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In this paper an overview of the boiling process, including recent advances made toward 
a mechanistic understanding of nucleate and transition boiling, is presented. Out of 
necessity, the review does not include boiling on enhanced surfaces or boiling of mixtures. 
Discussion of film boiling is also not included, as it is the subject of another review article. 
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are made with respect to the theoretical and experimental studies that should be made in 
the future to further our understanding of the boiling process. 
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I n t r o d u c t i o n  

Studies of boiling and two-phase flow and heat transfer continue 
to represent a significant fraction of the publications that appear 
in archival journals, proceedings of conferences, and symposia 
volumes. Two of the reasons for the continued strong interest 
in boiling heat transfer, since the first boiling curve was obtained 
by Nukiyama 1 more than half a century ago, are as follows: 

( 1 ) Boiling is a very efficient mode of heat transfer and as such 
is employed in component cooling and in various energy 
conversion systems. The quest for improvement in the 
performance of the equipment and the demand imposed 
by new high density energy systems continue to motivate 
studies on boiling heat transfer. 

(2) Boiling is an extremely complex and illusive process 
that continues to baffle and challenge inquisitive minds. 

Unfortunately, for a variety of reasons, fewer studies have 
focused on the physics of the boiling process than have been 
tailored to fit the needs of engineering endeavors. As a result. 
the literature has been flooded with the correlations involving 
several adjustable parameters. These correlations can provide 
quick input to design, performance, and safety issues and hence 
are attractive on a short-term basis. However, the usefulness 
of the correlations diminishes very rapidly as parameters of 
interest start to fall outside the range of physical parameters 
for which the correlations were developed. Also, correlations 
involving several empirical constants tend to cloud the physics. 
Thus, if we wish to reduce the repetition of experimental effort in 
response to changes in the physical parameters of interest in 
an engineering enterprise, it is important to place greater 
emphasis on the fundamental understanding of the process. A 
persistent effort in this direction will go a long way in trans- 
forming studies of boiling heat transfer from an art to a science 
and would be attractive and exciting to new researchers. 
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In this paper recent studies on nucleate and transition 
boiling processes are reviewed. Similar reviews have appeared 
in the literature in the past, as for example, those by Kenning 2 
and Fujita. 3 In this paper comments are made reflecting the 
author's perception of what needs to be done to advance the 
state of knowledge. Though an attempt was made to include 
as many recent investigations as possible, the list of citations 
may not be exhaustive. For this the author apologizes. 

N u c l e a t e  b o i l i n g  

The first mode of heat transfer to appear with the increase of 
heat flux at a surface initially in thermal equilibrium with the 
host liquid is convection. The convective flow can be due either 
to buoyancy or to imposed pressure difference along or across 
the surface. With further increase in the surface temperature or 
heat flux, bubbles appear randomly on the heated surface. In 
the late 1950s, which was one of the most exciting periods for 
boiling heat transfer research, Bankoff 4 was the first one to 
show theoretically that cavities, pits, and scratches on the heater 
surface are the preferred sites for bubbles. A year later, Clark 
et al. 5 showed experimentally that this is indeed the case. Once 
it was clear that the bubbles formed on the so-called dark holes 
on the heater surface, the next challenge was to predict the 
superheat or heat flux at which boiling inception occurred. 

Inception 
One of the first attempts to provide a quantitative criterion for 
prediction of inception superheat was made by Hsu. 6 According 
to Hsu's criterion, a vapor embryo occupying a cavity will grow 
into a bubble if the liquid temperature at the tip of the embryo 
is at least equal to the saturation temperature corresponding 
to the pressure in the bubble. If cavities of all sizes containing 
a vapor embryo are available, the size of the cavity that will 
nucleate first is obtained by applying Hsu's criterion as 

o<= 
~.1"2 (~b)p~hL~ A T  ( 1 ) 
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where 6 is the thickness of the equivalent conductive thermal 
layer, and f~ (~b) and f2 (~b) depend on the embryo shape, which 
in turn depends on the contact angle ~b. For  a contact angle 
of 90 ° both f~ and f2 are equal to unity. The corresponding 
heat flux is related to the wall superheat as 

hLGp(IkL 
q - (AT) ~ (2) 

8f2 (~b) o'T,., 

Generally, the size of the largest cavity available on a surface 
is smaller than that given by Equation 1 and consequently the 
incipience heat flux or wall superheat is larger than that given 
by Equation 2. 

In terms of the size of the largest cavity available on the 
surface, the incipience heat flux can be written as 

2f, kL AT 8f2wT~,,kL 
q - (3) 

f2pGhL~ (De),..x f2 (D2)raax 2 

Equation 3 represents one equation in two unknowns, namely 
q and AT. To solve explicitly for both, we need another relation 
between q and AT. This relation is provided by natural or forced 
convection. Equation 3 is very general and can be used to 
determine the size of a cavity that will nucleate at a given heat 
flux and wall superheat such that 

4flaTsa, 

P~hLa AT 
Dc = (4) [1 m q] 

f~2k~ ATJ 
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Equations 3 or 4 do a reasonable job in predicting the 
data obtained under well-defined conditions, as was demon- 
strated by Hsu and Grahamfl However, large deviations are 
possible if cavities of size D c are completely filled with liquid 
or if the interface of the vapor embryo represents a stable 
equilibrium condition with the superheated liquid. Mizukami a 
and Nishio 9 have shown that if the curvature of the interface 
increases with increase in vapor volume, the interface will be 
stable and may not lead to an active site. Changes in thermal 
conditions, noted by Kenning, ~° and flow conditions in the 
vicinity of the wall, as well as interaction between sites, can 
lead to activation of inactive sites and deactivation of active 
sites. At very low heat fluxes, induced activation and delayed 
deactivation of a reentrant cavity can manifest themselves 
in the form of hysteresis in the boiling curve. This behavior is 
prominent in liquids that wet the surface well. For these liquids, 
large cavities are generally flooded. As a result the convective 
process continues to persist up to higher wall superheats. 
Activation of a large number of cavities either by induction or 
otherwise can, in a heat flux controlled procedure, lead to a 
sudden improvement in heat removal, and in turn, to a 
reduction in wall superheat. 

At low heat fluxes the second term in the denominator 
in Equation 4 is generally much less than unity and thus can 
be neglected. With this assumption, the size of a nucleating 
cavity varies inversely with wall superheat. In fact, this is the 
assumption employed by Mikic and Rohsenow I ~ in their model 
for nucleate boiling heat transfer, which will be elaborated on 
further. However, the assumption leads to unrealistic results 

N o t a t i o n  

a 
D~ 
Cp 
D 
Dc 
Da 
Do 
d 
F 
Fr 
f 
Gr 
Y 
h 
ht~G 
hnc 
Ja 
k 
L 
L' 
Na 
Ns 
gmax 

Nu 
P 
p* 

Pe 
Pr 
q 
S 
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Thermal diffusivity 
Diameter of the largest cavity present on the surface 
Specific heat 
Bubble or disk diameter 
Cavity diameter 
Bubble diameter at departure 
Vapor stem diameter 
Jet diameter 
Fractional area of the heater 
Froude number 
Frequency 
Grashof number 
Gravitational acceleration 
Heat transfer coefficient 
Latent heat of vaporization 
Natural convection heat transfer coefficient 
Jakob number 
Thermal conductivity 
Characteristic length 
Dimensionless characteristic length 
Activity cavity site density 
Site density of cavities present on a surface 
Maximum site density of active cavities present on 
the surface 
Nusselt number 
Pressure 
Reduced pressure 
Peclet number 
Prandtl number 
Heat flux 
Separation distance between active cavities 
Temperature 

T b Bulk temperature 
Ts,, Saturation temperature 
T w Wall temperature 
t Time 
to Duration of transient 
U Superficial velocity 
We Weber number 
x Distance normal to heater surface 
z Distance along heater surface 

Greek symbols 

6 
0 
# 

P 
~7 

Void fraction 
Liquid accessibility parameter or coefficient of isobaric 
expansion 
Thermal layer thickness 
Angle of inclination 
Viscosity 
Density 
Surface tension 
Contact angle 

Subscripts 
£ 
DNB 
G 
h 
L 
M 
max 
rain 
sub 
P 
St 
stD 

Cooling 
Departure from nucleate boiling 
Vapor/gas 
Heating 
Liquid 
Measured 
Maximum 
Minimum 
Subcooled 
Predicted 
Steady state 
Steady-state DNB 
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at high heat fluxes when the thickness of the thermal layer 
adjacent to the heated surface is comparable to the size of the 
nucleating cavity. Also in such a situation it is more appropriate 
to use a nonlinear temperature profile in the thermal layer. 

Bubble growth and departure 

After inception, a bubble continues to grow (in a saturated 
l iquid) until forces causing it to detach from the surface exceed 
those pushing the bubble against the wall. Generally two points 
of view with respect to growth of a bubble on a heated surface 
have been put forth in the literature. One group of investigators 
has proposed that the growth of the bubble occurs as a result 
of evaporation all around the bubble interface. The energy for 
evaporation is supplied from the superheated liquid layer that 
surrounds the bubble since its inception. Bubble growth models 
similar to that proposed for growth of a vapor bubble in a sea 
of superheated liquid, such as that of Plesset and Zwick,12 have 
been proposed. The bubble growth process on a heater surface, 
however, is more complex because the bubble shape changes 
continuously during the growth process and superheated liquid 
is confined to only a thin region around the bubble. Mikic et 
al. 13 using a geometric factor to relate the shape of a bubble 
growing on a heated surface to a perfect sphere, and properly 
accounting for the thermal energy that is stored in the liquid 
layer prior to bubble inception, obtained an analytical solution 
for the bubble growth rate. Their expression for the growth 
rate is 

[ 0( ' *  dD* _ 2 l* + l - - t *1/2 (5 )  
at* \ t * ~  t~)  J 

where 

D, =(bp~ATh~G~/2( r~D ~ 
~ ~ L ~  / ~ J  (6) 

. ,  

t* t 7 , ~  ) t ~ )  (7) 

T~-V~ 
0 - (8) 

AT 

and 

p~CeL AT 
Ja - (9) 

p6hL~ 
In Equation 8, T~ is the liquid bulk t em~ra tu re  and in 
Equations 6 and 7 b is a geometric parameter that has a value 
of two thirds for a ~f fec t  sphere. 

The second point of view is that most of the evaporation 
occurs at the bubble base and that the micro/macrolayer 
~ tween  the vapor-liquid interface and the heater surface plays 
an important role. Snyder and Edwards 14 were the first to 
propose this mechanism for evaporation. Subsequently, Moore 
and Mesler t~ deduced the existence of a microlayer under the 
bubble from the oscillations in the temperatures measured at 
the bubble release site. 

The diameter to which a bubble grows ~ fo re  departing is 
dictated by the balance between forces that act on the bubble. 
Fritz ~6 correlated the bubble departure diameter by balancing 
buoyancy, which acts to lift the bubble from the suffa~, with 
surface tension force, which tends to hold the bubble to the 
wall so that 

o~ = o . 0 2 0 8 ¢ ~ b ( p ~  ~ )  (~0) 

where ~ is the contact angle measured in degrees. Though 

significant deviations with respect to the above equation have 
been reported in the literature, especially at high pressures, 
Equation 10 does provide a correct length scale for the boiling 
process. Several other expressions that are obtained either 
empirically or analytically by involving various forces acting 
on a bubble have been reported in the literature for bubble 
departure ffiameter. These expressions, however, are not always 
consistent with each other. Some investigators report an 
increase in bubble diameter at departure with wall superheat, 
whereas others find the bubble diameter at departure to be 
insensitive to, or decrease with, wall superheat. Also, there 
exists a small controversy with respect to the role of various 
forces. Contrary to the commonly held view, the work of 
Cooper et a1.17 suggests that surface tension may assist bubble 
departure. Cole and Rohsenow 18 correlated bubble diameter 
at departure at low pressures as 

D a = 1.5 x 10 4 /  ~ Ja *s/4 for water ( 11 ) 
~ O(P~ - P~) 

and 

D a = 4.65 x 1 0 - 4 /  a_ Ja *s/4 for other liquids (12) 
~ ~(p~ - p~) 

where 

PLCpL T~, 
Ja* - - -  (13) 

P(~hL~ 
Gorenflo et al.19 have modified the equation proposed earlier 

by Moalem et al. 2° and Cole and van Stralen 21 to obtain an 
expression for bubble departure diameter at high heat fluxes as 

C Ja4a~ 1/31 (1+2 / t '~1 /214 /3  

Different values of C1 were used for different liquids. 
Knowing the growth rate and the diameter to which a bubble 

grows before departing, the growth time, tg, can be calculated. 
After bubble departure, cold pool liquid fills the space vacated 
by the bubble. Schlieren pictures by Hsu and Graham v show 
that an area about two times the bubble diameter at departure 
is influenced by bubble motion. As a result, the thermal layer 
reforms over an area of a circle of diameter 2Dn surrounding 
the nucleation site. A new bubble at this location will now grow 
until the superheated liquid layer is reestablished and the 
inception criterion is satisfied. The time taken by the thermal 
layer to develop prior to inception is termed the waiting period. 
Han and Griffith 22 obtained an analytical expression for the 
waiting period by assuming the liquid layer to be semi-infinite as 

= _f2Dc ]2 

1" F' 4ii a'F~" 1/ 15) 

2 ~ A  L X~D<JJ 
It can be seen that the waiting period is a dual function of De. 
The waiting time will first decrease and then increase with cavity 
size; however, it will continuously decrease as the wall superheat 
is increased. 

