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Abstract--In conformity with the heat transfer model considered, the developed boiling temperature 
conditions of the heating surface are mainly governed by the processes which are responsible for multiple 
start-ups of the different mechanisms of heat release. The analysis of the model yields a universal correlation 
for the developed boiling heat transfer on surfaces of known microgeometry and on commercial heating 
surfaces for all classes of heat transfer agents (water, organic liquids, cooling and cryogenic agents and liquid 

metals). 

N O M E N C L A T U R E  

x, coordinate normal to the surface; 
T, absolute temperature; 
AT, = ~ w -  Ts; 
P, absolute pressure; 
q, specific heat flux; 
a, heat transfer coefficient; 
2, thermal conductivity; 
P0, effective radius of nucleation site (radius of the 

critical nucleus); 
v, kinematic viscosity ; 
c w heat capacity ; 
a, surface tension ; 
r, heat of evaporation; 
Rv, mean height of microscopic asperities of the 

heating surface; 
p, density; 
v, specific volume; 
0, contact angle of wetting; 
fl, apex angle of a conical recess; 
R, radius of the conical recess mouth ; 
~, time. 

Subscripts 
v, refers to vapour (quantities for liquid have no 

subscripts); 
w, on the wall; 
s, at saturation. 

~Po qp~rp~ . 
N u =  ~ ; K =  a2T~ ' 

Re* = x/[n(v~ - v)]aT~pcv 
v(p~r) 2 

I N T R O D U C T I O N  

ON~ of the most important and reliably established 
features of developed boiling is the diversity of heat 
transfer mechanisms which participate at a time in 
cooling the heating surface. Among these are evap- 
orative (microlayer)11-2] and purely convective mech- 
anisms of heat abstraction by the liquid phase of the 
medium, such as the bubbling 1-3 6], piston-like [7-9] 
and microcirculating (jet-like) [10-12] mechanisms. 

Another important and also well-established feature of 
the developed boiling process is the temperature 
behaviour of the heating surface being independent (at 
fixed pressure and heat flux) of the observed interphase 
flow patterns. Numerous experiments indicate that 
drastic changes in the pattern of mutual motion of 
liquid and vapour phases occurring, for example, as a 
result of a change in the strength of the field of body 
forces by several orders of magnitude or due to 
appreciable cooling of the bulk of liquid below the 
saturation temperature do not affect the heating 
surface temperature to any appreciable extent under 
the conditions of developed boiling. This conservatism 
of the heat transfer law as to variation in the contri- 
bution of different heat removal mechanisms suggests 
that in the process of developed boiling there is a 
mechanism which controls the total heat transfer and 
which, in the main, is independent of the interphase 
hydrodynamics parameters and relative contributions 
of separate heat removal mechanisms. In what fol- 
lows, the analysis of the developed boiling heat transfer 
is based on the above starting premise with the use of 
the results of [13]. 

DEVELOPED BOILING HEAT TRANSFER MODEL 

Consider the familiar typical case of the heating 
surface temperature time history in the local region of 
a separate nucleation site (curve a, Fig. 1). At the 
instant of time a the nucleus surface at this site 
surmounts the minimum curvature radius profile and 
the bubble commences to grow. The first stage of the 
bubble growth on the wall (a-b) is accompanied by a 
sharp and marked drop in the wall temperature. As the 
bubble grows further, the temperature increases and, 
on bubble departure, nearly regains its maximal level 
(b-c). This pattern of the wall temperature variation in 
time suggests a certain analogy between the tempera- 
ture behaviour of the boiling surface and of the 
temperature-controlled object, the system of which 
provides for its cooling each time when the tempera- 
ture of the object attains its specified upper limit 
because of internal heat release. In developed boiling, 
such an upper limit is the superheat AT' with the 
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inner surfaces of recesses. It is not difficult to show that 
this process is accompanied by 'natural selection' of 
recesses which are more stable as nucleation sites and 
which are characterized by small apex angles, large 
depth, presence of microexpansions or any other 
physicochemical inhomogeneities that prevent com- 
plete wetting. Even if the overwhelming majority of the 
thousands of recesses available on each square milli- 
metre of a commercial surface are wetted completely, the 
number of 'selected' recesses (those which have re- 
tained nuclei) will yet be more than sufficient for the 
most intensive regimes of developed boiling to become 
feasible. The data are also available on relatively small 
ranges of characteristic capillary dimensions for the 
bulk of the active nucleation sites [15]. According to 
what has been said above, the simplest idealized model 
of the commercial boiling surface can be represented as 
an assembly of an infinite number of identical conical 
recesses (having mouths of the same radius) with 
vapour phase nuclei inside. 

