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Abstract

Part I of this paper has identified significant boiling surface parameters affecting nucleate

pool-boiling heat transfer and has investigated their parametric trends, thus providing a measure

of the state of the art in this area. This part of the paper examines the existing prediction

methods for the heat transfer coefficient (HTC) under this boiling regime. Six heat transfer pool-

boiling correlations that are well known in the literature have been selected and their prediction

accuracy has been assessed against available and well-documented experimental databases.

These databases provide HTCs obtained: (i) under pool-boiling conditions of fluids such as
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water, ethanol, R-I13, and n-heptane; and (ii) on the following extended horizontal surfaces:

thick plates (made of copper, aluminum, brass, and stainless steel), and a horizontal circular disk

(plated with a thin layer of polished chromium). For completeness, the microgeometry

characteristics of the thick plate surfaces are included here, even though they are not fully

utilized in the present analysis. The surface microgeometry has been characterized by 14

roughness parameters measured with a laser profilometer. Micrographs of these surfaces, taken

with a scanning electron microscope, are also presented.

The analysis concludes that within the investigated ranges of boiling conditions, working

fluids and boiling surfaces, the Rohsenow and Pioro nucleate pool-boiling correlations are the

most accurate among those assessed. The Rohsenow and Pioro correlations use constants and

powers for the Prandtl number that correspond to a specific surface-fluid combination, as

opposed to the other correlations that use fixed values regardless of the surface-fluid

combination.

Nomenclature

c specific heat [J kg-I K-I]

Csj coefficient in the Rohsenow correlation (see Eq. (1))

C~ coefficient in the Pioro correlation (see Eq. (2))

D diameter [m]

Db vapor bubble departure diameter [m]

f frequency ofvapor bubble departure [s-I]
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g acceleration due to gravity [m s-2]

h heat transfer coefficient [W m-2 K-I]

Hb-c distance between boiling and condensing surfaces [mm]

hfg latent heat of vaporization [1 kg-I]

HWF working-fluid level [mm]

k thermal conductivity [W mol K"l]

[ r1. pool-boiling characteristic dimension, a [m]
g(p- Pg)

p pressure [Pal

Ra arithmetic-average roughness [Jlm]

Rq root-mean-square roughness [Jlm]

q heat flux [W m-2
]

T,t temperature [0C]

Greek symbols

a thermal diffusivity, [_k_] [m2 sol]
CpP

L1 difference

6 wall thickness [m]

J.i dynamic viscosity [pa s]

() contact (wetting) angle [degrees]

p density [kg m-3
]
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surface tension [N mol]

v kinematic viscosity [;] [m2
S-I]

X thermal assimilability of solid ~k c P

Subscripts

b boiling

c condensation

cr critical

exp experimental

f saturated fluid

g saturated vapor

p at constant pressure

pred predicted

s saturation

sf surface-fluid

WF working fluid

Note: Physical properties with no subscript refer to saturated liquid.

Non-dimensional numbers

4

K Kutateladze number, .JP: q
hfg Pg [g a (p- p g )t25
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nucleate-pool-boiling Nusselt number, hb
:.

Pr
C f.l a

Prandtl number, _P- =-
k v

Abbreviations

HTC heat transfer coefficient

rms root-mean-square

81. 81. stainless steel

1. Introduction

In general, the nucleate pool-boiling heat transfer coefficient (HTC) is proportional to the

heat flux or a non-dimensional number containing the heat flux term (for example, the

Kutateladze number (K)) raised to the power of about 2/3. The effect of thermophysical

properties, including the indirect effect of saturation pressure, is usually expressed through the

Prandtl number (Pr) raised to some power.

There are two typical approaches used to determine the HTC for the boiling process under

consideration:

• The first approach is characterized by using constant values for the coefficients and powers;

this applies to a large variety of fluids and boiling conditions (the correlations of Kutateladze

[1,2], Labuntsov [3], Kruzhilin [4], and others). The main advantage of this approach is the

wide range of applicability of these correlations, regardless of the kind of fluid and boiling
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surface; however, the prediction accuracy of this approach may be sacrificed.