Conceivably, a theoretical evaluation of the bubble release 
frequency can be made from expressions for the waiting time, 
t,~, and the growth time, tg. In fact, such an approach meets 
with little success when a comparison is made with the data. 
Some of the reasons for the discrepancy are the following: 

(1) Evaporation takes place at the base and at the surface of 
the bubbles, and the growth models reported in the 
literature do not account for both. 
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(2) Generally large cavities yield large bubbles• This in turn 
drastically alters the growth time from cavity to cavity. 

(3) Bubble activity, heat transfer, and fluid motion in the 
vicinity of an active site can substantially alter the growth 
pattern as well as the waiting period. 

(4) Bubble shape continuously changes during the growth 
period. 

Thus, correlations have been reported in the literature 
that include both the bubble diameter at departure and the 
bubble release frequency. One of the most comprehensive 
correlations of this type is given by Malenkov. 2a According to 
this correlation, product of bubble release frequency and 
diameter at departure are correlated as 

v~ 
fDa= 

1 

~ ( 1 - - l +  Vap~hLG/q ) 

where 

F Dag(P~, - Pc) 2a . ]1 /2  

V'=L 2~P~p~ +o,(p-~-+p~)J 

(16) 

(17) 

B u b b l e  si te dens i ty  

As wall superheat or heat flux is increased, the number density 
of sites that become active increases. Gaertner and Westwater, 2~ 
using a novel technique in which nickel from nickel salts 
dissolved in water was deposited on the heater surface, obtained 
the number density of active nucleation sites as 

No ~ q 2 . !  (18) 

Hsu and Graham 7 have presented a summary of the earlier 
observations of several investigators with respect to dependence 
of site density on wall heat flux. Figure 1 shows the active 
nucleation site density data of Gaertner and Westwater ~a along 
with the data of Sultan and Judd. 25 Both sets of data were 
taken with water boiling at 1 atm on horizontal copper surfaces. 
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Figure I Comparison of cumulative nucleation site density observed 
by Gaertner and Westwater =~ and Sultan and Judd =~ 
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The data of Sultan and Judd show a weaker dependence on 
heat flux than the data of Gaertner and Westwater. However, 
the number of active sites in Sultan and Judd's experiments is 
several times higher than that reported by Gaertner and 
Westwater. It is found that the exponent on q generally varies 
between 1 and 2. The proportionality constant and the magni- 
tude of the exponent depend on several parameters such as 
surface wettability, surface preparation procedure, and liquid 
properties and experimental conditions. Cornwell and Brown 26 
made a systematic study of active nucleation sites on copper 
surfaces during boiling of water at 1 arm. Their study was 
limited to low heat fluxes, and the surface condition ranged 
from a smooth to a scratched rough surface. From their work, 
it was concluded that the active site density varied with wall 
superheat as 

N, ~ AT '~'~ (19) 

The proportionality constant in Equation 19 increased with 
surface roughness but the exponent on AT was independent of 
roughness. From an electron microscope measurement of cavity 
size distribution, they observed that the number density of 
cavities, Ns, on the surface was related to cavity size such that 

1 
S s ~ ~ (20) 

Dc 

By assuming that only conical cavities existed on the surface 
and that a minimum volume of trapped gas was needed for 
nucleation, they justified the observed functional dependence 
of active site density on wall superheat. 

Singh et al. 27 compared nucleation behavior of water with 
organic liquids on four surfaces of different roughness. I t  was 
concluded that for a given boiling heat flux, the ratio of surface 
superheats required for two fluids remained constant and was 
unaffected by the value of surface roughness. They correlated 
the active nucleation site density, N., in the isolated bubble 
regime with 

4aT,., 
O c - (21) 

pt~hLt; AT  

The exponent on D c or (AT- 1 ) was found to increase slightly 
with surface roughness. However, the proportionality constant 
increased significantly as the surface became rougher. Kocamus- 
tafaogullari and Ishii 23 have correlated the cumulative nucle- 
ation site density reported by various investigators for water 
boiling on a variety of surfaces at pressures varying from 
1-198 arm as 

N*~ = [ D~*-'~"~F (p* )] 1/,~.,~ (22) 

where 

N*~ = N,D~d; D*~ = Dc/D a (23) 

and 

F(p*) = 2.157 x 10-7p*-32(1 + 0.0049p*) '~'13 (24) 

In the above equations, D~ is the bubble diameter at departure 
and is obtained by multiplying Equation 10 of Fritz 16 by 
0.0012(0.)o.9. The parameters p* and Dc are defined as 

(PL -- P6) 
p* - - -  ( 2 5 )  

Pc 

Dc = 43[1 + (pL/pG)]/PL 

• {exp[h~(Ta  -- T~,)/(R~T~T,.,)] - 1} (26) 

In Equation 26, Ta is the temperature of vapor and Pz is the 
liquid pressure. At moderate pressures Equation 26 reduces to 
Equation 4 evaluated at low heat fluxes. For certain data an 
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order of magnitude deviation in the observed active site density 
was observed with respect to the correlation. One reason for 
the scatter may be that the correlation does not take into 
account the surface wettability and the surface roughness. 

Mikic and Rohsenow 11 have proposed that on commercial 
surfaces the cumulative number of active sites per unit area can 
be assumed to vary in partial nucleate boiling as 

ga~(D'~  m ( 2 7 )  

\ / )o f  

where D, is the diameter of the largest active cavity present on 
the surface and m is an empirical constant• The size, De, of a 
cavity that nucleates at a wall superheat AT is obtained from 
Equation 4. Bier et al., 29 on the other hand, have deduced an 
expression for active site density from heat transfer data as 

InN~=InN.~x[l- (O"Imlko,/j ,28, 

In Equation 28, N,~,x is the maximum value of N,, which occurs 
at Dc = 0. The value ofm was found to depend on the manner in 
which a surface was prepared. With Freon 115 or Freon 11 
boiling on a chemically etched copper surface and on a turned 
surface, values of 0.42 and 0.26, respectively, were noted for m• 
In the heat transfer experiments, the reduced pressure was 
varied from 0.0037 to 0.9. It was found that to correlate the 
data at low and high saturation pressures some changes in the 
functional form of Equation 28 were necessary• 

The studies on nucleation site density as described previously 
can be divided into two groups. In the first group are the studies 
in which the density of active nucleation sites as a function of 
wall superheat or heat flux has been obtained from experiments. 
In the second set of studies, the functional dependence of site 
density on wall superheat has been obtained by matching model 
predictions of heat flux with the data or vice versa. With the 
exception of Cornwell and Brown, 26 no attempt has been made 
in these studies to relate the cavities that exist on the surface 
to those that actually nucleate. Though Cornwell and Brown 
tried to determine the functional dependence of cumulative site 
density from the local distribution of cavities that exist on the 
surface, the attempt was qualitative in nature. Also, no attention 
was given to the surface wettability and shape of the cavities. 
More recently Yang and Kim 3° have made the first quantitative 
attempt to predict the active nucleation sites from a knowledge 
of the size and cone angle distribution of cavities that actually 
are present on the surface. Using a scanning electron microscope 
and a differential interference contrast microscope, Yang and 
Kim obtained the cavity probability density function in terms 
of the cavity diameter and cone angle. For cavities with mouth 
diameters varying from 0.65 6.2/~m, the cavity size distribution 
was found to fit a Poisson distribution• 

f(Dc) = 2e 2D~/2 (29) 

whereas a normal distribution was used for half cone angle fl, 

f ( f l )  = ((2~)1/2s) -1 e x p [ -  (fl - fl)2/(2s2)] (30) 

In Equations 29 and 30, 2 and s are statistical parameters and 
~r is the mean value of the half cone angle. To determine the 
number of cavities that will trap gas or vapor and will eventually 
become nucleation sites, they used the criterion developed by 
Bankoff. '~ According to this criterion, the cavities will trap gas 
or vapor only if 

~b > 2fl (31) 

Thus, combining Equations 29, 30, and 31, the cumulative 
density of active nucleation sites was expressed as 

~ / 2  

N~= N~ ((2~r)~/2s)-~ e x p [ - ( [ ~ -  ff2)/(2s2)l dfl 

• 2e- ~°c/2dDc ( 32 ) 
c 

In the above equation, N~ is the average density of cavities 
present on the surface and D~ is the diameter of the largest 
cavity present on the surface and is obtained from statistical 
considerations: The magnitude of these parameters depends on 
the heater material and on the procedure used to prepare the 
surface. The predicted active nucleation site density was found 
to compare well with the data obtained at very low wall 
superheats• Though the scope of the study was limited, it 
represents a correct approach to a very difficult problem• The 
use by Yang and Kim of a Poisson distribution function for 
the cavities that exist on the surface after polishing is consistent 
with Gaertner's 3~ observation that active nucleation sites were 
randomly located and could be represented by a Poisson 
distribution. However, transformation from the size distri- 
bution of cavities present on the surface to the density of sites 
that become active may be affected by several other parameters 
not included in the analysis of Yang and Kim. 

By comparing gas and vapor bubble nucleation behavior, 
Eddington et al. 32 concluded that the number of active nucleation 
sites in boiling was much smaller than that in gas diffusion. 
The cause of this difference was thought to be the thermal 
interference between sites. From subcooled flow boiling experi- 
ments, Eddington and Kenning 33 have provided evidence that 
thermal interference inhibits nucleation within a region one 
diameter around an active site. This behavior in turn may 
distort random distribution of sites. Sultan and Judd 34 studied 
the bubble growth pattern at neighboring sites during nucleate 
pool boiling of water on a copper surface. They found that 
elapsed time between the start of bubble growth at two 
neighboring active sites increased as the distance separating 
the two sites increased. It was proposed that thermal diffusion 
in the substrate in the immediate vicinity of the boiling 
surface may be responsible for this behavior. Their work 
suggested that some relation may exist between distribution of 
active nucleation sites and bubble nucleation phenomenon. 

Judd 3~ in his summary of the results of nucleation site 
interactions notes that for dimensionless separation distances 
of 0.5 < S/Dn < 1 between nucleation sites, the formation of a 
bubble at the initiating site promotes the formation of bubbles 
at the adjacent sites (site seeding). For separation distances 
I < S/Da < 3, formation of a bubble at the initiating site 
inhibits the fo~at ion of bubbles at the adja~nt site (deactivation 
of sites). However, these observations are subjective to the 
number density of active sites. A detailed discussion of site 
interactions has also been given by Fujita 3 in his review article. 