The minimum curvature radius of the nucleus 
surface (effective radius of the nucleation site) for 
recesses which satisfy the condition 

�89 < 0 < 90 ~ (1) 

is equal to the radius of the mouth of a recess [16]. It is 
not difficult to show that inequality (1) simultaneously 
determines the conditions of nuclei conservation in the 
process of boiling in nonoperating recesses. Hence, in 
the statement adopted, the quantity Po, being equal to 
R both for active and potential nucleation sites, is the 
only characteristic of the boiling surface which in- 
fluences the heat transfer rate. Then the analysis of the 
heat transfer rate can be reduced to determining the 
parameters of the wall temperature time dependence, 
on the average, for the whole region of action of one 
nucleation site. 

attainment of which (at time a) powerful mechanisms 
of heat removal come into action. It should be noted 
that there is an unambiguous evidence of the fact that, 
besides the microlayer mechanism [1], powerful 
purely convective mechanisms of heat removal by the 
liquid phase of the medium [12, 14] come into play on 
commencement of the bubble growth. 

Correlation between the wall temperature history 
and the process of nucleation unequivocally indicates 
the existence of the 'system' which controls the start-up 
of heat removal mechanisms. In boiling, its part is 
played by thermodynamic conditions which are re- 
quired for the bubble nucleus surface at the nucleation 
site to surmount the state with the minimum curvature 
radius and which determine the maximum superheat 
of the boiling surface. Further examination of the 
process requires introduction of certain initial ideas 
about the microgeometry of the surface of boiling. 

The process of surface wetting by liquid, which starts 
on protruding portions of microrelief, spreads over the 

FIRST APPROXIMATION 

In the simplest form the problem of the wall 
temperature behaviour in time can be approximated 
by curve b of Fig. 1. This version of the curve 
presupposes an instantaneous drop in the wall tem- 
perature down to the temperature of saturation at the 
time of commencement of the bubble growth (in- 
stantaneous start-up and shut-down of intensive heat 
removal mechanisms) and further warming-up of the 
wall up to the moment of inception of the next bubble. 

As is known, the superheat required for bubble 
nucleation in an isothermal region under equilibrium 
thermodynamic conditions [16] is determined by the 
relationship 

2aT~ 
AT 0 - . (2) 

rpoPv 

Under the conditions of boiling the critical nucleus 
finds itself in the zone of a high temperature gradient 
and the wall superheat A T' required for the start of the 
nucleus growth is much above AT 0 [13, 17-18]. The 
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unsteady-state process which is considered in the 
present paper is most in line with the case of liquid 
semispace warming-up at q = constant. 

Solution of this problem [19], provided the initial 
temperature of the semispace is equal to T,, acquires 
the form 

2a X 

T(x, z) - T~ = 7~" ~/aT ierfc 2x/a T . (3) 

The mean wall superheat sought will accordingly be 
equal to 

f: 1 [T(0, ~) -- TJ  A T = ~ -  

2 q~/a~*. (4) 
d T -  3~/n 2 

Written out in non-dimensional quantities this 
equation is 

Nu = 3~/n Po 
2 2x/az* " (5) 

The time of the surface temperature growth is 
determined from the relation representing the 
superheat AT0 attained by the temperature of the 
liquid in the layer x ~ Po for time z* 

P0 1 K 
- (6) 

2x/az* ierfc P 0  2 
2x/az* 

The results predicted by equations (5) and (6) are 
plotted in Fig. 2 in the coordinates Nu = f ( K ) .  Also 
shown are the experimental data on mean heat transfer 
in boiling of nitrogen, water and sodium on stainless 
steel commercial heating surfaces of roughness grade 6 
through 8 at atmospheric pressure [20-22] (in calcu- 
lations it is assumed for the surface considered that P0 
= 5 #m). Correct analytical prediction of the order of 
magnitude of the boiling heat transfer coefficient for 
the above heat transfer agents essentially differing 
from one another in their properties provides support 
for the validity of the basic qualitative inference drawn 

from the analysis as to the effect on the boiling heat 
transfer rate of the number K which comprises the 
parameter of the heating surface microgeometry. As is 
known, the non-dimensional group K (with the depar- 
ture diameter as a characteristic linear dimension) has 
been obtained for the first time in [4] as a result of 
using the laws governing thermodynamic equilibrium 
on the vapour bubble surface for description of the 
boiling process. 

