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INTRODUCTION  

Fundamental processes promoting heat transfer 
enhancement in nucleate pool boiling are not fully understood 
until now. Although a great variety of commercially available 
enhanced surfaces have been working successfully for years, 
basic understanding of the enhancement processes appears to 
be at the beginning, obviously because the individual shapes 
of the surfaces on the market are too complex to resolve their 
overall effect on heat transfer into local convective or 
evaporative contributions without introducing severe 
simplifications. Therefore the interactions of convection with 
evaporation are studied by means of surface preparations of 
plain tubes resulting in defined roughness structure. The 
boiling liquids (R134a, Propane) have been chosen in order to 
vary the saturation pressure ps over a wide range. They are 
interesting fluids for refrigeration, air conditioning and heat 
pump applications. The investigations on enhanced steel tubes 
are the subject of the paper of Kruck and Luke [1]. 

The value of the heat transfer coefficient α in nucleate pool 
boiling is mainly determined by the heat flux q, the saturation 
pressure ps, the thermophysical properties of the saturated 
liquid and by the material and roughness of the heating 
surface. The long-term aim in design of modern evaporators 
is to find a correlation based on the phenomena of vapour 
bubble formation on the heating surface.  

The heat transfer and the bubble formation is studied 
simultaneously on horizontal copper tubes with fine 
sandblasted or emery ground surface and on a mild steel tube 
with drawn or polished  surface. The tube diameter is varying 
from D = 8 mm to 25 mm. The heat transfer experiments 
discussed in this paper have been performed over wide ranges 
of heat flux (100 W/m2 to 105 W/m2) and saturation pressure 

(5 % to 80% of the critical pressure pc). The activation of 
nucleation sites, the bubble departure diameter dA and 
frequency f are examined by high speed video techniques at 
selected conditions of the heat transfer measurements. 

The site densities (N/A)C calculated with different 
correlations from the literature of dA and f, and with a new 
correlation considering the experimental results are compared 
with the measured site densities (N/A)exp. The model 
assumptions are mainly based on the heat transfer models of 
Mikic and Rohsenow [2], Han and Griffith [3], and 
Schömann et al. [4], but the additional heat transfer by 
evaporation into the bubbles sliding along the tube surface is 
incorporated in the model [10]. The comparison with the 
experimental data indicates a promising agreement, although 
the model contains various assumptions about growing and 
departing bubbles. 

RESULTS FOR THE HEAT TRANSFER  

The heat transfer measurements were carried out in the 
“Standard Apparatus” for pool boiling, see [5], [6]. The main 
parts of the apparatus are 

− the dc-heated, horizontal test tube in the evaporator, 
− evaporator and condenser combined in a natural 

circulation loop for the test fluid and placed in a PID 
controlled chamber in which the air temperature is 
adjusted to the saturation temperature Ts of the liquid 
in the evaporator. 

The heat transfer coefficient α is defined by the ratio of the 
heat flux q and the superheat ΔT of the liquid near the heated 
wall 
 
 )Tq/(TT q/Δα sW −== .   (1) 
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ABSTRACT 
 

The heat transfer and bubble formation is investigated in pool boiling of propane. Size distributions of active nucleation 
sites on single horizontal copper and steel tubes with different diameter and surface finishes have been calculated from heat 
transfer measurements over wide ranges of heat flux and selected pressure. The model assumptions of Luke and Gorenflo for 
the heat transfer near growing and departing bubbles, which were applied in the calculations, have been slightly modified and 
the calculated results have been compared to experimental investigations by high speed video techniques. The calculated 
number of active sites shows a good coincidence for the tube with smaller diameter, while the results for the tube with larger 
diameter describe the same relative increase of the active sites. The comparison of the cumulative size distribution of the 
active and potential nucleation sites demonstrates the same slope of the curve and that the critical radius of a stable bubble 
nuclei is smaller than the average cavity size. 