H e a t  trans[er m e c h a n i s m s  

In the literature four mechanisms have been identified that 
contribute to total boiling heat flux under pool boiling con- 
ditions• These are transient conduction at the area of influence 
of a bubble growing on a nucleation site; evaporation (a 
fraction of which may be included in the transient conduction) 
at the vapor-liquid interface ; enhanced natural convection on 
the region in the immediate vicinity of a growing bubble ; and 
natural convection over the area that has no active nucleation 
sites and is totally free of the influence of the former three 
mechanisms. However, the importance of these mechanisms 
depends strongly on the magnitude of the wall superheat and 
other system variables such as heater geometry, orientation with 
respect to gravitational acceleration, magnitude of gravitational 
acceleration, etc. 
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Figure 2 
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a. Discrete bubble region 
b. First transition 
c. Vapor mushroom region 
d. Second transition region 

Gaertner's ~e identif ication of vapor structures in nucleate 

From his now classical photographic study of pool boiling 
on a horizontal surface, Gaertner 36 identified several nucleate 
boiling regimes with different vapor structures. Figure 2 shows 
these vapor structures. After inception, discrete bubbles are 
released from randomly located active sites. All of the four 
mechanisms identified previously play a role in this region of 
partial nucleate boiling. Gaertner identified the transition t first 
transition) from isolated bubbles to fully developed nucleate 
boiling to occur when bubbles at a given site began to merge 
in the vertical direction. As a result of the merger of bubbles 
in the vertical direction, vapor appeared to leave the heater in 
the form of jets. This condition of formation of jets also 
approximately coincided with the merger of vapor bubbles at 
the neighboring sites. Thus, the vapor structure on the surface 
appeared like mushrooms with several stems. Figure 2b shows 
the structure that may exist on the surface at transition from 
partial to fully developed nucleate boiling. From Gaertner and 
Westwater's 2'~ study of nucleation site density, Zuber 37 con- 
cluded that transition from isolated bubbles to vapor columns 
and mushrooms occurred when the mean distance between 
neighboring sites became less than two bubble diameters. 
Moissis and Berenson 3s obtained a semitheoretical expression 
for Gaertner's first transition as 

[ a g l l / 4  (33) q = 0"l lx /~Pah~a (PL Cp~) 

where tk is the contact angle in degrees. Gaertner 36 observed 
that on heater areas over which vapor columns and vapor 
mushrooms were present, evaporation at the vapor- l iquid 
interface of the vapor stems implanted in the thermal layer w a s  

the main mechanism of heat transfer. 
At heat fluxes well above the heat flux at first transition, all 

of the heater area was covered with large vapor mushrooms. 
Heat was transferred by phase change at the vapor- l iquid 
interface of the stems and also by evaporation at the base of 
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the mushroom. At a heat flux of about 45 percent of his observed 
maximum heat flux, Gaertner identified a second transition. 
This transition corresponded to a rather large reduction in the 
slope of the nucleate boiling curve. Gaertner postulated that 
at these heat fluxes some vapor stems merged to form dry 
patches. A reduction in the slope of the q versus AT curve 
occurred because era  reduction in the number of vapor columns 
feeding a mushroom. It should be mentioned here that post 
second transition heat fluxes reported by Gaertner are much 
higher than the commonly accepted value of maximum heat 
flux for water boiling on a flat plate. Also, weak dependence 
on wall superheat of post second transition nucleate boiling 
heat fluxes on smooth surfaces has not been reproduced in the 
literature. Hence, this post second transition region should be 
treated with some skepticism. 

The effect of orientation of a surface on the relative importance 
of the various mechanisms of boiling heat transfer can be seen 
from the data of Nishikawa et el. 39 plotted in Figure 3. The 
data were taken on a polished copper plate oriented at different 
angles, 0, to the horizontal. Saturated water at 1 atm was used 
as the test liquid. The data plotted in Figure 3 clearly show 
that in partial nucleate boiling there is a strong effect of 
orientation of plate with respect to gravitational acceleration. 
However, in fully developed nucleate boiling (the dotted line 
in the figure corresponds to prediction from Equation 33 with 
~b = 90 °), no such effect is discernible. The contributions of 
transient conduction and enhanced natural convection are 
affected by bubble dynamics, which in turn depends on the 
magnitude and direction of components of gravitational accel- 
eration. The nondependence of fully developed nucleate boiling 
(post first transition) heat fluxes on plate orientation suggests 
that the mechanisms (transient conduction and enhanced 
convection) that are associated with bubble movement are of 
little consequence. The contribution of natural convection is 
generally small. Therefore, in fully developed nucleate boiling, 
evaporation appears to be the most dominant mode of heat 
transfer. This is consistent with the observations of Gaertner 
as discussed earlier. 

Partial nucleate boi l ing 

In the isolated bubble regime, transient conduction into liquid 
adjacent to the wall is probably the most important mechanism 
for heat removal from the wall. After bubble inception, the 
superheated liquid layer is pushed outward and mixes with the 
bulk liquid. The bubble acts like a pump in removing hot liquid 
from the surface and replacing it with cold liquid. This 
mechanism was originally proposed by Forster and Greif. *° 
Mikic and Rohsenow' 1 were the first to formalize the derivation 
of the functional dependence of partial nucleate boiling heat 
flux on wall superheat. Assuming that the contribution of 
evaporation to total heat removal rate was small they obtained 
an expression for the partial nucleate boiling heat flux as 

K2 ( K N,nDJ)h,cAT (34) q = ~ x/n(kp%)LfD~No AT + 1 - ~ 

In Equation 34, the parameter K is reflective of the area of 
influence of a bubble, and a value of 2 was assigned to it. The 
site density N a was obtained from Equation 27 whereas 
dependence on wall superheat AT of the size, D o of a nucleating 
cavity was obtained from Equation 4. For  the bubble diameter 
at departure, D a, Equations l l  or 12 were used. The product 
of bubble departure diameter and frequency, f ,  were obtained 
from the following correlation: 

- 0 6F ag(pL - Pa)l  1/4 foe (35 ) 
- L -~ J 
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Figure 3 Nucleate boiling data of Nishikawa et el. 39 on plates oriented at different angles to the horizontal 

For the natural convection heat transfer coefficient any of the 
correlations available in the literature could be used. It has 
been noted by Rohsenow 41 that predictions from Equation 34 
show a better agreement with data when observed values for 
D~ and f rather than correlations are used. Equation 34 did 
yield the experimentally observed dependence of q on AT. It 
should be noted that a quantitative prediction from Equation 
34 of dependence of heat flux on wall superheat requires a 
knowledge of several empirical constants. Though Equation 34 
was derived for partial nucleate boiling, it has been suggested 
that Equation 34 could be extrapolated to fully developed 
nucleate boiling. 

Judd and Hwang '.2 employed an approach similar to that of 
Mikic and Rohsenow but included micro/macrolayer evapor- 
ation at the base of the bubble as well. Thus, a third term for 
microlayer contribution was added to the right-hand side of 
Equation 34 as 

qe = v e N , p L h L ~ f  

where v e is the volume of the micro/macrolayer associated with 
each bubble. Using the microlayer thickness measured from 

experiments in which dichloromethane was boiled on a glass 
surface, and assuming that parameter K in Equation 34 had a 
value of xfi~8, they were able to match the predictions with 
the data. Experimentally measured values of active nucleation 
site density and bubble release frequency were also used in the 
model. Figure 4 shows their data and predictions. It is seen 
that at the maximum measured heat flux of about 6 W/cm 2 
about a third of the energy is dissipated through evaporation 
at the bubble base. 

More recently Paul and Abdel-Khalik ̀~3 have made a detailed 
study of nucleate pool boiling of saturated water on a horizontal 
electrically heated platinum wire. From motion pictures, they 
determined the nucleation site density, bubble diameter at 
departure, and bubble release frequency. From this information, 
they were able to find the heat flux associated with phase change 
(evaporation). The natural convection contribution was deter- 
mined from single phase convection data reported in the 
literature, whereas the contribution of enhanced convection was 
obtained by assuming that the bubbles created a flow normal 
to the heated surface. Figure 5 shows their evaluation of the 
contribution of various mechanisms to the total nucleate boiling 
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not directly included in the model of Mikic and Rohsenow. 
Also, Mikic and Rohsenow and Judd and Hwang do not 
explicitly include enhanced convection, which has been found 
by Paul and Abdel-Khalik to play an important role. 

In the isolated bubble regime, when the contribution of 
evaporation to the total heat flux is small, it appears that the 
approach used by Mikic and Rohsenow does have a mechanistic 
justification. The recent work of Paul and Abdel-Khalik does 
not support this observation, and it suggests that relative 
length scales for the heater and the bubble may represent an 
important consideration. Mikic and Rohsenow's model meets 
with moderate success when generalized correlations involving 
several empirical constants are used. However, as has been 
shown by Judd and Hwang '~2 and Fath and Judd, '~'~ model 
predictions tend to compare very favorably with the data when 
micro/macrolayer evaporation is included in the model and 
information about site density, bubble diameter, and frequency 
is supplied from the same set of data. 
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Figure 4 Relative contr ibut ion of various mechanisms to nucleate 
boiling heat flux 4= 
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Figure 5 Relative contribution of various mechanisms to nucleate 
boiling heat flux as reported by Paul and AbdeI-Khalik "~ 

heat flux. From this figure it can be concluded that natural 
convection is the dominant mode of heat transfer at low heat 
fluxes. At intermediate and high heat fluxes phase change is a 
major contributor. Enhanced natural convection is important 
only in the intermediate region. The observed dominance of 
evaporation as heat flux increases is consistent with the 
observation of Judd and Hwang. This mode of heat transfer is 

Ful ly  deve loped nucleate bo i l i ng  

The studies of Judd and Hwang and Paul and Abdel-Khalik 
are in qualitative agreement with the observation of Gaertner 36 
that after the first transition, evaporation is the dominant mode 
of heat transfer. According to Gaertner, most evaporation 
occurs at the periphery of vapor stems. Energy for the phase 
change is supplied by the superheated liquid layer in which the 
stems are implanted. Thus, the boiling heat flux can be 
calculated if the fractional area occupied by the stems and the 
thickness of the thermal layer are known. The heater area 
fraction occupied by stems (vapor) is equal to the product of 
the number density of stems and the area occupied by one stem. 
Gaertner and Westwater 24 found that the diameter of the stems 
decreased with heat flux as 

Do ~ (q) - L,~3 (36) 

Gaertner 36 measured the temperature profiles in the thermal 
layer and made an assessment of the thickness of the thermal 
layer. He found that the temperature profile in the layer was 
exponential, and the conduction layer was much thinner than 
the overall thermal layer, which had a thickness equal to the 
height (thickness of the liquid layer between the heater surface 
and the base of the vapor mushroom) of the vapor stems. The 
height of the stems was about 60 percent of the diameter of the 
stems. Gaertner and Westwater 2~ also inferred the magnitude 
of the wall void fraction from their stem diameter and number 
density data. The surface area covered by vapor was found to 
remain nearly constant in nucleate boiling. Though the data 
showed a large scatter, the void fractions varied between 4 and 
15 percent. 

Bobst and Colver ̀~s made a detailed measurement of tem- 
perature profiles in the thermal layer. From their work, it can 
be concluded that thermal layer thickness varies as AT -6. This 
functional dependence is about the same as that given by 
Equation 36 of Gaertner and Westwarter if q ~ AT '~ in fully 
developed nucleate boiling. 

Iida and Kobayasi '.6 were the first to make a direct quanti- 
tative determination of void fraction profiles near the heated 
surface. Using an electrical conductivity probe, they measured 
the void fraction during saturated boiling of water at 1 arm on 
the horizontal face of a 29-mm diameter copper cylinder. They 
found that in nucleate boiling maximum void fraction occurred 
at 0.3-1 mm from the surface. Since from the location of the 
maximum, the void fraction decreased both toward and away 
from the surface, a liquid-rich layer was identified to exist near 
the surface. The void fraction was found to increase with heat 
flux. This observation is in contradiction with the observation 
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of Gaertner and Westwater that the surface area covered by 
vapor is nearly independent of heat flux. Near the critical heat 
flux a maximum value as high as 90 percent for the void fraction 
was obtained. By correlating the spatial variation of void 
fraction with distance from the heater surface, Iida and Kobayasi 
deduced that the average and maximum thickness of the thermal 
layer decreased with heat flux. The functional dependence on 
heat flux and magnitude of film thickness were found to be 
about the same as the diameter of the vapor stems determined 
by Gaertner and Westwater. z4 

More recently, Liaw and Dhir 47 have measured the void 
fraction, ~, profiles during saturated boiling of water on a 
vertical copper plate. They used a 7-densitometer to measure 
at high nucleate boiling heat fluxes the average void profiles 
across the plate cross section. The experimental results showed 
that for contact angles less than 90 ° , the maximum void fraction 
occurred at 1 1.5 mm away from the heater surface. However, 
for a contact angle of 90 °, the void fraction in the vicinity of 
the surface did not vary with distance. The wall void fraction, 
the maximum void fraction, and the thickness of the void layer 
increased with wall heat flux. At a given heat flux, the wall 
void fraction decreased as the surface became more wettable. 
Figure 6 shows void profiles for a contact angle of 69':'. In 
agreement with the results of Iida and Kobayasi, for moderately 
wetted surfaces, maximum void fractions approaching unity 
were observed near the peak nucleate boiling heat flux. 

