vapour bubble growth w/w1 viz. 
relative to w1 at the atmospheric pressure. 

As it is seen from the diagram, w for ethyl 
alcohol decreases with pressure growth much 
more rapidly than for water. So for boiling 
water at pressure 9 bar, w is 6.6 times smaller 
less that w1 at 1 bar, and for boiling ethyl 
alcohol at the same pressure it is 9 times less. 
It agrees with the observed greater relative 
growth of boiling heat transfer intensity for 
ethyl alcohol than for water. 

Comparison of the changes of vapour bubble 
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FIG. 4. w/w1 vs. pressure for boiling on different heating 
surface : 

Water: x , permalloy, 0, brass, A, copper. 
Ethyl alcohol: +, permalloy, 0, brass, V, copper. 

diameter at departure given in the diagram 
(Fig. 5) for boiling water with the diagram of 
the changes of w/w1 (Fig. 4) shows that the 
variation in the vapour bubble growth rate is 
almost solely due to the decrease of bubble 
diameter at departure. 

0 1234 5 6 7 6 9 IO 

C bar 

FIG. 5. d,, and f vs. pressure for boiling water (nomenclature 
as in Fig. 4). 
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The number of active vaporization nuclei 
increases with the pressure increase under 
constant heating surface heat flux. 

Experiments with tetrachlormethane at pres- 
sures 3 and 5 bar as well as with Freon-12 at 
6 and 7 bar showed analogous dependences of 

W/WI. 

3. Of interest, along with the study of pure 
liquids boiling, is the study of solutions and 
mixtures boiling. 

Boiling of aqueous solutions of sugar, sodium 
chloride and sodium carbonate was studied 
for concentrations near saturation. Taking 
into consideration that in industry sugar solu- 
tions boil at subatmospheric pressure experi- 
ments were carried out with pressure ranging 
from 0.2 to 1 bar. For comparison similar 
investigations were made with water. 

For the studies of viscous sugar solutions the 
test element (Fig. 6) was drop-shaped. Special 
guide baffles were provided at either side of the 
test element to improve the flow of the solution 

FIG. 6. Working chamber for rests with sugar solutions. 
1. Wedge-shaped test element. 2. Guiding baflles. 3. Addi- 

tional heater. 

Diagrams (Fig. 7) show the results of tests 
with sugar solutions and water boiling at 
0.2-l bar. Table 2 presents data on boiling 
solutions of NaCl and Na,CO, at atmospheric 
pressure. 

to the heating surface. The solution was heated 
up to the boiling temperature. An additional 
tube closed-type heater was placed under the 
test element. All these arrangements were made 

Table 2 

d” f w 
(mm) (l/s) (mm/s) 

_____ 

to provide the necessary heating of the solution 
boiling on the heating surface of the test element. 
This aim was achieved. 

Water 2.5 62 155 
NaCl solution, 25 % 2.4 64.5 155 
Na,CO, solution, 29 % 24 65 156 

14 

12 

IO 

Ll 

a” 6 

4 

2 

f? bar 4 bar p, bar 

FIG. 7. do and f vs. pressure at boiling of water and sugar solution (72% dry matter) in 
vacuum : 

0, water; A, sugar solution. 
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From diagrams (Fig. 7) it can be seen that 
when highly concentrated (70-72 % dry matter) 
solutions are boiled in vacuum, vapour bubbles 
growth rate does not differ greatly from that 
in water boiling. At the same time viscosity of 
sugar solutions and Prandtl number for them 
is much higher (l-2 orders of magnitude). 
It can be concluded that the influence of viscosity 
and Prandtl number on w is insignificant. 

Experiments with boiling highly concentrated 
solutions on NaCl and Na,CO, showed that 
vapour bubbles growth rate for these solutions 
was the same as for water. 

Thus, tests with boiling aqueous solutions 
showed that vapour bubbles growth rate in the 
process of boiling solutions was predetermined 
by the solvent (water) and its vapour properties 
and that the influence of the matter properties is 
insignificant. Hence w for aqueous solutions 
boiling is practically equal to w for water 
boiling. 

4. Vaporization process of mixtures differs 
greatly from that for a pure monocomponent 
liquid, due to the presence of a concentration 
gradient between the liquid and the newly 
formed vapour phase. 

(a) (b) 

FIG. 8. d,f and w vs. concentration for boiling of binary mixtures (C’, ethyl 
alcohol concentration. 

(a) water-ethyl alcohol; (b) benzene-ethyl alcohol. 
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An excessive concentration of a highly vola- 
tile component in the vapour influences both 
the mechanism of the boiling process of mix- 
tures and the intensity of heat-transfer process. 

From the investigations of the mechanism 
of the binary mixture boiling carried out at 
atmospheric pressure (for results see Fig. 8) 
the following conclusions can be made : (binary 
mixtures of two types were taken: without the 
aseotropic point--ethanol-water-and with the 
aseotropic point--ethanol-benzene) : 

(a) there exists a pronounced relationship 
between the average growth rate of vapour 
bubbles w and excessive concentration of highly 
volatile vapour component AC, 

(b) for mixtures without aseotropic point w 
drops with the increase of AC reaching its 
minimum at AC maximum, 

(c) with the aseotropic point there are two 
minima corresponding to two extremal points 
on the curve AC = f (C’) and an intermediate 
maximum at the aseotropic point, 

(d) bubble diameter at departure decreases 
reaching its minimum in the zone of extremal 
values of AC, 

(e) frequency of bubble departure for ethanol- 
benzene mixtures in almost constant while for 
ethanol-water mixture increases with the growth 
of ethanol concentration. 

The theoretical considerations describing the 
laws of vaporization in binary mixtures and 
experimental data reported in this paper make 
it possible to explain qualitatively the character 
of intensity changes in boiling heat transfer 
depending on the composition of binary mix- 
tures. 
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R&m&On a rtalise une etude cintmatogiaphique du mtcanisme de l’bbullition dans un grand volume 
avec des fluides de proprietes physiques trts differentes: liquides (eau, alcool Cthylique, tttrachlorure de 
carbone, Freon-12) solutions aqueuses (carbonate de sodium, chlorure de sodium, sucre) et melanges 
binaires (eau-alcool ethylique. eau-alcool mtthylique, alcool Cthyliqueebenzol. alcool ethylique-alcool 
butylique normal). 

A l’aide d’un grand nombre d’observations, on a obtenu des resultats certains sur les diametres d,, les 
frtquences de dttachement f et la vitesse de croissance des bulles de vapeur w de liquides propres et sur 
I’influence de la pression, du mattriau et de la charge thermique de la surface chauffante mouillee sur M’. 

Pour la premiere fois, on a obtenu des donnees systematiques sur la vitesse de croissance des bulles de 
vapeur pendant l’tbullition de solutions aqueuses et de melanges binaires aztotropiques et non aztotropiques. 


