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On the basis of an approximate analysis of f low in a liquid macrofilm on a heating surface the characteristics 

of  nucleate boiling (surface density of  nucleation sites, effect of  the thermal conductivity of  the wall on the 

averaged heat transfer) are estimated. 

Surface Density of Nucleation Sites. The surface density of nucleation sites nF is one of the most important 

characteristics of nucleate boiling of liquids. At the present time, a rather large number of works are known in 

which the density of nucleation sites was counted by various methods [ 1-14 ]. However, this kind of measurement 

is reliable only in the regime of isolated bubbles, which is implemented at low heat loads or, as in [81, in forced 

flow of a subcooled liquid. Apparently, the density of nucleation sites in developed nucleate boiling was reliably 

determined only in [11-14 ]. In the majority of the above works the results of measurements were represented as 

relationships between the density of nucleation sites and the heat flux density nF(q) or the wall-l iquid temperature 

drop nF(AT). At the same time, as noted in [10 ], these relationships differ very strongly for different experimental 
AT 25 In model developments [5, 7, 9, 14], the quantity nF was used as an conditions: from n F NAT 2 to n F N 

qmlnr~2 However, it independent parameter in formulas for the heat-transfer coefficient in boiling of the form a - 

is evident that the quantity n F itself should be a function of the heat flux density q or the temperature drop AT. 

From general considerations it seems natural to relate the density of nucleation sites to the radius of the critical 

vapor nucleus R,: 

R .  = 2 , - - - - r ~ ,  ( 1 )  
rp AT 

The first theoretical relation for the quantity nF was established by Labuntsov in [ 15 ]. Proceeding from 

the physically justifiable assumption that among surface cavities of sizes on the order of R. there are no predominant 

ones in the case of technically smooth surfaces, Labuntsov obtained the simplest relation for the density of 

nucleation sites: 

, fr /2 
nF ~. ~ = fl (2) 

R. ) 

The constant fl was estimated in [15 ] from experimental data obtained for boiling of water in an atmospheric 
environment: fl - 10-7-10 -8. According to [6 ], the value of fl can reach l0 -6. A merit of formula (2) is that it is 

dimensionally correct, in contrast to "the conventional form of representation [3 ]: nF --R. m. 
We note that in the majority of the experimental investigations [ 1-14 ] a much steeper dependence nF(AT) 

than the quadratic dependence n F ~ AT 2 that follows from formula (2) was discovered. It seems, however, that the 

earlier attempts to correct formula (2) so as to have a larger exponent in the dependence nF(AT) (see, for example, 

[I6 ]) basically reduced to the physically unjustifiable purely empirical introduction of an additional linear scale. 
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Fig. 1. Schematic of flow in a liquid macrofilm: 1) nucleate microroughness ,  

2) macrofilm. 

It should be noted that in [15, 16 ] as well as in a more recent work by Labuntsov [17 ], express ion (1) for  

the radius of the critical vapor nucleus R .  is obtained from a l inear approximation of the saturat ion curve: 

AP = rp"AT (3) 
7, 

As shown by Yagov [18], for the region of low pressures and large tempera ture  drops (AT _> 0 .1T s) a 

quadratic approximation of the saturat ion curve is more exact: 

AP = r2p"AT2 (4) 

Using formula (4) for the pressure drop AP along the saturat ion curve instead of formula (3) in the initial 

expression for the critical vapor nucleus 

2o" 
R.  = AP (5) 

Yagov obtained 

R .  = 2 - -  (6) 
r2p"AT 2" 

Substitution of Eq. (6) into formula (2) leads to a dependence  of the form nv - A T  4, which is valid for the 

region of low pressures.  However,  recent experimental  investigations [11-14 ] clearly show that the noted steep 

dependence  of the densi ty  of nucleation sites on the temperature  drop (nv N AT 6 in [14 ]) is observed up to pressures 

close to critical ones. Presumably  this indirectly indicates the existence of an addit ional  (with respect to R.)  l inear  

scale of the process of nucleate boiling. We made an at tempt to determine such a scale on the basis of a consecutive 

physical model of the process. 