M E A N  H E A T  T R A N S F E R  R A T E  

Mean heat transfer rate can be more accurately 
described by the wall temperature behaviour over the 
periphery of the region of act!on of the nucleation site, 
i.e. in the zone where the heat removal mechanisms 
induced by the bubble growth in the active nucleation 
site are capable of keeping other active recesses from 
operation. It is likely that in this zone the major role is 
to be played by the mechanisms of heat removal by the 
liquid phase of the medium. 

The wall temperature behaviour in the peripheral 
zone can be approximated by curve c in Fig. 1. It is 
assumed that the period of action of the heat removal 
mechanisms can be represented by broken curve abe 
the equivalence of which to the real pattern of the 
process development can be ensured by suitably 
selecting the value of z~. The wall superheat in this 
period is considered to be small and its role in the time- 
average superheating is neglected. Segment cd charac- 
terizes the period of the wall warming-up. The ma- 
ximum superheat in this case tends to AT' and may be 
approximated with it. The time-average superheat 
within the framework of the assumptions adopted will 
be equal to 

AT = -  [ T ( 0 , z ) -  T~] 

where c~ is the constant of the order of unity. 
For the Nusselt number, equation (7) can be re- 
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FIG. 2. Comparison of equations (5)-(6) with experimental data. 
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duced to the following functional relationship 

Nu = f ( K, "h ~ . (8) 
\ %1 

The ratio zl /z  o is determined by viscous dissipation 
of the energy of liquid motion continuing by inertia 
after its inception at the start of bubble growth. It is, 
therefore, the function of the appropriately specified 
Reynolds number. Accordingly, equation (8) will ac- 
quire the form 

: Nu = f ( K ,  Re). (9) 

In the process of the growth of bubbles, the momen- 
tum is transferred to the liquid phase both along the 
normal and along the tangent to the phase interface 
[10-12]. Consequently, estimation of the intensity of 
motions occurring in the liquid phase based on the rate 
of growth of bubbles on the wall cannot be regarded as 
valid. In view of this, in the present study the character- 
istic mean velocity of motions appearing in the liquid 
phase is determined directly by the work of expansion 
of growing bubbles which is the main source of energy 
for allmotions of the mass. It is presumed that the 
bubble exhibits the basic mixing effect on the liquid 
phase in the boundary layer at the first, most vigorous, 
'explosive' stage of growth on the wall. This stage is 
assumed to correspond to the period of evaporation 
due to superheating of the liquid layer adjacent to the 
critical nucleus surface. At this stage, in view of 
exposure to substantial inertial effects of liquid direc- 
ted to the wall, the bubble has the shape of a flattened 
semiellipsoid adjacent to the wall with the base area 

and the height (to the end of this period) equal to F and 
l, respectively. When the bubble starts to grow, the 
thickness and the superheat of the adjacent liquid layer 
are of the order of P0 and AT', respectively. At this 
time, the bubble grows at the expense of the superheat 
of the layer covering the area F. The work done in this 
case by the bubble is 

T' W - Fp~ PP(vo - v). (10) 
r 

Assuming further that the mass of the agitated liquid 
is proportional to the mass of vapour formed at the 
stage considered, we shall obtain the following in- 
equality for the characteristic liquid velocity sought 

IJ ~ c2%/[P(v~ - v)] (11) 

where the constant c 2 is much below unity. 
In determining the Reynolds number for the charac- 

teristic linear dimension one should take the bubble 
size average with respect to the period of the effect on 
the boundary layer [23]. According to the model 
adopted, this period coincides with the first stage of 
bubble growth and the characteristic linear dimension 
can be estimated via the height of the first semiellipsoid 
attained to the end of this period. Since this dimension 
is of the order of the height of a cylinder with the same 
volume and base area and since, by equations (5) and 
(6) 