• The second approach is an attempt to reflect the surface-fluid combination effects, which

were listed in Part I of this paper, by using a variable value of a coefficient in a correlation

(the original Rohsenow correlation [5]--eoefficient Csj) and a variable value of power

(usually for the Prandtl number), depending on the fluid type. In general, as it was indicated

in Part I of this paper, the effect of surface-fluid combination on the boiling process includes

the physico-chemical properties of the surface, interaction between the solid surface, liquid

and vapor (wettability, adhesion, adsorption), surface microgeometry (dimensions and shape

of cracks and pores), thermophysical properties of the surface material (thermal conductivity

and thermal absorption), etc. All these parameters affect the HTC simultaneously and are

interlinked. The modified Rohsenow correlation [6] employs the variable coefficient Csj, and

the Prandtl number is raised to two different values of the power; one value for water and the

other for the remaining fluids (the term "fluids" does not usually include cryogenic liquids

and liquid metals). The latest analysis of the Rohsenow correlation conducted by Pioro [7]

showed that a higher prediction accuracy of this correlation could be achieved by varying the

power in the Prandtl number according to the surface-fluid combination. Therefore, this

revision of the Rohsenow correlation was used in the current assessment. The main

advantage of this approach, when the correlation is used for the investigated surface-fluid

combinations, is higher prediction accuracy than that obtained from the correlations

corresponding to the first approach. However, a disadvantage of the second approach is the

limit.ation for application of the correlation outside the investigated surface-fluid

combinations. Even though the second approach provides better prediction accuracy of the

AECL-CONF-1416 



7

boiling HTC, the effects of boiling surface properties and characteristics, and interactions

between the solid, liquid and vapor components are still not properly identified (these effects

are only accounted for indirectly through the variable values of the constant and exponential

power for the Prandtl number).

For the above reasons, the existing prediction methods for calculating the nucleate pool

boiling HTC should be reviewed and examined. The following section of this paper provides the

assessment of six heat transfer pool-boiling correlations.

2. Assessment of Pool-Boiling Correlations

2.1 Basis for analysis

To achieve the objective of this paper it was decided to select six well-known nucleate pool

boiling correlations and compare their prediction accuracy against reliable experimental

databases. The databases cover a wide range of boiling conditions, including various

combinations of different fluids and boiling surfaces.

Two experimental sets of nucleate pool-boiling data [8, 9-11] were chosen to serve as the

basis for comparison of the selected heat transfer correlations. The first database (for details, see

Appendix 1) covers nucleate pool boiling of the following fluids: water, ethanol, and R-I13.

Thermophysical fluid properties are listed in Table A1.1, and contact angles in Table A1.2 of

Appendix 1. These experiments were performed on horizontal extended thick metal plates

(without special surface treatment) made of copper, aluminum, brass, and stainless steel.

Thermophysical properties of the boiling-surface materials are listed in Table A2.1, and surface-
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roughness parameters in Table A2.2 of Appendix 2; scanning electron microscope micrographs

of the boiling surfaces are shown in Appendix 3.

The second database contains the well-known experimental data of Cichelly and Bonilla [8]

for water, ethanol, and n-heptane boiling on a thick horizontal copper disk plated with a thin

layer of polished chromium. However, these experimental data do not contain a full set of

surface-roughness parameters of the boiling surface. Also, the boiling surface is a compound

one. In this case, the surface-fluid combination is polished chromium-fluid; however, the

conjugated heat transfer (i.e., heat transfer inside the plate linked with that at the boiling surface)

can be affected by the thermophysical properties of copper.

2.2 Prediction accuracy of nucleate pool-boiling correlations

For the purpose of this analysis, six nucleate pool-boiling HTCs have been selected, which

were developed by:

• Rohsenow [5] as revised by Pioro [7],

• Pioro [11],

• Kutateladze (the so-called new correlation) [2],

• Kutateladze (the so-called old correlation) [1],

• Labuntsov [3], and

• Kruzhilin [4].

These correlations are listed and described in Table 1. The prediction accuracy of the
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correlations was assessed and compared. Both correlations of Kutateladze [1, 2], and the

correlations of Labuntsov [3] and Kruzhilin [4] represent the first approach, as mentioned in the

Introduction (i.e., the constants and powers in these correlations do not depend on the type of

fluid and the boiling surface characteristics, hence they can be applied to a variety of surface-

fluid combinations).

The Rohsenow [5] and Pioro [11] correlations represent the second approach (i.e., the

constants in these correlations do depend on the surface-fluid combination, the exponential

power in the Prandtl number does depend on the fluid type, and they can be applied mainly to the

investigated or tested surface-fluid combinations, as given in [7, 11]). The constants in these

correlations and the exponential power in the Prandtl number were obtained as the best fit of

experimental data for each surface-fluid combination. The Pioro correlation uses the

Kutateladze number (X), which is the basic non-dimensional number in the critical heat flux

correlation, thus interlinking two major nucleate boiling characteristics: heat transfer coefficient

and critical heat flux.