A recent attempt to deduce the thickness of the macrolayer 
from the bubble-release frequency is that of Bhat et al. 4~ In the 
experiments they used an electrical resistance probe similar to 
that developed by Iida and Kobayasi. The definition used by 
Bhat et al. for the macrolayer is the same as that used by 
Gaertner 36 to define the liquid layer intervening the wall and 
the base of the mushroom. They correlated the macrolayer 
thickness, 6, as 

6 = 1.585 x 105q -~ '~v (m) (37) 

This functional dependence of 6 on q is comparable to 
that observed by Gaertner and Westwater z4 and Iida and 
Kobayasi'~6; however, the magnitude of the thermal layer 
thickness is much smaller than that reported by Gaertner and 
Westwater and Iida and Kobayasi. 

With the assumption that the vapor stem diameter is zero 
at the heater surface and increases linearly with distance from 
the surface, Bhat et al. '~9 also developed a model to predict the 
thickness of the liquid layer between the heater surface and the 
vapor mushroom. However, in the model empirical expressions 
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for site density, heat transfer coefficient, and product of bubble 
diameter at departure and frequency were used. These expres- 
sions implicitly related the thermal layer thickness with the heat 
flux. Bhat et alp ° have also shown that at high heat fluxes, 
conduction across the liquid layer accounts for most of the heat 
transfer from the heater surface. 

A time and area average model for fully developed nucleate 
boiling has been proposed by Dhir and Liaw. 51 The model 
employs vapor stems with a mushroom type of structure. Figure 7 
shows their conceptualization of the boiling process on a 
vertical surface. They divided the vapor structure into three 
regions. The thermal layer containing vapor stems occupies the 
region immediately next to the wall. The thermal layer is 
strongly influenced by surface conditions and has a thickness 
of 10-100pm. Vapor flow dynamics dominate the region 
beyond the location at which maximum void fraction occurs. 
The intermediate region lying between the outer edge of the 
thermal layer and the location at which maximum void fraction, 
:~ . . . .  occurs is influenced by both the wall and the vapor flow 
dynamics away from the wall. Concentrating only on the region 
in the immediate vicinity of the wall, it was assumed that vapor 
stems provided a stationary interface. Energy from the wall 
was conducted into the liquid micro/macrolayer and was used 
in evaporation at the stationary liquid vapor interface. The 
heat transfer rate into the thermal layer and the temperature 
distribution in it were determined by solving a two-dimensional 
steady-state conduction equation in the liquid-occupied region. 
The heater surface area over which vapor sterns existed was 
considered to be dry, and stems were assumed to locate on a 
square grid. Employing experimentally observed void fractions 
and assuming that 

N a ~ q~'5 (38) 

they were able to predict nucleate boiling heat fluxes observed 
during boiling of water on surfaces with different contact angles. 
The predictions were found to be in good agreement with the 
data. A comparison of the stem spacing and stem diameter 
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T a b l e  1 Comparison of magnitudes of stem diameter  and spacing with the data reported in the literature 

Dhir  and L iaw ~ ¢ = 14 ° Gaertner  and W e s t w a t e r  ~ 

AT, °C q, W/cm 2 D o, m L, m q, W/cm z D o, m L, m 

25 61 1.18 x 10 -3 1.57 x 10 -3 44 9.50 x 10-* 2.27 x 10 -3 
30 103 9.11 x 1 0 - *  1 . 0 9 x  10  -3 96  2 . 4 8 x  10  - *  1 . 1 0 x  10  -3 

predicted from the model is made in Table 1 with the data of 
Gaertner and Westwater. 2'~ The agreement is good except that 
the stem diameter observed at a wall superheat of 30°C is much 
smaller than that predicted from the model. In agreement with 
the observation of Bobst and Colver, ~*~ the calculated thermal 
layer thickness was reported to vary as AT -6. 

P e a k  h e a t  f l u x  

The peak heat flux sets the upper limit of fully developed 
nucleate boiling or the limit for the safe operation of a 
component. Kutateladze 52 and Zuber 37 were the first to 
provide a theoretical formulation for the peak heat flux. 
According to Zuber, the maximum heat flux condition occurs 
when the vapor velocity in the large jets leaving the heater 
surface reaches a critical value. At this value of the velocity, 
the vapor jets in a countercurrent flow situation become 
Helmholtz unstable and inhibit the outflow of vapor. The 
instability of the jets occurred away from the surface, and the 
surface conditions had little to do with the peak heat flux 
condition. Thus, Zuber laid the foundation of a theory that is 
now known as the hydrodynamic theory of boiling. By assuming 
that (1) all of the energy dissipated at the surface was used in 
phase change; (2) the vapor jets were located on a square grid 
with spacing equal to a Taylor wavelength; and (3) the jet 
diameter was equal to half of the Taylor wavelength, Zuber 
obtained an expression for the peak flux on an infinite horizontal 
plate as 

~ . '* /ag(o~_ SpG) q..x.= po.Lo 

x ~ p ~ ( 1 6 -  n) (P~ + P65"~ (39) 
[p~(16-n)+p6nk p~ ] ) 

Over the last three decades, Equation 39 has been found to be 
quite successful in predicting maximum heat fluxes on well- 
wetted large horizontal surfaces. As has been shown by Lienhard 
and Dhir, s3 Equation 39 predicts the fiat plate data better if a 
constant of 0.15 instead of n/24 is used. The hydrodynamic 
analysis does yield such a constant if the Helmholtz unstable 
wavelength is taken to be equal to the most dominant Taylor 
wavelength. Kutateladze 5z also obtained an equation similar 
to Equation 39 from similitude analysis of the equations of 
momentum and energy. 

The hydrodynamic theory as originally proposed by Zuber 
is limited to inviscid liquids and to infinite horizontal surfaces 
that are well wetted. The theory has ~ e n  developed further by 
Leinhard and coworkers to account for the geometry and finite 
size of the heaters. The development of the theory as it applies 
to peak heat flux on cylinders was recently discussed by 
Lienhard 5~ in his review article. According to the extended 
hydrodynamic theory, maximum heat flux on finite heaters can 
be written as 

q'=~ - F(E) (40) 
~max= 

where L' is the characterist ic dimensionless length of  the heater 

(e.g., radius of a cylinder, height of a ribbon, etc. ) and is defined 
as L' = Lxfg(p L -pG)/a. Figure 8 shows the hydrodynamic 
predictions of maximum heat flux for several geometries. 

Dhir and Lienard 5~ modified the hydrodynamic theory to 
account for the effect of liquid viscosity. Through analysis and 
experiments, it was shown that liquid viscosity enhanced the 
maximum heat flux. 

Another limitation of the hydrodynamic theory is that it does 
not account for the effect of surface conditions. Despite some 
evidence in the literature that degree of wettability of the heater 
does affect the maximum heat flux, until recently little effort 
has been made to systematically quantify this effect. In 1965, 
Costello and Frea 56 found that on a 3-mm diameter half 
cylinder, the maximum heat flux with predeposited scale was 
reduced by a factor of about three when a drop of silastic was 
added to water. They also reported that the maximum heat 
flux on the same size half cylinder with predeposited scale was 
about 50 percent higher than that given by Equation 39. 
However, no such increase in the maximum heat flux with 
predeposited scale was observed on a 6-mm diameter half 
cylinder. The data for the peak heat flux on a 5. l-cm wide plate 
was also reported by Costello et al. 57 The maximum heat flux 
with tap water was about the same as that given by Equation 
39; however, with distilled water the maximum heat flux 
dropped to about 40 percent of the value for tap water. Lienhard 
et al. 5s explained the latter observation from the hydrodynamic 
theory by accounting for the number of jets that could be 
accommodated by the heater. However, neither the difference 
in the magnitudes of the maximum heat fluxes with tap and 
distilled water nor the reduction in maximum heat flux with 

E 

10 

2 

1 

0.6 

0.4 

0.2 

~ eres 11 data 

ata v ~ ~ / insulated ribbons 8 d 

~r ibbons  24 data / / h e r e s  1~ data 

cylinders 900 data " / 
/ 

cylinders and ribbons 
44 data 

0.]. i i , , , , , , I  , , , , , , , 
0.1 0.2 0.4 0.6 1 2 4 6 10 

I~ = L x/g(PL - Pc)/cr 

Figure 8 Prediction of maximum heat flux from the extended 
hydrodynamic  theory ~3 

Int. J.  Heat  and Fluid Flow, Vol. 12, No.  4, December  1991 2 9 9  



Nucleate and transition boiling heat transfer. V. K. Dhir 

addition of silastic nor the increase with predeposited scale 
could be explained from the hydrodynamic theory. Hasegawa 
et al. 59 have also reported a maximum heat flux of only 
25 W/cm 2 during boiling of water on a partly wetted 2.9-cm 
diameter disk. 

Very recently Liaw and Dhir 6° have studied systematically 
the effect of surface wettability on maximum heat flux. In their 
experiments saturated water at 1 atm was boiled on a vertical 
surface. The wettability of the surface was changed by controlling 
the degree of oxidation of the surface. A prescribed procedure 
was followed for oxidation, and the contact angle was used as 
a measure of the degree of wettability. The maximum heat flux 
data, which were obtained under steady-state heating of the 
surface, are plotted in Figure 9 as a function of contact angle. 
In this figure similar data of Hahne and Disselhorst 61 and 
Maracy and Winterton 62 are also plotted. From Figure 9, it 
is seen that maximum heat flux decreases as the contact angle 
increases. The data of Hahne and Disselhorst were obtained 
on horizontal cylinders of different materials, whereas the data 
of Maracy and Winterton were obtained on a horizontal 
surface. In comparison with the data of Liaw and Dhir and the 
data of Maracy and Winterton, the data of Hahne and 
Diesselhorst show a much stronger effect of contact angle. For 
a polished copper surface the contact angle, using the sessile 
drop method, was found by Liaw and Dhir 6° to be 90 °. It is 
seen that maximum heat flux for this surface is about half that 
predicted from Equation 39. For contact angles less than about 
20 °, the observed maximum heat flux on the vertical surface is 
about the same as that obtained from the hydrodynamic theory. 
Based on this observation and from their model for fully 
developed nucleate boiling, Dhir and Liaw deduced that for 
partially wetted surfaces the rate of evaporation near the surface 
sets the upper limit of nucleate boiling heat flux, whereas for 
fully wetted surfaces the limit is probably set by the rate of 
vapor outflow. The solid line in Figure 9 shows the prediction 
from their thermal model. 

The validity of using the Helmholtz instability of vapor jets 
in the hydrodynamic theory has recently been questioned by 
Haramura and Katto 63 on the ground that the vapor jets are 
too blunt to allow the development of the critical wave on the 
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vapor- l iquid interface. Instead, Haramura and Katto have 
proposed their own model. The cornerstone of their model is 
the suggestion made by Gaertner 36 that perhaps it is the 
Helmholtz instability of vapor stems that determines the 
maximum heat flux condition. Once the velocity through the 
stems was set by the Helmholtz instability, Haramura and 
Katto proposed that the maximum heat flux occurs when the 
liquid layer trapped between the heater surface and the base 
of the vapor mushroom dries out. The height of the vapor stem, 
which was assumed to be equal to one fourth the Helmholtz 
unstable wavelength, provided the length scale. The hovering 
period of a large vapor mass was used to determine the 
characteristic time. All of the pertinent variables were written 
in terms of the fractional area of the heater occupied by vapor 
stems, and this area fraction was determined by matching the 
predictions with Equation 39. As such the area ratio, AG/A, 
was found to be a function of the vapor-to-liquid density ratio : 

AG/A = O.0589(pa/p.~) T M  (41) 

According to this expression for water at 1 atm only about 
1-1.5 percent of the heater area is covered by vapor stems. 
This appears to be an unrealistic value in light of the void 
data referred to earlier. As has been shown by Pasamehmetoglu 
and Nelson, 64 the area fraction obtained from the model of 
Haramura and Katto does not yield the macrolayer (liquid 
layer between the heater surface and the base of vapor mush- 
room) thickness that is consistent with the data of Bhat et al. 48 
Haramura and Katto have also applied their model to other 
geometries such as a cylinder and to external flow boiling. 