 
The results of the heat transfer measurements with propane 

boiling on the two test tubes are plotted in double logarithmic 
diagrams of the heat transfer coefficient α versus the heat flux 
q in Figure 1 for the copper tubes and in Figure 2 for the steel 
tubes. As is well known, α increases strongly with increasing 
heat flux and saturation pressure in the regime of nucleate 
boiling, and the results at constant pressures can be described 
by straight lines with α ∼ qn (of the logarithmic plot) with the 
slopes decreasing with rising pressure. At the highest heat 
fluxes and pressures, α-values up to 105 W/m2K are achieved 
at conditions already quite near to burnout, see [7]. A 
comparison more in detail shows that the α-values of the steel 
tube are lower than those of the copper tube and that the 
drawn steel tube differ from the straight line, see in Figure 2 
(for the discussion in detail of the heat transfer measurements 
on the steel tube see [8]). 
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Figure 1: The heat transfer coefficient α as function of the 

heat flux q for the copper tubes. Open symbols: 
Heat transfer measurements investigated. Closed 
symbols: parallel evaluation of bubble formation 
Top: fine sandblasted surface, D = 25.4 mm 
Bottom: fine sandblasted and emery ground 
surface, D = 8 mm 

CALCULATION OF THE ACTIVE NUCLEATION 
SITES BY RESULTS OF THE HEAT TRANSFER  

The size distribution of active nucleation sites N/A is 
calculated by the experimental data of the superheat ΔT and 
the heat flux q of Figure 1 and 2 using a method applying heat 
transfer models in the literature like Mikic and Rohsenow [2], 
Beer and Durst [9] combining bubble formation and heat 
transfer and considering convective effects of sliding bubbles 
along the tube surface [10]. The model is based on an energy 
balance 
 
 BKges QQQ +=     (2) 
 
of the total heat flux rate on the heated surface, which is 
separated into a part influenced by the bubbles  
 
 slidfbgsB QQQQ ++=     (3) 
 
and another influenced by free convection 
 
 /fAΔTαQ KKK ⋅⋅= .    (4) 
 
Constant superheat is assumed all over the heated surface 
 
 expKBsW ΔTΔTΔTTTΔT ===−= .  (5) 
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Figure 2: The heat transfer coefficient α as function of the 

heat flux q for the mild steel tubes 
Top: drawn surface, D = 19 mm 
Bottom: polished, D = 18.82 mm 



 
QsB in eq. (3) near the growing and departing bubbles is 
separated into three parts. The part during the growth is 
 
 VBAbg ΔhVρQ ⋅⋅′′= .    (6)  
 
the part during the departure of the bubbles from its sites 
based on the consideration of is 
 
 ( ) ( )ΔT/2c/2ΔVρQ pBAdf ⋅⋅⋅′= .  (7) 
 
The third contribution QδV evoked by secondary evaporation 
into the bubbles sliding along the superheated tube surface is 
added 
 
 VBsli ΔhΔVρQ ⋅⋅′′= .    (8) 
 

The increase of the bubble volume ΔVB by secondary 
evaporation is modelled by convective heat transfer 
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The distance Δs of the sliding bubbles along the tube 

surface (see the sketch in Figure 3) is needed besides some 
thermophysical properties of the liquid, the bubble departure 
diameter dA, and the superheat ΔT and the thickness⎯δ of the 
superheated boundary layer. Δs is correlated by ΔT and p* 
and is fitted to experimental data [12] 
 
 

b*pa10ΔTΔs +−=⋅ .    (10) 
 

The interaction of the bubbles especially for high pressures 
and superheats is considered by using the criteria of Calka 
and Judd [11], who separate the interactions among active 
nucleation sites into three different domains, using the 
distances between nucleation sites sK 
 
 sK > 3dA 
 the bubbles are not influenced by the neighbouring 

bubbles, 
 
 dA ≤ sK ≤ 3dA  
 the bubbles inhibit the activation of the adjacent sites, 
 
 sK < dA  
 the activation of sites within dA are by the bubbles. 
 

The mean distances sK are correlated by 
 
 ( )0.5

K N/A0.5s ⋅= .    (11) 
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Figure 3: 
Qualitative representation 
of sliding bubbles along 
the tube 

The heat transfer QB of bubbles influenced by their 
neighbours 
 
 ( ) infl δV,Vinfl BA,infl B, QJa/41ΔhVρQ ++⋅⋅⋅=  (12) 
 with s /ΔsQQ KδVinfl δV, ⋅=    (13) 
 
is smaller than of the uninfluenced bubbles, because each 
single bubble cannot grow and slide up undisturbed. 
Therefore, the total number of nucleation sites is separated in 
one part with “stable” sites and in one part with unstable sites 
 
 infl A,noninfl A,A ddd >=  and   (14) 

 ( ) 6 / πdndnV 3
Aunst

3
Astinfl BA, ⋅⋅+⋅= .  (15) 

 
The area influenced by the bubbles AB = N π dA is 

described by the approximation of Han and Griffith [3]. The 
density of the active nucleation sites is then 
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with α = experimental heat transfer coefficient, αK = heat 
transfer coefficient of free convection and the heat transfer 
coefficient in the area influenced by the bubbles 
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and the bubble departure diameter dA. The model contains 
some more simplistic assumptions in relating to bubble 
behaviour: 

− the bubbles are arranged in an equidistant hexagonal 
manner on the heated surface,  

− the activation of the nucleation sites occurs 
synchronously,  

− the overlapping of the area influenced by the bubbles 
at high heat fluxes is taken acc. to Schömann [13]. 