A T ' =  AToA(K ) 

we arrive at the characteristic dimension in which the 
kernel is the linear dimension first obtained in [4] 
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FIG. 3. Comparison of equation (14) with experimental data on heat transfer in developed boiling of liquid 
metals and cryogenic liquids on commercial heating surfaces. 
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l Fpoc p AT 'p  aThpc p 
Frpv - ~ fl(K). (12) 

Having discarded the constant c2, we shall have the 
following expression for the Reynolds number which 
characterizes the scale for the time of action of 
convective heat removal mechanisms after their start- 
up, with equations (11) and (12) taken into account 

Re = ~/[P(vv-v)]cpapT~f t (K)  = Re*ft(K). (13) 
(rpv)2v 

Comparison of the functional relation (9) with the 
experimental data on heat transfer in developed 
boiling of different liquids on stainless steel com- 
mercial heating surfaces leads to the equation of the 
following form suggested by the author and Ratiani 
[13] 

Nu = 1.22 x 10-2K~176 (14) 

Figure 3 compares equation (14) with the experi- 
mental data on heat transfer in developed boiling on 
stainless steel commercial heating surfaces of highly 
different heat agents, i.e. liquid metals and cryogenic 
liquids. In correlating the experimental data, the same 
constant value of Po, equal to 5 #m, was assigned to all 
of the commercial surfaces used in experiments. 

The results presented in Fig. 3, with regard for the 
comparison [13] with the experiments on boiling of 
water, ethyl alcohol, benzol, diphenyl and a number of 
cooling agents on stainless steel commercial surfaces, 

allow a conclusion that equation (14) is an all-purpose 
generalizing relationship which describes heat transfer 
in developed boiling on a commercial heating surface 
of almost any one-component liquid in a wide range of 
saturation pressures. 

Figure 4 compares equation (14) with the experim- 
ental data on developed boiling on the surfaces with 
the known values of Po. In [15], water boiling took 
place on the surfaces with the active centres having the 
average value of Po equal approximately to 5 vm. The 
data on sodium boiling [24] have been taken for the 
surface with stable artificial centres having Po = 
50 #m. Boiling of cooling agents [-32] took place on the 
surface with numerous almost identical artificial 
centres of hexahedral cross-section with the radius of 
the circle inscribed equal to Po = 86#m. Taking into 
account a conspicuous difference in both the boiling 
media and the surfaces, the results of comparison can 
be regarded as very interesting. They allow a pre- 
sumption that the approach suggested in the present 
paper is also good for interpretation of the boiling 
processes occurring on surfaces of different micro- 
geometry. Furthermore, the comparison provides in- 
direct support for the validity of estimation of com- 
mercial surfaces via the value of go equal to 5 #m. 

DISCUSSION O F  RESULTS 

The assumption that both the active and numerous 
potential vaporization centres contain the critical 
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FIG. 4. Comparison of equation (14) with experimental data on heat transfer in developed boiling on the 
surfaces with the known values of P0. 
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nuclei of about the same size has made it possible to 
describe the part played by the microgeometry of the 
heating wall--boiling medium interface in heat trans- 
fer enhancement by one parameter P0 only. The results 
of the experimental data correlation appear to imply 
that in the majority of the developed boiling regimes 
this assumption rather adequately reflects the actual 
picture of the process. Besides, it is also apparent that 
within the framework of the proposed approach, much 
more complex combinations of characteristic dimen- 
sions and quantities of the active and potential sites 
can be chosen which would probably allow an in- 
terpretation of the diversity of heat transfer curves 
observed experimentally. This is qualitatively illus- 
trated below with the heat transfer hysteresis used as 
an example. 