T r a n s i t i o n  b o i l i n g  

Transition boiling is characterized by a reduction in surface 
heat flux with an increase in wall superheat. After Drew and 
Mueller 65 completed the boiling curve by obtaining data in 
transition boiling, the first well-documented and carefully 
conducted study on transition boiling is that of Berenson. 66 In 
Berenson's experiments n-pentane and carbon tetrachloride 
were boiled on a horizontal disk heated by condensation of 
steam underneath the disk. From the experiments in which 
heater surface conditions were also varied, Berenson 66 concluded 
the following : 

( 1 ) both l iquid-solid and vapor-sol id  contacts occur in tran- 
sition ; 

(2) all of the variables that affect the nucleate boiling also affect 
transition boiling; 

(3) transition boiling is a combination of film and nucleate 
boiling alternately existing at a given location on the heated 
surface. The variation in heat flux with wall superheat is 
a result of change in the fraction of time each boiling mode 
is present at a given location. 

As has been subsequently pointed out by Stephan 67 and 
Kovalev 68 and discussed by Hesse, 69 Berenson's apparatus 
allowed him access to only a few data points in transition 
boiling. Moreover, the accessible points from the nucleate 
boiling side were different from those obtained from the film 
boiling side. The accessibility issue has again recently been 
discussed by Ramilison and Lienhard 7° who recreated Berenson's 
experiment. Using maximum and minimum heat flux points as a 
guide, Berenson faired a curve through the limited data points 
available in transition boiling. He found that transition boiling 
heat fluxes on dirtier and more wettable surfaces were higher. 
Also, addition of oleic acid to pentane was found to push the 
transition boiling curve considerably higher. These observations 
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lead Berenson to propose that l iquid-solid contacts existed in 
transition boiling. Berenson's conclusion was reconfirmed by 
Ramilison and Lienhard. 

Transition boiling of F-114, F-12, and F-133 on a 14-mm 
outer diameter tube heated by forced flow of water through the 
tube has been reported by Hesse. 69 In his experiments Hesse 
satisfied the criterion proposed by Stephen 67 and was thus able 
to obtain a larger number of data points in transition boiling. 
All of the data reported by Hesse appear to be obtained while 
going from the nucleate to the film boiling side. 

The reported studies on transition boiling are far fewer than 
those on nucleate and film boiling and consequently transition 
boiling is one of the least understood modes of boiling. One of 
the major reasons for the limited number of studies is the 
difficulty of carrying out steady-state transition boiling experi- 
ments. In temperature-controlled experiments, such as those 
reported by Berenson and Hesse, only limited data points are 
accessible because of the limitations imposed by the sum of 
resistances between the heat source and the heat sink. In heat 
flux controlled experiments it is the mismatch between the heat 
input and heat flux at the heated surface that causes the process 
to become time dependent. 

To circumvent the latter difficulty, Peterson and Zaalouk 7~ 
developed a feedback technique. This technique was later used 
by Sakurai and Shiotsu 72 to study transition boiling of water 
on horizontal wires. Sakurai and Shiotsu reported that a 
mixture of both film and nucleate boiling could be observed 
along the length of the wire. Thus, their data suffered from end 
effects. However, the data show the existence of hysteresis when 
transition boiling is accessed from nucleate or film boiling sides 
of the boiling curve. The subject of hysteresis in transition 
boiling is discussed later. 

Very recently, Auracher 73 obtained steady-state transition 
boiling data for F- 114 flowing in a 14-mm inside diameter nickel 
tube. The dither technique was used to carry out steady-state 
temperature-controlled experiments. It was concluded that in 
most of transition boiling, heat transfer over liquid-occupied 
regions of the heater dominates. As such, transition boiling was 
considered to be similar to nucleate boiling. The heat transfer 
coefficient in transition boiling was correlated as 

h = C~q "~ (42) 

In the narrow range of liquid mass velocities and qualities 
investigated, it was found that velocity and quality had little 
effect on the transition boiling heat fluxes. The observed 
similarly between nucleate and transition boiling is consistent 
with the approach taken by Dhir and Liaw ~ to describe 
transition boiling data on partially wetted surfaces. In their 
model, transition boiling was taken to be an extension of 
nucleate boiling. 

With the presumption that a unique transition boiling curve 
exists, the earliest attempt to correlate transition boiling data 
was made by Kalinin et al. 7~ Denoting the fraction of the 
heater surface in contact with liquid at a given instant by F~., 
t h e  transition boiling heat flux was written as 

q = (FL)qL + (1 - -  Ft~)qt; (43) 

In Equation 43, qL is the time-averaged heat flux associated 
with liquid contacts and q~ is the heat flux over the surface 
covered with vapor. It should be noted here that this approach 
is different from Berenson's observation that transition boiling 
heat flux was determined by the fraction of time the liquid and 
the vapor contacted a particular heater location. Assuming that 
qL and qG were given by correlations for nucleate and film 
boiling, respectively, Kalinin et al. correlated the transition 
boiling data of cryogenics by evaluating, F~, as 

F~. = (1 -- AT)  7 (44) 
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m 

where A T is defined as 

- -  T - T ~ , = x  
AT - (45) 

r , , , .  - r . ~ x  

In Equation 45, T~x represents the heater temperature at 
which the maximum heat flux occurs and T=i . is the minimum 
film boiling temperature. This formulation implies that F L is 
unity at T~x and is zero at T.,i.. In reality, the surface is neither 
totally wet at T,~x nor totally dry at Tmi ~. 

Bjornard and Gr i~ th  7~ replaced the nucleate and film boiling 
heat fluxes in Equation 43 with the maximum and minimum 
heat fluxes, res~ctively, to obtain an expression for transition 
boiling heat flux as 

q = ( F ~ ) q ~  + (1 - F~)q~i. (46) 

where the fractional area, F~, occupied by liquid was correlated 
a s  

T~i. -- T 2 
FL = [ T ~ L - ~ X ]  (47) 

Because the minimum heat flux and the minimum wall tem- 
~ ra tu r e  are known to ~ very sensitive to surface conditions 
and can vary over a wide range for a particular l iquid-solid 
combination, the usefulness of an equation such as Equation 
44 or 47 can be limited. It should ~ noted that Equation ~ 
and Equation 47 yield at a given wall t em~ra ture  (except at 
T,~, and T , ~ )  values of F L that differ widely. 

Liaw and Dhir 6° have chosen to correlate transition boiling 
heat transfer c~fficients rather than heat flux~. Employing the 
con~p t  that the wetted area of a heater is different from the 
area that is ac~ssible to liquid, they wrote an expression for 
the transition boiling heat transfer c ~ d e n t  as 

K= ~ao,¢FLKL + K~(I -- FLflao,¢ ) (48) 

In the above equation, K~ and K a are the time-averaged heat 
transfer coefficients over wet and dry areas, rvs~ctively, F~ is 
the time-averaged fractional area of the heater accessible to 
liquid, and ~a or tic is the factor representing the ratio of the 
fractional area of the heater that is wetted to the area that is 
accessible to the liquid. The parameter fla is used when 
transition boiling is ac~sscd from tbe nucleate boiling side, 
whereas fl~ is for transition boiling established from the film 
boiling side. Figure 10 shows tbe d e ~ n d c n ~  of ~a and fie on 
the contact an~¢. These values wcr¢ d e d u ~  kom the transition 
boiling data for water obtained on a c o p ~ r  plate under 
quasi-static conditions. Liaw and Dhir proposed that cvcn 
though the magnitudes of fl~ and fl~ dc ~ndc d  on the manner 
in which transition boiling was accessed, the product F~K L was a 
unique function of wall tcm~raturc  for a particular liquid-solid 
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combination. Figure 11 shows a plot of FLh- L for saturated 
water at 1 atm. However, Liaw and Dhir were unable to obtain 
an explicit dependence of FL on AT: 

Hsu and Kim 76 have attempted to correlate transition boiling 
data by simulating the transition boiling with a Poisson 
distribution model. This simulation yields 

/~a A = f ( A T )  (49) 

where 2~ a is the average number density of active sites and A 
is the cell area. The cell area was taken to be of the order of 
10 -6 m z. The heat flux in transition boiling was written as 

q = q~ + (qL -- qG)FL (50) 

The fractional area, Fz, occupied by liquid was obtained by 
considering the population density of bubbles. At maximum 
heat flux FL had a value of 0.58. For transition boiling obtained 
from nucleate boiling side, Hsu and Kim 76 anchored the curve 
at q,,ax and for the transition boiling curve accessed from film 
boiling side, the minimum heat flux was used as an anchor 
point. This yielded the relationships 

A T  ]~a A 
- -  ---- t51) 
aTrnax 1.41 

and 

AT /~,A (52) 

A T . i n -  ( RoA )m,n 

For curves anchored at the minimum heat flux (R=A),.~. w a s  

chosen to have a value of 7. The authors noted that their 
approach could include surface property and material effects 
when the number density of active sites was deduced by 
matching the predictions with the d a t a .  

An attempt to measure the duration of wet and dry contacts 
during transition boiling of water from a horizontal plate was 
made by Nishikawa et al. ~7 They embedded a specially prepared 
thermocouple near the surface. The thermocouple was believed 

to have a response time of 10/~s. The frequency of contacts in 
transition boiling was found to be lower than that in nucleate 
boiling, but the contacts lasted for a longer period of time. By 
assuming that the rate of heat transfer during wet and dry 
contacts was given by nucleate and film boiling correlations, 
and that the wet area fraction was proportional to the fraction 
of the time a wet contact existed, Nishikawa et al. were able 
to calculate the transition boiling heat fluxes. Their calculated 
heat fluxes were, however, much lower than the observed heat 
fluxes. They argued that the thermal conditions near the probe 
were probably not representative of the average boiling con- 
ditions on the heater surface. 

Ragheb and Cheng 78 also attempted to experimentally 
determine the wetted area during transition boiling. Normalizing 
the amplitude of the electric probe (zirconium wire) signal in 
transition boiling with that in the nucleate boiling and assuming 
that in the nucleate boiling all of the area was wetted, they 
determined the wet area fraction in transition boiling. They 
measured a wall void fraction of 0.15-0.2 at the maximum heat 
flux. The data of Ragheb and Cheng were found to compare 
well with the modification suggested by Tong and Young 79 to 
the correlation of Kalinin et al. Tong and Young had suggested 
that the wetted area fraction should be related to the transition 
and nucleate boiling heat fluxes as 

q 
F L = (53) 

qz 

Since the wetted area fraction, Ft~, is influenced by liquid and 
surface conditions and is determined by first knowing q, the 
agreement between the data and Equation 43 is restricted to 
the experimental conditions employed in the study. 

Wetted area fractions using an impedance probe have also 
been measured by Dhuga and Winterton 8°'sl and Lee et al. ~2 
The data of Dhuga and Winterton were taken during transient 
transition boiling on the top surface of a 28-ram diameter 
aluminum cylinder. For saturated water a void fraction of about 
0.1 is reported near the maximum heat flux. However, the void 
fraction data show strange behavior, in that at minimum heat 
flux only 80 percent of the surface area is covered with vapor. 
From the void and heat transfer data obtained with saturated 
water and methanol at 1 arm, the authors concluded that heat 
flux over the liquid-occupied region was not proportional to 
the wet fraction. 

In the experiments by Lee et al. s2 liquid-solid contacts were 
measured with a fast response surface microthermocouple. The 
thermocouple was embedded in the center of a copper block 
that had a diameter of 101.6 mm. Transition boiling data for 
water were obtained in a quenching mode. Figure 12 shows 
the mean wet area fractions reported by Ragheb and Cheng, 7~ 
Dunga and Winterton, 8° and Lee et al. s2 It is seen that while 
the data of Ragheb and Cheng and Lee et al. are comparable, 
the wet area fractions measured by Dhuga and Winterton 
generally tend to be high. 