All selected nucleate pool-boiling correlations (see Table 1) are well known and widely used

in engineering practice.

The results of this comparison are presented in Table 2, and in Figs. 1-9.

The prediction errors were evaluated using the following definitions:

HTCpred - HTCexp
Error = -------='--------...:

HTCexp

(7)
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~ Errorj
Mean Error = LJ

j=! n

~ Error/
RMS Error = LJ

j=! n

10

(8)

(9)

Figures 1-6 show the prediction errors between the experimental data and the corresponding

results predicted by the following correlations: Rohsenow (Fig. 1), Pioro (Fig. 2), Kutateladze

"new" (Fig. 3) and "old" (Fig. 4), Labuntsov (Fig. 5), and Kruzhilin (Fig. 6). The experimental

data refer to those data obtained during nucleate pool boiling of water on thick extended

horizontal plates made from copper, aluminum, brass, and stainless steel.

These figures show the Prediction Error versus: (i) Saturation Temperature (Figs. 1(a}-

6(a)), (ii) Heat Flux (Figs. 1(b)-6(b), (iii) Temperature Difference (Figs. 1(c)-6(c)), and (iv)

HTC (Figs. 1(d}-6(d)). It is clearly seen that only the correlations of Rohsenow and Pioro have

lower values of prediction errors (from -20% to +40%) within the investigated range of

saturation temperature, heat flux, temperature difference, and HTC. In general, the prediction

errors for the remaining correlations increase with decreasing saturation temperature, heat flux,

and HTC values. The maximum prediction error can be as high as 300% for the Kutateladze

"new" correlation, about -60% to +40% for the Kutateladze "old" correlation, and up to 140%

for the Labuntsov and Kruzhilin correlations.

Figure 7 shows the prediction errors for all six correlations versus saturation temperature

based on the Cichelly and Bonilla experimental data [8] obtained during nucleate pool boiling of

water (Fig. 7(a)), ethanol (Fig. 7(b), and n-heptane (Fig. 7(c)) on a combined boiling surface
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such as a copper disc plated with a thin layer of polished chromium. The results of this

comparison are similar to the previous ones.

Figures 8 and 9 show the prediction errors of the Rohsenow (Fig. 8(a) and 9(a)), Pioro (Fig.

8(b) and 9(b)), Kutateladze "new" (Fig. 8(c) and 9(c)) and "old" (Fig. 8(d) and 9(d)), Labuntsov

(Fig. 8(e) and 9(e)), and Kruzhilin (Fig. 8(t) and 9(t)) correlations based on primary

experimental data for ethanol (Fig. 8) and R-l13 (Fig. 9) nucleate pool boiling on thick extended

horizontal plates made from aluminum, brass, and stainless steel. These figures show the

prediction error versus saturation temperature only. It is clearly seen that only the correlations of

Rohsenowand Pioro have uniformly distributed prediction errors (from -40% to +40%) within

the investigated range. In general, prediction error values for the remaining correlations show

some bias and a larger scatter.

3. Conclusions and Final Remarks

The analysis shows that within the investigated range of boiling conditions, working

fluids, and boiling surfaces, the following ranking ofthe tested correlations can be made:

• The Rohsenow and Pioro correlations (i.e., those applying the second approach, with the

constants and powers for the Prandtl number depending on a surface-fluid combination

obtained from the experimental data) are more accurate than the other correlations, which

apply the first approach.

As indicated in Part I of this paper, the effect of surface characteristics on the boiling process

depends on the physico-chemical properties of the surface, interaction between the solid surface,

liquid and vapor (wettability, adhesion, adsorption), surface microgeometry (dimensions and
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shape of cracks and pores), thermophysical properties of the surface material (thermal

conductivity and thermal absorption), etc. All these parameters affect the HTC simultaneously

and are interlinked. However, there are still not enough data available to solve this complex

problem. Due to these complexities, the available correlations do not take into account all the

specified parameters, thus lowering prediction accuracy.
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Appendix I

Experimental Databases Used in Analysis

Comparison of the different nucleate pool-boiling HTCs requires an appropriate selection of

the experimental data. An exhaustive literature search did not reveal any such nucleate pool

boiling experimental data sets obtained over a wide range of boiling conditions that would

contain complete data of thermophysical properties of the working fluids, and thermophysical

and other properties (surface-roughness parameters, microstructure, etc.) of the boiling surfaces.

Therefore, it was decided to use the experimental data obtained at the University of Ottawa [7,

9-11]. It covers a wide range of boiling conditions and has the complete set of thermophysical

properties of working fluids and boiling surfaces, which includes the parameters of surface

roughness and boiling surface microstructure.