The main influence parameter within the model is the 
bubble departure diameter. Large differences of the results are 
mainly caused by different input data of the bubble departure 
diameter and the frequency [10]. 

The bubble departure diameter dA and bubble frequency f 
are averaged and considered as constant values for constant 
pressure for several model calculations as the following. As is 
known from literature dA decreases with increasing reduced 
pressure p*. The often used equation of Fritz [16] 
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is modified by Weckesser [14] 
 

 
)ρρ(g

σ6*pZd 0.85
A ′′−′⋅

⋅
⋅⋅= −    (19) 

by fitting his measurements on a horizontal plate.  
Experimental data of Siebert (see [13]) on copper tubes 
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or on steel tubes 
 27156

A *p105.53*p106.67108.05d −−−−− ⋅⋅−⋅⋅+⋅−=  
        (21) 

are fitted by Schömann [13]. 
The frequency may be calculated by Weckesser [14] 
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or McFadden and Grassman [15] 
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In the following, the correlations for dA and f are replaced 

by functions of the azimuthal position ϕ of the nucleation 
sites on the tube determined by experimental data discussed 
above [10] 
 
 2

2minA,A *)(pa*)(pdd ϕ⋅+=    (24) 

with  b
minA, p*a*)(pd ⋅=    (25) 

 and   d5
2 p*10c*)(pa ⋅⋅= −    (26) 

 
or for the frequency 
 
 2

2max *)(pa*)(pff ϕ⋅+=    (27) 

 with b
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 and d4
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Considering new results of the bubble departure diameter 

[18] 
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the experimental data of Figure 1 and 2 are taken and the four 
different models for the bubble departure diameter are taken 
to calculate the number of active sites in the next chapter. 

COMPARISON OF THE CALCULATED AND 
MEASURED DATA FOR BUBBLE FORMATION  

The spatial-temporal distribution of the activation of the 
nucleation sites and the bubble growth and movement are 
observed by high speed video technique. Due to the time-
consuming evaluation by semi-automatical methods, the 
analysis of the image sequences was only carried out for one 
or two selected medium pressure on the copper tube. In the 
case of high heat fluxes and pressures for intensive boiling, it 
is nearly impossible to determine the single sites. The results 
of some of the analysis of the bubble image sequences for p* 
= 0.1 are shown in Figure 4 in form of the total number of 
active sites as function of the heat flux for the two differently 
treated surfaces [19]. The numbers of active sites are mean 
values for different sequences (only for q = 20 kW/m² are two 

values as example for the scattering of N/A, [19]). 
Cumulative nucleation sites - at least once active during the 
session of 500 ms duration - and momentary - active in 1ms - 
are distinguished. The definition of the momentary sites is 
still arbitrary (here 1 ms), the momentary sites augment for 
increasing sampling interval [18]. 

The comparison of the momentary and the cumulative N/A 
in Figure 4 on both surfaces shows more stable active sites on 
the emery ground surface than on the fine sandblasted surface 
for very small heat fluxes. The bubbles are activated in the 
few large grooves of the emery ground surface, grow and 
depart with constant frequency. They are strung along the 
grooves as the potential sites for the low heat fluxes. It seems 
that the stable nucleation sites result in higher α-values than a 
large number of unstable ones, see Figure 1 and 4. For higher 
heat fluxes the differences between momentary and 
cumulative nucleation sites approach to those of the fine 
sandblasted. The number of momentary on both surfaces is 
nearly the same for the heat flux investigated. 

Nearly the same heat transfer coefficient α can be related 
to the same number of mean active momentary nucleation 
sites, e.g. for p* = 0.2 and q = 10 kW/m² and p* = 0.1 and q = 
20 kW/m² in Figure 1 and in Figure 5 for the copper tube with 
larger outer diameter. Similar potential nucleation sites 
offered by the surface are obviously activated, because the 
critical radius calculated with the average superheat has 
nearly the same value in both cases, see Figure 5, right. The 
same holds for the lower heat fluxes q = 5 kW/m² (p* = 0.2) 
and 10 kW/m² (p* = 0.1).  