Most of the studies prior to 1974 were carried out under the 
belief that a unique transition boiling curve existed. Sakurai 
and Shiotsu v2 from their experiments on a horizontal wire 
documented the existence of hysteresis in transition boiling. 
Subsequently, Witte and Lienhard a3 suggested that thermal 
hysteresis observed by Sakurai and Shiotsu pointed to the 
existence of two transition boiling curves : the transitional film 
boiling curve and the transitional nucleate boiling curve. 
Referring to the experiments of Berenson 66 in which heat 
transfer had been observed to increase when oleic acid was 
added to the liquid, Witte and Lienhard argued that the increase 
in heat flux was the result of a shift from the transitional film 
boiling curve to the transitional nucleate boiling curve. Also, 
the jumps observed in transition boiling during quenching of 
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small spheres were the result of a shift from the transitional 
film to transitional nucleate boiling curve. Bui and Dhir s4 
studied transition boiling of water on a 6.3-cm wide and 10.3-cm 
high vertical surface that was machined from a large block of 
copper. They obtained transition boiling data both from the 
nucleate boiling and from the film boiling sides. On a smooth, 
clean surface they found two distinct transition boiling curves 
when transition boiling was approached from the nucleate and 
film boiling sides. Most of the transition boiling data were 
obtained under transient (quasi-static) conditions except the 
cooling data obtained near the minimum heat flux condition, 
which were obtained under a steady-state condition. Bui and 
Dhir tried to destabilize the transition boiling process by wiping 
the surface with a brush during the cooling mode. However, 
this procedure did not lead to a jump in the heat flux as has 
been hypothesized by Witte and Lienhard. The maximum heat 
fluxes obtained during cooling were generally smaller than those 
obtained under steady-state conditions. 

Liaw and Dhir 6° have investigated the effect of surface 
wettability on hysteresis in transition boiling. The results of 
their experiments show that the difference between transition 
boiling heat fluxes obtained during heating and cooling of the 
surfaces diminishes as the surface becomes more wettable. No 
hysteresis was observed with F-113, which wets the surface well. 
Figure 13 shows the data for contact angles of 38 ° and 107 ° . 
The surface with a contact angle of 107 ° was obtained by 
depositing a thin coating of fluorosilicone sealant on the copper 
surface. It is noted from Figure 13 that hysteresis observed in 
transition boiling continues to persist in nucleate boiling. Figure 
14 shows, as a function of contact angle, the maximum heat 
fluxes obtained in the transient cooling experiments. In this 
figure, the data obtained by Maracy and Winterton 62 on a 
horizontal disk are also plotted. The dotted line represents the 
best fit through the maximum heat flux data obtained in 
steady-state nucleate boiling experiments. The maximum heat 
fluxes obtained in the cooling experiments are seen to be always 
lower than those obtained in the heating experiments. The 
difference decreases as the contact angle becomes small. How- 
ever, Maracy and Winterton reported that hysteresis persists 
even when the surface is totally wetted. 
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V a r i a b l e s  a f f e c t i n g  n u c l e a t e  a n d  
t r a n s i t i o n  b o i l i n g  

Several experimental variables including heater surface charac- 
teristics can affect the boiling process. The influence on the 
boiling curve of a few of these variables was briefly discussed 
earlier. A summary of the role played by some of the important 
variables is given. 

Surface f in ish 

The data of Berenson 66 showed that the effect of increased 
surface roughness was to shift the nucleate boiling curve to the 
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left. This in turn corresponded to a higher heat flux at a given 
wall superheat for a rougher surface. The test liquids used in 
Berenson's experiments wetted the surface well, and it was noted 
that rougher surfaces also yielded slightly higher maximum heat 
fluxes. More recently, Bui and Dhir 84 obtained nucleate and 
transition boiling data for vertical copper surfaces of different 
finishes. Figure 15 shows their data for a clean mirror finish 
and an emery 600 finish surface. The behavior observed in 
nucleate boiling is similar to that reported by Berenson. 
However, during transient cooling the rough surface yields 
transition boiling heat fluxes that are lower than those observed 
on a smooth surface. 

Generally, it is argued that on rough surfaces nucleation of 
larger cavities that require lower inception superheat leads to 
early onset of nucleate boiling. The rate at which new nucleation 
sites are added as wall superheat is increased is also higher for 
rough surfaces. Singh et al. 27 found that for nucleate boiling 
of water on a copper surface the exponent on AT in Equation 19 
increased slightly with roughness. Shoukri and Judd a s observed 
a trend opposite to that reported by Singh et al. An increase 
in the exponent results in a stronger dependence of wall heat 
flux on wall superheat. Bier et al., 29 from their Freon data 
obtained on four surfaces prepared by following different 
procedures, concluded that a relation of the type 

h ~ R~ (54) 

did not exist between heat transfer coefficient and roughness. 
In Equation 54, Rp is the surface roughness parameter. It should 
be mentioned here that three of the four surfaces used in the 
experiments had almost the same mean roughness but probably 
a different cavity size distribution because of the differences in 
procedures followed to prepare the surfaces. The work of Bier 
et al. suggests that it is important to distinguish between 
roughness and cavity size distribution, and any heat transfer 
model should account for both. 

Sur face we t tab i l i t y  

With increase in surface wettability, the vapor trapping/retention 
capability of the cavities on a surface diminishes. This in turn 
delays the onset of nucleate boiling and shifts the boiling curve 

to the right. In liquids that wet the surface very well, inception 
of boiling at relatively high superheats can lead to hysteresis 
in the nucleate boiling curve. Figure 16 shows the nucleate 
boiling data of Liaw and Dhir 47 for different contact angles. 
In this figure fully developed nucleate boiling data of Nishikawa 
et al. 39 are also plotted. Two sets of data show a similar 
dependence of heat flux on wall superheat. However, data of 
Nishikawa et al. 31 appear to correspond to a contact angle of 
about 69 °. It is seen that though with increase in the wettability 
of the surface the boiling curve shifts to the right, the functional 
dependence of heat flux on wall superheat remains nearly 
unchanged. As discussed earlier, the maximum heat flux on a 
partially wetted surface (~b = 90 °) is much smaller than that 
given by the hydrodynamic theory. It appears that for partially 
wetted surfaces, the maximum heat flux condition is determined 
by the rate at which vapor can be generated at the surface 
rather than by the rate at which vapor can be removed without 
any restriction. 

In transition boiling, the magnitude of observed hysteresis 
between transient heating and cooling is affected by the surface 
wettability. Since the cavity shape and the contact angle 
affect the vapor/gas retention capability, any predictive model 
for density of active nucleation sites must rely on the information 
about the size distribution and the shape of the cavities that 
are present on the surface. 

Sur face c o n t a m i n a t i o n  

Physicochemical changes of a boiling surface can take place in 
several ways : deposition of inert matter contained in the host 
liquid; slow chemical reaction of the surface with the gases 
dissolved in the liquid or with the vapor;  and strong chemical 
reaction of the metal with the concentrated solutions of 
electrolytes. The latter two processes continued over a long 
period of time can lead to a loss of material or corrosion of the 
surface. Corrosion can also result from repeated collapse of 
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vapor bubbles subjected to subeooled liquid and collision of 
bubbles with the heated surface during flow boiling. 

The presence of foreign material on the surfaces can affect 
the nucleation behavior of the surface by deactivating some 
cavities, by providing new nucleation sites, and by changing 
the wettability of the surface. As yet no basis exists for 
quantification of the effect of surface cleanliness on nucleate 
and transition boiling. Recently Bui and Dhir a4 obtained water 
data on clean and dirty surfaces. The dirty surfaces were 
obtained by prolonged nucleate boiling of water that had been 
exposed to the atmosphere. Over time the surface became 
contaminated with dirt particles contained in water. Various 
degrees of dirt deposits were obtained by varying the boiling 
time. Dirt deposits were found to have a small effect on the 
nucleate boiling curve. However, the maximum heat flux on 
the surface subjected to longest boiling period was about 25 
percent higher than that on a clean surface. The difference 
between transition boiling data obtained during heating and 
cooling of the surface decreased as the surface became dirtier. 
This behavior is similar to that observed with change in 
wettability of the surface. For  the surface subjected to the 
longest boiling time, the two transition boiling curves obtained 
during heating and cooling nearly overlapped. 

The presence of oxygen in the host liquid leads to contami- 
nation of the surface via slow chemical reactions. The process, 
if contin'ued over a long period, can lead to aging of the surface 
or a permanent change in the boiling characteristics of the 
surface. Metal ions from the pits or cavities on the heated 
surface or from the fittings can be dissolved in the host liquid. 
The metal ions combine with oxygen to form metal oxides that 
precipitate at the heated surface. Joudi and James a6 identified 
the precipitate in the form of small brown spots around the 
cavities or at the base of the bubbles where high heat and mass 
transfer gradients exist. The effect of contamination of the 
surface was to push the boiling curve to the right or to increase 
the wall superheat for a given heat flux. This effect is similar 
to that of improved wettability of the surface. Joudi and James 
found that after one or two runs with water, the stainless steel 
surface could be rejuvenated by boiling of refrigerant 113. Some 
of the variability in the data reported in the literature can be 
attributed to the aging of the surface. 

Ross a7 in his review article on corrosion and heat transfer, 
reports results of long-term boiling (hundreds of hours ) of water 
on iron, copper, and aluminium surfaces. It was found that 
mass loss rate increased with concentration of oxygen in water. 
At low heat fluxes, the mass loss rate was independent of heat 
flux, but at high heat fluxes a reduction in mass loss rate was 
observed as heat flux was increased. When sodium chloride 
(electrolyte) was dissolved in water, the mass loss rate curves 
showed a local minima with respect to nucleate boiling heat 
flux. At low heat fluxes, the mass loss rate decreased with heat 
flux but at high heat fluxes an opposite trend was observed. It 
was suggested that minima in mass loss rate may be due to 
competing effects of oxygen and chloride ions at the interface. 

Heater geometry, size, mater ia l  and thickness 

The boiling inception superheat and partial nucleate boiling 
heat fluxes can be strongly affected by convective flow patterns 
and bubble movement on and around the surface. The con- 
vective flow itself is influenced by the heater geometry, size, 
and to some extent by the size and shape of the container. 

The data of Nishikawa et al. 39 plotted in Figure 3 clearly 
show the effect of the angle of inclination of the plate on the 
inception superheat and on the partial nucleate boiling heat 
fluxes. Surprisingly, the nucleate boiling heat transfer coefficient 
is higher when the surface is facing downward than when it is 
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horizontal or vertical. The enhancement in heat transfer on 
downward-facing surfaces probably results from the disruption 
of the thermal layer caused by bubbles sliding along the wall. 
In fully developed nucleate boiling no such effect of angle of 
inclination is evident. 

The earliest study of nucleate pool boiling heat transfer on 
horizontal cylinders is that of Lance and Myers, 88 whereas 
the most recent study is that of Cornwell and Einarsson. 89 Both 
pool and low flow velocity conditions during nucleate boiling 
heat transfer on a horizontal tube have been considered by 
Cornwell and Einarsson. Special care was taken in their 
experiments to minimize the effect of conduction in the circum- 
ferential direction. Figure 17 shows their data obtained with 
saturated Freon 113 at 1 atm. Under pool boiling conditions, 
the heat transfer coefficient is highest at the lower stagnation 
point and is lowest at the top. However, the heat transfer 
coefficient remains fairly constant over most of the periphery 
of the cylinder. The heat transfer coefficient profile observed 
during boiling is much flatter than would be expected under 
single phase natural convection conditions. At small imposed 
flow velocities, the location of maximum heat transfer coefficient 
shifts to the sides of the tube. It was suggested that sliding of 
the bubbles probably led to a higher heat transfer at the sides. 
Cornwell and Einarsson concluded that because of the sensitivity 
of the flow field to chamber geometry and the tube diameter 
and the dependence of the nucleate boiling process on surface 
conditions, it is extremely difficult to predict with any reasonable 
accuracy the nucleate boiling heat fluxes at low velocities and 
low superheats. 

Though the data of Nishikawa et al. 39 show that fully 
developed nucleate boiling is not affected by the plate angle of 
inclination, the wealth of data reported in the literature show 
that the size and geometry of the heater do influence the 
maximum heat fluxes. From the hydrodynamic predictions 
plotted in Figure 8, it is noted that for L' < 2, heater size and 
geometry play a significant role. However, as the characteristic 
dimension of the heater becomes large, the effect of the size of 
the heater vanishes. A small effect of heater geometry does 
persist, however. Most of the data in the study of Lienhard 
and Dhir 53 were obtained under well-wetted surface conditions. 
For partially wetted surfaces not enough maximum heat flux 
data on heaters of different sizes and geometries are available 
to quantify the effect of these variables. From the data plotted 
in Figure 9 it can be inferred that partially wetted cylinders 
behave differently from a horizontal or a vertical plate. However, 
it should be mentioned that the data of Hahne and Diesselhorst 
were obtained on cylinders of different materials and therefore 
some uncertainty may exist with respect to the measured contact 
angles. 