Al.I Experimental set-up

The experimental set-up consisted of a boiling-condensation chamber (i.e., a horizontal, flat

two-phase thermosyphon [9-11, 13]), power supply, cooling system, vacuum pump, and related

instrumentation (details given in [7]). Four metal boiling surfaces were used during the

experiments. The boiling surfaces (411 x 51 mm) were made from thick extended plates to

avoid the additional effects of wall thickness and boiling surface dimensions on the HTC. The

materials for the plates (copper, aluminum, brass, and stainless steel) were chosen to have

different values of thermal conductivity (from 372 to 14 W m-1K-1) and approximately the same
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average surface roughness (Ra = 2±1.5 :m or Rq = 2.5±2 J,lm). Such surface roughness (Ra) can

be produced by any of the following common industrial methods: cold rolling, drawing,

extruding, die, perm mold and investment casting, milling [12]. Surface roughness was

measured with a laser profilometer. The boiling surface from aluminum was machined in the

shape of a rectangular cavity inside a plate, and then the plate was oxidized. All metal plates

were exposed to the surrounding air before being installed inside the chamber, and so the copper

plate was naturally oxidized. The brass and stainless steel plates did not show any visible signs

of oxidation.

Three widely used liquids with various thermophysical properties were chosen as the

working fluids (water, ethanol, and R-I13). All tests reported here were conducted at steady

state conditions and on clean boiling surfaces (each experimental surface was cleaned with

acetone and then washed with the working fluid).

Heat loss was about 3 - 5% of the total input and the uncertainties in instrument readings,

thermocouple locations, and in the calculation of a thermal conductivity coefficient for the

heating plate were not more than 3%. The total inaccuracy of the experiments did not exceed

8%, which is usual for such types of experiments [8, 14, 15].

Al.2. Analysis of experimental data

Some sets of these data are presented in coordinates: Heat Flux versus Temperature

Difference in Figs. A1.1-AIA. In spite of a wide range of saturation pressures from above

atmospheric to vacuum, the experimental data for boiling water on aluminum and brass plates
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(see Figs. Al.l and Al.2, respectively), for boiling ethanol on an aluminum plate (see Fig.

Al.3), and for boiling R-l13 on an aluminum plate (see Fig. AlA) show similar trends. For each

surface-fluid combination, the interpolating straight lines are parallel to each other. This fact

shows that the data are self-consistent and that the boiling surface is clean. For these surface

fluid combinations, the effect of temperature difference on heat flux in the form of q ~ LIT" is

quite similar-average n values range from 2.3 for water-aluminum to 3 for ethanol-aluminum

(the commonly excepted value is 3 [16]). The effect of heat flux on the HTC in the form of

hb ~ qrn is about the same-average m values range from 0.56 for water-aluminum to 0.66 for

ethanol-aluminum (the commonly excepted value is 0.67, or 2/3 [16]).

AECL-CONF-1416 



18

Appendix 2

Surface-Roughness Parameters

The thermophysical properties of boiling surfaces are listed in Table A2.I.

A laser profilometer was used to determine the surface-roughness parameters that are listed

in Table A2.2. The characteristics of the laser profilometer itself were as follows:

Vertical measuring range ±300 JlIIl

Scanning speed 80 mmmin- l

Number of measured points 2000

Wavelength cut-off (Lc) 1.0mm

Stylus filter (Nf) 50 Ilm

Scan length lOmm

Explanations to Table A2.2

Simple-roughness-amplitude parameters

Mean parameters

Ra - average roughness: area between the roughness profile and its mean line or its integral of

the absolute value of the roughness-profile height over the evaluation length. The average

roughness is the most commonly used parameter in surface-finish measurements.

Rq - root-mean-square roughness (rms roughness): average roughness parameter calculated as a

square root from another integral of the surface-roughness profile. Root-mean-square
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roughness was a commonly used parameter in the past; however, nowadays it has been

replaced with Ra in metal-machining specifications. Usually (but not necessarily), Rq is

1.1-1.3 times larger than Ra.

Extreme parameters

Rp - peak roughness (height of the highest peak in the roughness profile over the evaluation

length).

Rv - depth roughnes~ (depth of the deepest valley in the roughness profile over the evaluation

length).

Rt - total roughness (vertical distance from the deepest valley to the highest peak), Rt = Rp + Rv•

Mean-extreme parameters

Rpm - mean-peak roughness (average peak roughness over the sample length).

Rz - mean-total roughness (average value of the five highest peaks plus the five deepest valleys

over the evaluation length).