Hydrodynamics  of  Inflow of a Liquid to "Dry  Patches"  on the Heat ing Sur face  in Boliling. An analysis  of 

the hydrodynamics  of evaporating menisci of a liquid film in the vicinity of "dry  patches" on the heat ing surface 

provides the basis for the physical model of nucleate boiling developed by Yagov [18, 19 ]. In the present  work we 

carry out an approximate analysis of inflow of a liquid from a macrofilm, located under  vapor clusters on the heat ing 

surface, to the per iphery of a d ry  patch (Fig. 1). It is assumed in this case that reduct ion in the thickness of the 

liquid film due to evaporation occurs until the film reaches a certain minimum size ~min, comparable  with the critical 

vapor nucleus radius: 
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~min = f l l R *  " (7) 

Physical ly this means  that  the liquid film must link with a d ry  patch on scales of some condit ional  nucleate 

microroughness.  In a first approximation the film thickness in the vicinity of a d ry  patch will be assumed constant:  

6 ~ ~3mirt = const. Then ,  to est imate the longitudinal pressure gradient  in the film we may use the analyt ical  solution 

obta ined in [20 ] for flow of liquid in a gap of constant  thickness with a constant  rate of suction (liquid evaporation) 

W prescribed on the upper  boundary  of the gap: 

dP 3 .Y__W___ 
= 3 x .  (8 )  

dx ~min 

To ensure  inflow of liquid to the conditional boundary  of the dry  patch x = 0 (at a constant  pressure in the 

vapor phase) it is necessary  that the capillary pressure on the phase interface decrease  along the coordinate  x 

similarly to the problem of evaporation of menisci of thin liquid films considered in [21 ]. This  means that  the 

pressure gradient  in the macrofilm will be de termined  by the gradient  of the curvature of the in terphase  surface: 

aP (9) 
- -  O "  

dx dx 3 ' 

where 6(x) is the current  film thickness (Fig. 1). Having de termined  the rate of suction (evaporation) of liquid on 

the upper boundary  of the film B e from the heat balance, from Eqs. (8) and (9) we obtain for the meniscus profile 

a differential  equation that  is asymptotically exact for x --, 0: 

d36 3 v]tAT 

d x  3 GC]min r 
( l o )  

Let us assign the following conditions of smooth conjugation of the macrofilm with the microroughness  at x = 0: 

d6 ( l  1) 
x = O :  6 = 6 r a i n ;  d x - O .  

From Eqs. (10) and (11) we obtain an expression for the meniscus profile for x --- 0: 

= ~min + flzX2 - 1  ( v2aT ) 4 (12) 
4 X . 

8 ~°'~mirtr) 

Now we assign the condition for full operat ion of the pressure gradient  (at a certain l eng th / )  in convergence 

of profile (12) with the macrofilm of thickness 6max that exists on the heating surface in nucleate  boiling [15, 

17-19]: 

d2b 
x = l : 6 = Omax , = 0 (13) 

dx 2 " 

As a result,  we de termine  the constant/52 in Eq. (12) and obtain a relat ionship that will connect  together  

the geometric parameters  of the macrofilm, viz., the length l, the minimum thickness brain, and  the maximum 

thickness ¢3 max: 

(C~maxOr ] 1/4 (14) 
l = f136min ~ vaAT ) ' 

where/53 - 1. Equations (12) and (14) yield a correlation for the heat-f lux densi ty (q) averaged over the length of 

the meniscus: 
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(q) = z r  ;tAT (15) 

2 (6min6max) 1/2" 

According to [15, 17-19 l, we take the thickness of the effective viscous sublayer under the vapor clusters 

as the maximum thickness of the macrofilm 6max: 

vrp (16) 6max =f14 (q) , 

where f14  - -  1. 
Relations (15) and (16) yield the well-known Labuntsov formula [15, 171 for heat transfer in nucleate 

boiling: 

• ' ~2A?  (17)  
(q) = 3s roTs , 

where f15 - 10-3. Besides relation (17) that connects the heat flux to the temperature drop, from Eqs. (14)-(17) 
we also obtain an expression for the length of the macrofilm l: 

- -  P6 (P"vTs)I/4 (°'r)l/2 , (18) l 

R. ;t3/4AT 

where f16 - 102- Equating the length l (in order of magnitude) to the characteristic distance between adjacent boiling 

centers, we obtain the quantity nF, i.e., the surface density of nucleation sites: 

1 r (,~o") 3/2 AT 4 
nF - ? - dv,,2 , 2 , 

(19) 

where f18 - 10-5. 
Effect of the Thermal Conductivity of the Wall on the Averaged Heat Transfer. As shown in [22 ], in the 

case of a nonuniform distribution of the thermal conductivity over the heat-transfer surface: 