The results of the calculation with the data for the copper 
tube with emery ground and fine sandblasted surface(D = 
8mm) of Figure 1, bottom, as input values are shown in 
Figure 6 and 7 in form of the density N/A of active nucleation 
sites for the pressure investigated versus the heat flux. The 
slope of the curve is reflected quite well by the model for the 
two surfaces. The variation by the different bubble departure 
diameter is more than one decade in N/A-values: Taking the 
eq. (18) of Fritz [16] the N/A-values are ten times to low 
compared with the experimental data. By using the eq. [20] of 
Schömann [13] for a copper tube and the eq. (24) of Luke and 
Gorenflo [10], considering dA as function of the azimutal 
position, the momentary N/A values are calculated within the 
experimental limit of scatter for both surface structures. The 
highest values are determined by dA acc. to Weckesser [14], 
the values are still within the upper limit of experimental 
scatter. 

The comparison of experimental and calculated values for 
the copper tube with larger diameter and two different 
pressures in Figure 8 reveals a good coincidence for the 
relative increase of the number of active sites with the heat 
flux, while the absolute values differ. The criteria of stable 
and unstable bubbles describing the interaction of bubbles 
meet the slope of the experimental data. For p* = 0.1, the 
calculation results in to high N/A-values. The correlation, 
which consider the dependence of dA-values on the azimuthal 
angle of larger tubes describe the momentary N/A-values 
within the upper limit of experimental scatter. For the higher 
pressure, the cumulative data are calculated, the number of 
momentary active sites are overestimated. 
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Figure 4: The number of active sites as function of q for 

propane boiling on a horizontal copper tube (D = 8 
mm) with different surface finishes (emery ground 
and fine sandblasted of Figure 1, bottom 
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Figure 5: The number of active sites as function of q (left) 
and of the critical radius of a stable nucleus (right) 
for the data of the copper tube with D = 25.4 mm 
of Figure 1, top 
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Figure 6: Comparison of the calculated and the experimental 

number of active sites as function of q for propane 
boiling on a horizontal copper tube (D = 8 mm) 
with different surface finishes (emery ground, 
bottom; fine sandblasted, top) of Figure 1, bottom. 



 
The evaluation of the bubble formation is not finished for 

the steel tube, so that only calculated data are discussed. The 
results of the calculation with the data of Figure 2 for p* = 0.1 
as input values are shown in Figure 8 in form of the density 
N/A of active nucleation sites at the normalized pressure p* = 
0.1 versus the heat flux for the drawn mild steel tube (left) 
and the polished one (right). 

The cumulative distributions of nucleation sites increase 
with the heat flux. Clearly separated symbol sequences for the 
different dA-correlations can be noticed for both surface 
finishes - except for the eq. (23) acc. to Schömann [13] 
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Figure 7: Comparison of the calculated and the experimental 

number of active sites as function of q for propane 
boiling on a horizontal copper tube (D = 25.4 mm) 
for two different pressures (p* = 0.1, left; p* = 0.2, 
right) 
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Figure 8: Calculated number of active sites as function of q 

for propane boiling on a horizontal steel tube (D = 
19 mm) with different surface finishes (drawn, left; 
polished, right) of Figure 2 for p* = 0.1 

 

for steel and the new one eq. (23). The next step is the 
comparison of the calculated data with the experimental one 
to discuss the influence of the tube diameter on the convective 
effects in heat transfer and on the bubble departure diameter. 
 

COMPARISON OF THE SIZE DISTRIBUTIONS OF 
ROUGHNESS PARAMETERS AND ACTIVE 
NUCLEATION SITES  

The surface topography is analyzed by a contactless stylus 
instrument [17]. The number of potential nucleation sites, see 
Figure 9, is determined by the method of the envelope area 
[17]. The size distributions of differently defined parameters 
are calculated. The definition of the parameter P5* is 
demonstrated in Figure 9. The cumulative size distributions of 
P5* can be represented by a modified RRS-function for the 
dimensionless number N/A of cavities found in the area 
investigated by the stylus instrument 
 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⎟

⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛== ∫
m

omaxmax

P

P P
P

A
Nlnexp

A
Ng(P)dP

A
N

max

 

       (31) 
 