Heater geometry and size probably influence transition 
boiling as well. However, not enough data under well-defined 
heater surface conditions are available in the literature to make 
any conclusive statement. 

In steady-state experiments, the heater material properties 
can play a role through such surface characteristics as cavity 
size distribution, cavity shape, and wettability. If the heaters 
are very thin, the thickness of the material has been shown to 
affect the maximum heat flux in a significant way. Houchin 
and Leinhard 9° and Tachibana et al. 91 found that on thin 
heaters maximum heat flux occurred prematurely. In both of 
these investigations the reduction in the maximum heat flux 
was correlated with the product of the thermal conductivity, 
specific heat, and thickness of the heater material. It was 
postulated that the hot spots under vapor bubbles or jets 
probably led to premature burnout. The data of Tachibana 
et al. also showed that in comparison to DC heating, the 
reduction in maximum heat flux in thin heaters was larger with 
AC heating. 
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Sys tem pressure 

With an increase in system pressure, the incipience superheat 
decreases and the nucleate boiling curve is shifted to the left. 
The maximum heat flux initially increases with pressure, attains 
its highest value between reduced pressures of 0.3 and 0.4, and 
thereafter decreases with pressure. Fath and Judd 44 showed 
that Mikic and Rohsenow's 1 ~ model for partial nucleate boiling, 
with the contribution of micro/macrolayer evaporation included 
in it, was also applicable at pressures lower than 1 arm. 

However, several of the parameters used in the model were 
determined from experiments that also provided heat transfer 
data. Gorenflo et a1.19 have correlated the nucleate boiling heat 
transfer coefficient data for Freon 12, Freon 22, and propane 
obtained at reduced pressures, P*, up to 0.93 as 

r i o -  ~-o .F(P*) (54) 

where 

F(P*) = 2.1P *°'2v + (4.4 + - - -  

and 

n(P*) = 0.9 - 0.3P *°'3 

1 . 8  ']  p ,  

1 J-e* / (55) 

(56) 

The values of the reference heat transfer coefficient h0 at the 
reference heat flux, q0 = 2 x 104 W / m  2 and the reference 
pressure, P~ = 0.03 for the three liquids are 

F-12 F-22 C3H 8 

ho 2,300 2,200 2,100W/m 2 K 

Gorenflo et al. also extended the isolated bubble model of Mikic 
and Rohsenow to high heat fluxes, with the assumption that 
despite the overlapping of the areas of influence, the single 
bubble formulation remained unchanged. They also assumed 
that frequency of liquid replacement at dense bubble packings 
was higher than that for isolated bubbles. Up to reduced 
pressures of 0.8, the model predictions tended to show only 
qualitative agreement with the data. For well-wetted surfaces, 
Equation 39, based on the hydrodyn~imic theory, yields predic- 
tions for the maximum heat flux that are in good agreement 
with the data obtained over a wide range of pressures. 

Gravi ty  

The magnitude and direction of the gravitational acceleration 
with respect to the heater surface influence the convective hydro- 
dynamic and thermal boundary layers and bubble trajectory. 
On a given surface the thermal layer thickness and the tem- 
perature profile in the thermal layer determine the inception 
superheat. In partial nucleate boiling, heat transfer by convection 
represents a major fraction of the total heat transfer rate. Thus, 
gravity plays an important role in this mode of boiling. Figure 
18 shows the nucleate boiling data obtained at different 
magnitudes of acceleration. The data are for liquid nitrogen 
boiling at 1 atm, and as recently reported by Merte, 92 were 
obtained by Merte and coworkers in the early 1960s. The high 
gravity data were taken in a centrifuge, the near zero gravity 
data in a drop tower, and the data obtained on a downward- 
facing horizontal disk were considered to be - 1 g data. All of 
the data were taken under transient boiling conditions. At low 
heat fluxes, the magnitude of gravity appears to affect the 
boiling curve. However, at high nucleate boiling heat fluxes no 
effect of gravity is evident. At low wall superheats, the heat fluxes 
associated with near zero g and - 1 g are higher than those 
obtained when a large body force was present. On a downward- 
facing surface, the bubbles move along the surface and thereby 
enhance the heat removal rate by disruption of the thermal 
layer over a larger area. At zero gravity, the bubbles in 
these transient experiments probably persisted for a longer 
period and thereby enhanced the evaporative contribution to 
total heat transfer rate. 

Reduced gravity nucleate boiling data of Zell et al. 93 are 
shown in Figure 19. These data were obtained with F-12 boiling 
at different pressures on a platinum wire. Reduced gravity 
conditions were created in parabolic flight of a C-135 airplane. 
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The various curves in Figure 19 correspond to the best fit 
through the data obtained at earth normal gravity. The symbols 
represent reduced gravity data. Almost no effect of gravity on 
heat transfer is noted even though at the microgravity condition 
bubbles were larger than those at earth normal gravity. The 
near zero gravity conditions were also found to have little effect 
on subcooled nucleate boiling. 

According to the hydrodynamic theory, the maximum heat 
flux should vary with gravity as ,~/~. The high gravity centrifuge 
data do confirm this dependence. However, the drop tower 
data of Siegel and Usiskin 9. showed that the value of the 
exponent of gravity decreases as the magnitude of gravitational 
acceleration is reduced, and at very low gravity the maximum 
heat flux is independent of gravity. At present no rational basis 
exists to explain this behavior. At microgravity conditions many 
internal and external factors (e.g., thermocapillary forces, 
vibrations, etc.) can influence the process. 

Mode  o f  the exper iments 

The boiling curve can be affected by the manner in which the 
experiments are conducted--s teady state or transient. Most of 
the discussion presented previously is that for a steady-state 
process. One of the earliest studies on transient nucleate boiling 
heat fluxes is that reported by Johnson. 9~ In the experiments 
thin metallic ribbons submerged in water were heated electrically. 
The power to the heaters was increased exponentially. It was 
concluded that for exponential periods greater the 5 ms, the 
transient nucleate boiling process including incipience could be 
described by a steady-state process. However, the transient 
maximum heat fluxes exceeded the steady-state values. Subse- 
quent studies of Sakurai and Shiotsu 96'97 on platinum wires 
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submerged in a pool of water show that for exponential periods 
varying from 5 ms to 1 s, the incipience heat fluxes increase as 
the exponential time decreases. In nucleate boiling, the transient 
heat transfer coefficients were generally found to be lower than 
those obtained under steady-state conditions. The ratio of the 
transient and the steady-state heat fluxes depended on the 
magnitude of the heat flux, but values as low as 0.5 for this 
ratio were reported. For  periods less than 100 ms, the transient 
maximum and DNB heat fluxes were found to increase as the 
exponential time decreased. The DNB heat flux was defined as 
the highest nucleate boiling heat flux at which a linear relation- 
ship between In q and In AT ceased to exist. Figure 20 shows 
their data obtained at pressures ranging from 1-20 atm. Kozawa 
et al. 9~ have also studied transient boiling from a 70-/~m thick 
copper foil submerged in a pool of F-113. Their objective was 
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to determine the magnitude of the wall superheat at the onset 
of transition boiling rather than the magnitude of the maximum 
heat flux. Stepwise heating was used and artificial pinholes were 
created on the surface to enhance nucleation site density and 
thereby the rate of heat transfer. An optimum pinhole density 
was found for enhancement of boiling heat transfer. The authors 
found that the presence of pinholes limited the temperature 
overshoot. The onset of boiling transition was not only affected 
by the magnitude of the heat flux but also by the wall superheat 
at boiling incipience. 

Models for transient maximum heat fluxes have been proposed 
by Serizawa 99 and Pasamehmetoglu et al. 1°° These models 
employ an accepted steady state critical heat flux model as a 
starting point. In the work of Pasamehmetoglu et al., the 
steady-state model of Haramura and Katto 63 was used while 
including the effect of time-dependent heat flux on the initial 
liquid layer thickness (hydrodynamic basis) and on the evapor- 
ation rate of the liquid layer. The conduction equation in the 
heater was also solved to relate the surface heat flux to the 
energy generation rate in the solid. The predictions from the 
model were reported to be in good agreement with the data. 
The hovering period of a bubble was an adjustable parameter 
in the model. 

Quenching of a hot body in a saturated or a subcooled liquid 
has many industrial applications. To circumvent the difficulties 
associated with carrying out steady-state boiling experiments 
in certain geometries and to facilitate acquisition of data in 
transition boiling, quenching (transient cooling) has also been 
used as an experimental technique for carrying out boiling 
studies. In the quenching experiments the time-dependent tem- 
perature history in the solid is used to recover the surface heat 
flux. If quenching is used as an experimental technique, such 
questions arise as how well the transient boiling curves can be 
identified with a steady-state process, and what criterion or 
conditions need to be satisfied before quenching results can 
be considered to approach steady-state results? Bergles and 
Thompson I°~ and Veres and Florschuetz 1°2 made the first two 
attempts to relate the transient boiling curves to the steady-state 
boiling curves. Bergles and Thompson reported that maximum 
heat fluxes in their transient and steady-state tests were about 
the same, while some differences existed in the steady and 
transient transition boiling data. However, Bergles and 
Thompson did not use the same heater geometry in the 
two tests. Veres and Florschuetz, by employing the same heater 
in the two types of tests, eliminated the heater geometry as a 
parameter. But they introduced another new variable in terms 
of induction heating that was used to carry out the steady-state 
experiments. 

Peyayopanakul and Westwater ~ 03 studied the boiling process 
during quenching by systemically varying the time needed to 
quench the heater surface. In the experiments, 5.08-cm diameter 
horizontal copper disks of thickness varying from 0.05-51 cm 
were used. Liquid nitrogen at 1 atm was used as the test liquid. 
Figure 21 shows the boiling curves obtained in their experi- 
ments. From the data the authors concluded that disk thickness 
had no effect on nucleate and transition boiling as long as the 
thickness was greater than 1.3 cm. For  thinner test specimens, 
the boiling curves were generally shifted to the right. The 
maximum heat flux decreased with decreasing thickness when 
the disk was thinner than 2.5 cm. For  thicknesses greater than 
2.5 cm, the maximum heat flux was independent of thickness. 
It was noted that if the time to traverse the top 10 percent of 
the boiling curve was greater than 1 s, the boiling process could 
be called quasi-steady. 

In a subsequent work, Lin and Westwater 1°4 investigated 
the effect of thermal properties of the solid on the boiling process 
during quenching. They noted that the required thickness of 
the test specimen for the process to be called quasi-steady was 
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Figure 22 The effect of metal properties on boiling curves obtained 
during quenching 1°~ 

different for each metal. Figure 22 shows their quasi-steady 
boiling curves for the five metals tested. Some effect of the 
specimen thermal properties on nucleate and transition boiling 
is evident. The quasi-steady maximum heat flux was correlated 
with the product of density, specific heat, and thermal con- 
ductivity. The effect of metal properties during quenching of 
spheres has been reported by Irving and Westwater. 1°~ 

L i q u i d  s u b c o o l i n g  

The rate of the convective heat transfer increases with liquid 
subcooling. As a result, liquid subcooling influences the inception 
and partial nucleate boiling regions of the boiling curve. On a 
wall flux versus wall superheat plot, convective heat flux and 
partial nucleate boiling curves lie higher than those for saturated 
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boiling. However, at high nucleate boiling heat fluxes, the 
subcooled and saturated boiling curves almost overlap. This 
behavior suggests that at high heat fluxes the convective 
contribution becomes small. Also, since the nucleation site 
density depends only on wall superheat, the number density of 
active sites must be playing an important role. At present no 
theoretical criterion, such as that developed by Moissis and 
Berenson 3s for saturated boiling exists for transition from 
partial to fully developed nucleate boiling under subeooled 
conditions. The maximum heat flux is found to increase with 
subcooling. Zuber et al. ~°6 extended Equation 39 to a subcooled 
liquid by accounting for heat lost to the liquid in a transient 
manner. Their expression for maximum heat flux in subcooled 
liquids is 

q . . . . .  b _ I'1 + C~ (g(p~ - p ~ ) p ~ a ~ l a 3 )  ~/8 Ja'] (57) 
qrnax 

where q~x is the maximum heat flux given by Equation 39 for 
saturated liquids. From analysis, the constant, C~, was found 
to have a value of 5.33. The Jakob number was defined in the 
same manner as given in Equation 9 except that AT was 
replaced by liquid subeooling, AT,,~. According to Equation 
57, maximum heat flux increases linearly with subcooling. The 
prediction from Equation 57 was found to be in good agreement 
with subeooled water data obtained up to 2 atm and subcooled 
ethanol data obtained up to 10 atm. 