Rz3 - mean-total roughness of third extremes parameters (average vertical distance from the third

deepest valley to the third highest peak).

Mean-extreme parameters are less sensitive to single unusual features, such as artificial

scratches, gouges, burrs, etc.

Roughness-spacingparameters
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HPC - high-peak count per length (number of peaks per length that cross above a certain

threshold and then go back below it).

Mean-roughness-spacing parameters

8m - mean spacing between peaks (peaks cross above a mean line and then go back below it).

Aa - average wavelength of surface.

Aq - rms average wavelength of surface.

Roughness-hybridparameters

Lla - average of absolute slope of roughness profile over the evaluation length.

La - actual profile length (in all measurements, this was 8 mm).

Statistical parameters

Rsk - skewness (this parameter represents the profile variation symmetry over its mean line).

Surfaces with Rsk < 0 have fairly deep valleys in a smoother plateau. Surfaces with Rsk > 0

have fairly high spikes, which protrude above a flatter average.
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Microstructure of the Boiling Surfaces
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Table ALl.
Thermophysical properties of working fluids atps = 0.1013 MPa [13].

22

WF Tb Ter Per p pg hfg c
f

. k ,u.lOJ (J·l0J Db f
°C °C MPa kgm-3 kgm-3 kJ kg-l J kg- K- I Wm-l K- I Pas Nm-l mm sol

Water 100 374.1 22.1 958 0.598 2256.8 4220 0.683 0.283 58.86 2.5 62

Ethanol 78.3 243.1 6.4 757 1.43 960.0 . 3028 0.169 0.432 17.3 1.1 108

R-I13 47.7 214.1 3.4 1510 7.97 146.1 996 0.066 0.488 16.0 0.5 100

n-Heptane 98.4 267.0 2.7 612 3.60 316.7 2570 0.108 0.198 12.47 0.4 100
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Table A1.2.
Contact angles.

23

Liquid Solid phase Gas 0, degrees / type of
phase phase contact angle

Water Aluminum (Rq=4.5 ~) Air 72/ static

Brass (Rq=0.7 !lm) Air 72/ static

Copper (Rq=I.7 !lm) Air 63/ static

Copper Vapor 57/ dynamic

Stainless steel (Rq=0.6 !lm) Air 72/ static

Stainless steel [17] Vapor 60±20t=30-180°C / dynamic

Ethanol, Aluminum (Rq=4.5 ~), Brass (Rq=0.7 ~), Air 0/ static
R-I13 Copper (Rq=1.7 ~), St. St. (Rq=0.6~)

R-I13 Copper (R=O.l5 !lm) [15] Vapor 50/ dynamic
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Table A1.3.

Average values of boiling internal characteristics [13].

Fluid Water Ethanol R-l13

ps [bar] 1.0 0.5 0.2 1.0 0.5 0.2 1.0 0.5 0.2

Ts [0C] 100 83 60 78 65 46 48 28 8

Db [nun] 2.3 5.4 13.3 1.1 2.4 7.0 0.4 1.1 2.2

I[s- ] 67 43 22 112 100 67 100 100 100

24
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Table A2.1.
Thermophysical properties of boiling surfaces at 20°C [18].

25

Surface material k c p a·10' ,1:.10-
1S

Wm-l K- I J kg-l K- I kgm-3 m2 sol W sm-4 K-2

Copper 372 419 8300 10.7 12.94

Aluminum 204 896 2707 8.4 4.95

Brass 111 385 8522 3.4 3.64

Chromium 90 453 7190 2.8 2.93

St. St. 13.8 460 7817 0.38 0.50
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Table A2.2.
Average surface roughness parameters of extended plates.

26

Plate Ra Rq Rp Rv Rt Rpm Rz R3z H8C 8m A.a A.q Lla Rsk

material
~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ Mm deg. ~

Copper 1.4 1.7 7.2 4.4 12 5.2 9 6.4 68 117 109 107 0.08 0.38

Al 3.6 4.5 14 14 28 12 22 17 89 89 88 82.9 0.26 0.47

Brass 0.5 0.7 2.4 5.1 7.4 1.7 3.9 2.4 126 63 65 70.1 0.05 -1.28
St. St. 0.5 0.6 3.4 2.5 5.9 2.1 3.8 2.5 123 64 65 65.2 0.05 0.19

Minimum and maximum values of the roughness parameters

Min 0.5 0.6 2.4 2.5 5.9 1.7 3.8 2.4 68 63 65 65.2 0.05 -1.28
Max 1.4 4.5 14 14 28 12 22 17 126 117 109 107 0.26 0.47
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