The characteristic parameters of the distribution are the 
largest value Po, and the total number (N/A)max of cavities 
found on the whole measured area, and the exponent m, 
characterizing the slope of the distribution. The probability 
density g(P) is the derivative of the cumulative size 
distribution and has the form of an extended Weibull 
distribution. g(P) specifies the number of cavities within the 
size interval between |P| and |P+dP|: 
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       (32) 
The analysis of the fine sandblasted copper tube surface 

with D = 25.4 mm results in the distribution of P5* for 
different roller radii in Figure 10. The same roller radius RB = 
2500 µm detects by the three-dimensional method more and 
larger cavities (P5*) than by the two-dimensional, compare 
the dotted with the solid line (left). For the two- dimensional 
analysis, the largest cavities of P5* ≈ 1.0µm determined by a 
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Figure 9: Example for the definition of a cavity and the 

roughness parameter P5* (two-dimensional, left, 
three-dimensional, right) acc to [17] 

 



 
smaller roller radius RB =2500 µm are nearly the same as for 
RB = 25000 µm, but the total number of small cavities is ten 
times larger. The sizes of the cavities have a very small 
distribution, the scatter is only ± 0.4 to an average value of 
1.8 µm, and they are distributed uniformly (excess and 
skrewness are near zero), s. Figure 11. The experimental data 
of the active sites are added to Figure 10 as function of the 
critical radius. 

Comparing the two kind of distributions large quantitative 
differences are found, see the sequences of symbols of the 
various curves. The critical radius is ten times smaller than 
the largest cavity. A more detailed comparison reveals that 
there exist some analogues characteristics of the two kinds of 
distributions. The mean slope of the curves for the potential 
sites and of the sequences of the symbols is similar for the 
cumulative sites. This demonstrates that the regular 
distribution of cavities with the same size is followed by the 
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Figure 10: Cumulative size distribution of the parameter P5* 

(left) analyse for RB = 2500 µm for the fine 
sandblasted surface of Figure 1 

 

activation. The surface offers a high number of larger cavities 
than the critical radius, see Figure 10. The differences 
between the total number of sites are vanishing for the larger 
roller radius and the higher pressure investigated. The 
calculated data, see the symbols with cross in Figure 10, 
bottom, demonstrate the same slope as the size distribution of 
P5* and a roller radius of RK = 250 μm would be appropriate 
for the highest pressures investigated. 
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Figure 11: Density distribution for the three-dimensional 

analyse for a roller radius RB = 2500 µm for the 
fine sandblasted surface of the copper tube with 
D = 25.4 mm in Figure 1, top 

 

CONCLUSIONS 

The following conclusions can be drawn from the 
simultaneous measurements of nucleate boiling heat transfer 
and of the formation and movement of bubbles on horizontal 
tubes reported in this paper: 
(a) The densities of active nucleation sites calculated from 

the heat transfer measurements using model assumptions 
for the heat transfer near growing, detaching and sliding 
bubbles on horizontal evaporator tubes react sensitively 
on the input data of the departure diameter dA and the 
frequency f of the bubbles. 

(b) Considering the additional effects of the convective 
contributions to the heat transfer of the sliding bubbles 
and to the interactions of neighbouring bubbles result in 
good agreement of calculated and measured site densities 
N/A for smaller tubes. In certain ranges discrepancies still 
exist, especially for larger tubes and higher pressures. 

(c) The comparison of the cumulative size distribution of the 
active and potential nucleation sites demonstrates the 
same slope of the curve and that the critical radius of 
stable bubble nuclei is smaller than the average cavity 
size. 

(d) More measurements of this kind and evaluation 
procedures for high speed video sequences and roughness 
analysis are necessary to improve the models used for the 
heat transfer near the vapour bubbles on heated technical 
rough surfaces. 



 
NOMENCLATURE 

A heat transfer area 
ad,f fitting parameter 
dA,f bubble departure diameter and frequency, resp. 
g acceleration of gravity 
Δhv heat of evaporation 
Ja Jakob-Number 
m,n exponent 
N number of active nucleation sites 
n local number of active nucleation sites 
q heat flux density 
Q total heat flow rate 
p* normalized pressure 
rc minimum radius of a stable bubble nuclei 
Ra standardized roughness parameter (DIN 4762) 
Δs average sliding distance  
sK average nearest distance between neighbouring 

 nucleation sites 
ΔT superheat 
VB volume of the sliding bubble 
VBA volume of the departing bubble 
 
Greek Symbols 
α heat transfer coefficient 
δ boundary layer 
η dynamic viscosity 
ϕ azimutal angle  
ρ' density of the saturated liquid 
ρ" density of the saturated vapour 
σ surface tension 
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