;t (20)  
a ( x )  - 6 ( x )  

the averaged heat-transfer coefficient, defined as the ratio of the surface-averaged values of the heat-flux density 

(q(x)) and the temperature drop (AT(x)): 

<q (x)) (21) 
am = CAT (x)) '  

should generally depend on the thermophysical properties of the wall. In this case, the quantity a m will be smaller 

than the surface-averaged value of the thermal conductivity (a(x)): 

<q (x)) < (~ (x)) = / q_<_C~_\ 
"~ - ( a T  (x)) - \ A T  i x ) l "  

(22) 

Here the symbol ( ) indicates averaging over the space scale of periodicity along the x axis, in the present case, 

over the characteristic distance between adjacent sites. According to [22-24 ], for the spatial nonuniformity of heat 

transfer prescribed by the macrofilm profile (Eq. (12)), the averaged heat-transfer coefficient a m will be equal to 
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Fig. 2. Comparison of results of calculations by relation (23) with exper imental  

data  of [25 ] on hea t - t ransfer  in nucleate boiling of water  on walls made  of 

copper and stainless steel: I) P = 100 kPa,  2) 20 (a wall made  of copper (a),  

of stainless steel (b), boiling on a wall made  of copper  (c), of stainless steel 
(d). a ,  W / ( m  2- K); q, W / m  2. 

e = ~r~-~ = [A2 + (1 + 9 " ) A / 9 " 1 / 2 +  1] - A , (23) 

A --/59 
• 5 / 4  1 / 4  1 / 2  

T s 

~w (vP") 3/4 r l / 2  ' 
(24) 

- 2 / 3  

amin ((q) XO'Ts) 
9" ~ 5max --fllO 4/3 v (rp") 2 

(25) 

where 2w is the thermal  conductivity of the wall; r9  and fllo are numerical  constants.  

For the limiting case of an infinitely conducting wall (2 -+ oo, A --, oo) its influence on the averaged heat 

t ransfer  degenera tes  (e --, 1, am "-" (a)) .  As follows from Eq. (25), the difference between the minimum $min and  

maximum $max thicknesses of the film decreases (9' -" 1) with decrease  in pressure.  Thus ,  the condit ion 9' - 1 

determines  the minimum possible value of the pressure at which the influence of the thermal  conduct ivi ty  of the 

wall )~w on the averaged heat  t ransfer  degenera tes  ((Smin = (Smax; 9" = I; e = 1; a m = (a)) .  At a pressure  lower than 

the given limiting one, the expounded  computat ional  scheme is inapplicable, since in this case we obtain 9" < 1 

((~max < ~min). The  indicated tendency  of smoothing of the thermal  effect of the wall on heat t ransfe r  in nucleate 

boiling of a liquid with decrease  in pressure was obta ined in the exper imental  investigation [25 ]. To  fit our  data  

to the results of [25],  we had to increase the initial value of the constant/56 in relation (18) for  the length scale 

by a factor of - 5 0 .  Physical ly this apparent ly  means that  the quanti ty l specifies a certain longitudinal  microscale 

on the heating surface that  turns out to be smaller  than the actual length scale by one- two orders  of magni tude.  

Figure 2 presents  a comparison of results of calculations by relation (23) with exper imental  data  of [25 ] on heat  

t ransfer  in nucleate boiling of water  on wails made of copper and stainless steel for pressures of 100 and  20 kPa. 

N O T A T I O N  

nF, surface densi ty  of nucleation sites; AT, wa l l - l iqu id  tempera ture  drop; q, heat-f lux densi ty ;  R . ,  radius 

of the critical vapor nucleus; .~, individual gas constant;  AP, pressure drop along the saturat ion curve; o, coefficient 

of surface tension; Ts, saturat ion temperature;  r, heat of phase transit ion; p", vapor dens i ty ; / z ,  v, dynamic  and 
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kinematic viscosity of the liquid; 2, lhermal conductivity of the liquid; x, longitudinal coordinate; 6, current 
thickness of the macrofilm; 1, length of the macrofilm; ~min and ~max, minimum and maximum values of the 
macrofilm thickness; W, rate of liquid suction; am, surface-averaged coefficient of heat transfer; (a), thermal 
conductivity of the macrofilm; A, parameter of the thermal effect of the wall; ~o, parameter of the spatial 
nonuniformity. 
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