In boiling of a perfectly wetting liquid (0 = 0), 
condition (1) may not hold with the result that the 
parameter Po will become a function of the degree of 
liquid penetration into vaporization sites. It is easy to 
show that in this case the active centres will qualit- 
atively differ from the potential ones. Since the trans- 
verse dimension of natural recesses becomes, as a rule, 
smaller down from the top, the formation of the first 
bubble in a potential centre (liquid displacement from 
the depth of the recess) requires a much higher 
superheat than generation of any one of the sub- 
sequent bubbles (associated with displacement of the 
liquid which only comes to wet the upper part of the 
recess after departure of the previous bubble). Con- 
sequently, under the conditions considered we have 
two highly differing levels of the parameter Po, the one 
of order R in the active centres and the other, very low 
one, in potential centres. Transition of any one centre 
from the lower level to the upper one and the other way 
round may occur only at markedly differing wall 
superheats which, in fact, is the phenomenon of 
hysteresis. A different situation is to be observed on the 
heating surface the microgeometry of which provides 
the equality of Po'S of the active and potential centres 
even at 0 = 0. By the logic of our approach such a 
surface should not exhibit the heat transfer hysteresis. 
It seems that the above considerations can be illus- 
trated by experimental data on the phenomenon of 
hysteresis during boiling of cryogenic liquids which 
manifest itself most vastly on rough surfaces and which 
is virtually absent on polished surfaces [30]. It is quite 
probable that many of the large recesses survive in the 
process of polishing with their mouths becoming 
polished only and contracted which provides stable 
equality of P0 of such a centre to the radius of the 
mouth. 

In addition, the results of the present work make it 
possible to postulate that the dependence of Po on the 
degree of liquid penetration into the centre forms also 
the foundation for the phenomenon of the effect of 
thermophysical properties of the wall on the heat 
transfer rate. It might be of interest to note that, 
similarly to hysteresis, this phenomenon in boiling of 
cryogenic liquid is also very appreciable on rough 

surfaces and almost negligible on polished ones 
[30-31]. 
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TRANSFERT THERMIQUE POUR UNE EBULLITION DEVELOPPEE 

R~sum~-En partant du mod61e de transfert thermique consid6r6, les conditions d'6bullition d6velopp6e 
pour une surface chauff6e sont principalement gouvern6es par les diff6rents m&anismes d'arrachement de 
chaleur. L'analyse du mod61e fournit une formule universelle pour le transfert thermique pendant l'6bullition 
d6velopp6e sur des surfaces/t microg6om6trie connue et sur des surfaces commercialis6es, pour toutes les 

cat6gories de fluides (eau, liquides organiques, agents r6frig6rants et m6taux liquides). 

W/~RME~BERTRAGUNG BEIM AUSGEBILDETEN BLASENSIEDEN 

Zusammenfassmg--L!bereinstimmend mit der betrachteten Modellvorstellung des W~irmeiibergangs 
werden die Heizwandtemperaturen beim ausgebildeten Blasensieden besonders beeinflul3t von dem 
wiederholten Einsetzen verschiedener Mechanismen der Wiirmeabgage. Die Modellrechnung fiihrt zu einer 
aiigemeingiiltigen Gleichung fiir den W~irmeiibergang beim Sieden an Oberfliichen mit bekannten 
Oberfliicheneigenschaften und an handelsiiblichen Oberttiichen. Die Gteichung gilt fiir Wasser, organische 

Fliissigkeiten, Kiiltemittel, Kryogene und fliissige Metalle. 

TEHJIOOBMEH HPH PA3BI4TOM KI4HEHI, II4 

AnuoTamm-  Cornacao paccMaTpnaaeMo~ Mo~enn Tennoo6Mena a-eMneparypnu~ pexaM noaepx- 
HOCTH Harpeaa npn pa3anTOM K/4nenlln a OCHOBHOM onpenenaerca npotleccaMn, ynpaBJ~nVO~taMH 
MHOFOKpaTHbIMH 3anycKaMH pa3J1HqHblX MexaHII3MOB TenaooTao21a. AnaJlrl3 Mo~Ie2xH npltBOllHT K 
yHltBepca~bHOfi 0606tuaromefi 3aBltCHMOCTIt, onuc~taarott/e~ TenJlOO6MeH npn pa3BllTOM KHneHItH Ha 
TeXHitqeCKHX IIOBepXHOCTflX narpeBa Bcex KJIaCCOB TeII.rlOHOCltTeJle~ (BO)lbl, opFaHllqecKIlX )KHI1KocTeH, 

XOJlO2IltJIbHblX H KpHOFeHHblX aFeHTOB I4 )]KPI~KHX MeTa~IJ1OB). 