Very recently Elkassabgi and Lienhard ~°7 have made an 
extensive investigation of maximum heat fluxes in subcooled 
pool boiling on horizontal cylinders. In the experiments, 
acetone, isopropanol, methanol, and Freon 113 were used as 
the test liquids and liquid subeoolings as high as 140°C were 
attained. Figure 23 shows their data obtained with isopropanol. 
Based on the trend of the data, three subcooling regimes for 
the maximum heat flux were identified. The data that varied 
linearly with subcooling (low subcooling) were correlated in a 
manner similar to Equation 57, but the time constant for 
transient liquid contacts was obtained from the mechanical 
energy stability criterion. Their correlation for low subcooling is 

q . . . . .  ~ - 1 + 4.28 Ja /Pe  ~/4 (58) 
q rnax 

where Peclet number is defined as negative one fourth power 
of the expression contained in the rounded parenthesis in 
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Equation 57. The constant in Equation 58 was found to be 
independent of dimensionless cylinder radius. The maximum 
heat flux, q,,,x, in saturated boiling was obtained from the 
hydrodynamic predictions shown in Figure 8. 

At moderate subeoolings, bubbles were observed to surround 
the heater without detaching. For  these subcoolings, the 
maximum heat flux was considered to be determined by natural 
convection from the outer edge of the bubble boundary layer. 
Their correlation for moderate subeoolings is 

q . . . .  b = 28 + 1 .5Ra l /4 / ( f lAT~ ,b )  7Is (59) 
( k L / 2 R , f  f • AT~,~) 

where 

Ra = g~ ATsub(2Re f f  )3 (60) 

aL~ L 

Re f  f -~- R ( 1  q- D d / R  ) ( 6 1 )  

where R is cylinder radius and D d is given by Equation 10. 
At very high subeoolings, the maximum heat flux was 

independent of AT~,b. Elkassabgi and Lienhard noted that the 
maximum heat flux was limited by the evaporation rate at the 
heater surface (the authors called it a molecular effusion limit) 
and not by the rate at which energy could be removed from 
the bubble boundary by natural convection. The maximum 
heat flux was correlated as 

q . . . . .  b = P~h~.G R ~ T ~ / 2 r ~  

• I-O.Ol + O.O047exp(-1.11 x lO-6x)]  (62) 

where 

x = R ( R e  T~,)  I/2/a~. (63) 

Equation 58 of Elkassabgi and Lienhard shows a much weaker 
dependence on Pe than Equation 57 of Zuber et al. 1°6 Since 
geometry influences the convective process, and the radius of 
the cylinder is used as the characteristic length for the molecular 
effusion limit, Equations 59 and 62 should be considered specific 
to the range of cylinder diameters employed in the study. 

Transition boiling is influenced strongly by liquid subcooling. 
Very limited data on subcooled transition boiling is available 
in the literature. Figure 24 shows the transition boiling data 
obtained by Dhir ~°s during quenching of a 19-mm diameter 
copper sphere in subcooled water. With increase in subeooling, 
the transition boiling curves move up and to the right. The 
maximum heat flux increases with subcooling. Though the 
maximum heat flux data varied somewhat nonlinearly with 
subcooling, it was found to correlate with Equation 57 when 
the constant Ct was chosen have a value of 6.33 to account 
for the spherical geometry of the heater. In the transient cooling 
experiments, the nucleate boiling curves did not collapse on 
one curve. 

External f low boiling 

Flow velocity represents another variable that can significantly 
influence the boiling curve. Boiling under forced flow conditions 
can be divided into two categories: external and internal flow 
boiling. In this review only external flow boiling on surfaces is 
considered while an occasional reference has been made to 
boiling in tubes or channels (internal boiling). Since convective 
flow and heat transfer are affected by the geometry of the heater 
as well, both flow velocity and geometry interact to alter the 
boiling incipience and partial nucleate boiling heat transfer. An 
example of this behavior can be seen in Figure 17 in which the 
distribution of the partial nucleate boiling heat transfer coefficient 
around a horizontal tube is plotted. Generally liquid velocity 
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enhances the incipience and the partial nucleate boiling heat 
fluxes. In fully developed nucleate boiling, however, velocity 
has little effect except that maximum heat flux increases with 
flow velocity. This effect of liquid velocity on nucleate boiling 
is similar to that of liquid subcooling. It should be noted though, 
that the preceding statement is true only as long as liquid inertia 
dominates the process. 

Two of the most studied geometries under external flow 
conditions are those of a liquid jet impinging on a horizontal 
surface and that of flow normal to a horizontal cylinder. 
In the two cases the flow can be along the direction of gravity, 
against the direction of gravity, or normal to gravity. Fully 
developed nucleate boiling data of Katto and Monde ~°9 
obtained with a saturated water jet issuing from a 2-mm 
diameter nozzle and impinging on an upward-facing electrically 
heated 8 x 8 mm stainless steel foil showed little effect of 
velocity. The pool and forced flow nucleate boiling data of 
Katto and Monde for the same configuration are shown in 
Figure 25. In a certain band, the nucleate boiling data obtained 
with an impinging jet is seen to lie on an extension of the pool 
boiling curve. The scatter in the pool boiling data was thought 
to have resulted from the fact that a new foil w.as used after 
each run. Semitheoretical correlations for the maximum heat 
flux obtained with impinging jets have been developed by Katto 
and Shimizu, 1~° Monde, 1~ and Sharan and Lienhard. 112 
Monde extended the critical liquid layer model of Haramura 
and Katto, whereas Sharan and Lienhard's work had as its 
basis the mechanical energy stability criterion initially proposed 
by Lienhard and Eichhorn. ~ 3 According to the mechanical 
energy stability criterion, the maximum heat flux occurs when 
the rate at which kinetic energy added to the coolant (as a 
result of evaporation) exceeds the rate at which energy is 
consumed in the formation of new droplets. The correlations 
of Monde 1 ~ 1 and Sharan and Lienhard ~ ~2 yield comparable 

results except at moderate-to-high pressures. More recently, 
Kate and Yokoya ~14 have systematically evaluated all of the 
available data and have suggested a generalized correlation for 
the maximum heat flux on a horizontal disk cooled by an 
impinging jet as 

_ qmax = K ~  ffPl 1 ]m 
pLU~h~  k(PLU~)2(D -- d) (1 +-D/d)  (64) 

where 
/ N l . 1 2  

K = 0.0166 + 7.00{ ~ }  (65) 
/ ~  ~ 

kPt , /  

and 

m = 0.374(p6/pL) ° ' ° ~  for p6/p~ ~ 0.00403 (66) 

m = 0.532(po/p~) °'°vg~ for po/p¢ > 0.00403 (67) 

In Equation 64 U~ is the liquid velocity. Equation 64, which is 
applicable to both an upward- and a downward-facing disk, is 
valid only as long as liquid supply rate from the nozzle is much 
higher than the evaporation rate at the heater surface. 

The history of developments in the area of prediction of the 
maximum heat flux on cylinders has recently been reviewed by 
Leinhard. 5~ Through several sequential modifications to the 
original mechanical stability criterion, Lienhard and coworkers 
have developed an expression for the maximum heat flux on 
nonalternating current (AC) heated cylinders in cross flow of 
saturated liquids as 

[ 4~2 ( ( ~ e ~ h h ?  1/3 

0 ~ . ~  = q + L~--k ~we~ - ~ ¢ ~ ¢ ~  - ")~ 6q 3 JJJ 

where 

7tqmax 
4~-- 

ULp~hL~ 

(68) 

(69) 
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Figure 25 Comparison of pool and forced flow nucleate boiling 
data obtained on horizontal disks 
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Equation 68 is valid only for gravity-uninfluenced data (upflow, 
downflow, or normal) and for this case 4' = 4'P,ed' The criterion 
for the data that are influenced by gravity is 

r~~/Fr < 3,000 (74) 

The gravity-influenced data were correlated as 

4, - 1 + 2 × 10-5r~7/Fr  (75) 
, P r e d  

Figure 26 shows the correlation and the data obtained under 
the influence of gravity and in the absence of it. It is seen that 
gravity-influenced data show a considerable scatter about the 
prediction made from the correlation. One reason for the scatter 
could be that the correlation does not take into account the 
local condition at the heater surface. It has been shown by 
Meyer et al. 11~ that at low velocities, interaction between 
gravity and inertia can create a dead region for bubble 
movement and thereby can lead to a premature burnout. 

A correlation for maximum heat fluxes for low velocity up 
flow across cylinders has also been developed by Ungar and 
Eichhorn.~16 By combining the sheet instability criterion with 
the mechanical instability criterion they were able to obtain 
the pertinent dimensionless groups for correlation of the data. 
The correlation of Ungar and Eichhorn is somewhat simpler 
to use than Equations 68 and 75. 

If cross flow occurs over a bank of tubes, the data of Jensen 
and Hsu 1 a 7 for up flow show that nucleate boiling heat transfer 
coefficients are influenced by the location of the tube in the 
bundle. Because of accumulation of vapor along the flow 
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Figure 26 Correlation of maximum heat flux on horizontal cylinders 
subjected to forced flow of saturated liquids ~ 
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direction, flow regimes change. A liquid film with vapor core 
was observed on tubes far away from the inlet. Thus, different 
types of burnout mechanisms may prevail in the lower and 
upper parts of a tube bundle. A thorough review of cross flow 
boiling on horizontal tube banks has been given by Jensen.11 s 

A study of transient transition boiling on a hot horizontal 
surface cooled by an impinging jet has been reported by Ishigai 
et a1.~19 This transient data show that high flow velocity and 
liquid subcooling shift the transition bonding curves upward 
and to the right. Their transition boiling curves showed some 
distortion and in some instances transition boiling heat fluxes 
over a certain range of surface temperatures were found to be 
independent of wall superheat. A similar behavior was observed 
by Dhir ~°s during forced flow transient cooling of spheres. It 
should be mentioned that at low velocities Auracher 73 did not 
observe any effect of velocity on transition boiling. 

F u t u r e  d i r e c t i o n s  

In the last half century of boiling research we have made 
significant progress toward an understanding of the process. 
Very often this understanding is reflected in the form of 
semitheoretical correlations. The correlations serve an important 
purpose in providing predictions for geometries and flow 
conditions of interest. However, we are a long way from making 
a totally theoretical prediction of nucleate and transition boiling 
heat fluxes. The boiling process is an aggregate of many 
subprocesses and their interactions. The subprocesses are 
affected by many system variables (a few of which were included 
in the earlier discussion). Some of these subprocesses are better 
understood than others. But when it comes to the interactions 
of the subprocesses our understanding is very limited. One of 
the key unresolved issues in the prediction of nucleate and 
transition boiling heat fluxes is the knowledge of the density of 
active nucleation sites and the relation between active cavities 
and the cavities that are formed on the surface after the surface 
is prepared by following a certain procedure. Consideration 
must also be given to characterization of the surface (wettability, 
roughness, cavity size distribution and shape, etc. ) and the wall 
void fraction in the fully developed nucleate and transition 
boiling. We also need to understand the mechanics of micro- 
layer evaporation when the thickness of the microlayer is of 
the same order of magnitude as the rms value of surface 
roughness. 

As we enter the second half century of boiling research it 
may be prudent to go back to very basic experiments. The 
experiments should be conducted on simple geometries and 
should initially involve as few variables as possible. One of the 
requirements of these experiments should be that macroscopic 
information must accompany as much microscopic data as 
possible. Available instrumentation may be inadequate for this 
purpose. Emphasis may therefore have to be placed on the 
development of new measurement techniques. A diligent effort 
has to be made to provide detailed information so that 
hypotheses made in the development of models are proved with 
little doubt. A starting point in this direction could be the 
repetition of experiments similar to those of Gaertner and 
Westwater but under much more controlled conditions and 
with additional instrumentation. 

The experimental effort should be complemented with theo- 
retical work. The process is highly nonlinear and to include 
detailed models of all the subprocesses and their interactions, 
perhaps we have no choice but to develop comprehensive 
computer codes. The computer models, if developed, should be 
totally mechanistic and should to the extent possible be free of 
adjustable parameters. 
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