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Abstract

The present experimental study is concerned with heat transfer under nucleate boiling of ~uids on the horizontal thick
plates made from copper\ aluminum\ brass and stainless steel[ Reported are the results of the e}ect of the heat ~ux\ the
saturation pressure from near atmospheric to vacuum\ and the thermophysical properties of four working ~uids "water\
ethanol\ R!002\ and R!00# on the heat transfer coe.cient under boiling[ To quantify the e}ect of these parameters on
the heat transfer coe.cient\ the Rohsenow pool boiling correlation was used with the constants from the experiment[
The experimental data match the data of other investigators[ Previous experimental works were analysed to evaluate
the prediction intervals of the Rohsenow pool boiling correlation for di}erent surfaceÐ~uid combinations[ Þ 0887
Elsevier Science Ltd[ All rights reserved[
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Nomenclature

cp speci_c heat ðJ kg K−0Ł
Csf coe.cient in equations "2# and "4#
D diameter ðmŁ
Db vapour bubble departure diameter ðmŁ
` acceleration due to gravity ðm s−1Ł
Gb mass velocity of bubbles at their departure ðkg m−1

s−0Ł
f frequency of vapour bubbles departure ðs−0Ł
h heat transfer coe.cient ðW m−1 K−0Ł
hfg latent heat of vaporization ðJ kg−0Ł
HbÐc distance between boiling and condensing surfaces
ðmmŁ
HWF working ~uid level ðmmŁ
k thermal conductivity coe.cient ðW m−0 K−0Ł
l� characteristic dimension\ ðs:`"rÐrg#Ł9[4 ðmŁ
L length ðmŁ
p pressure ðPaŁ
Ra roughness arithmetic average ðmmŁ
Rq roughness root mean square "rms# ðmmŁ

� Tel[] "502# 451!4799 ext[ 5181^ fax] "502# 451!4066^ e!mail]
ipioroÝlocutus[cc[uottawa[ca

q heat ~ux ðW m−1Ł
T temperature ð>CŁ
u velocity ðm s−0Ł
V volume ðm2Ł[

Greek symbols
d wall thickness ðmŁ
D di}erence
m dynamic viscosity ðPa sŁ
r density ðkg m−2Ł
s surface tension coe.cient ðN m−0Ł[

Subscripts
ave average
b boiling
conv convective
ext external
f ~uid
g vapour
h heated
ID inside diameter
int internal
OD outside diameter
s surface
sat saturation
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WF working ~uid
Physical properties with no subscript refer to saturated
liquid[

Dimensionless numbers
Nub bubble Nusselt number\ hbDb:k
Pr Prandtl number\ cpm:k
Reb bubble Reynolds number\ GbDb:m[

Abbreviations
Al aluminum
Cr chromium
Cu copper
DC direct current
E ethanol
G generator
M methanol
Pt platinum
R refrigerant
St[ St[ stainless steel
W water[

0[ Introduction

During the last 69 years\ heat transfer under boiling has
been investigated by many scientists worldwide[ Many
theoretical and empirical correlations have been pro!
posed to estimate the heat transfer coe.cients as well as
critical heat ~uxes under boiling in di}erent conditions
ð0Ł[ The classical case for the boiling process is nucleate
boiling on a surface submerged in a liquid pool "con!
ditions of pool boiling#[ Many varieties of boiling sur!
faces "plates ð1Ð01Ł\ strips ð02Ł\ wires ð8\ 03\ 04Ł\ and single
tubes ð05Ł# have been used[ In ð06Ł\ forced convective
boiling inside a vertical tube was used to estimate the heat
transfer coe.cient under pool boiling[ The saturation
pressure ranged from near atmospheric to critical[

Analysis of these earlier works shows that the main
parameters that a}ect the heat transfer coe.cient under
pool boiling are heat ~ux\ saturation pressure\ ther!
mophysical properties of the working ~uid\ and some
characteristics of the boiling surface material "ther!
mophysical properties\ dimensions\ thickness\ surface
_nishing\ micro!structure\ etc[#[

Horizontal extended ~at surfaces having a square area
of at least more than 49Ð69 cm1 and a thickness of at
least more than 4Ð5 mm have been seldom investigated
"actually\ such surfaces have fewer side e}ects on the heat
transfer coe.cient associated with a small size surface\
thickness\ curvature\ non!uniformity of void fraction
near surface\ etc[#[ Cichelly and Bonilla ð1Ł reported on
pool boiling experiments on a relatively large ~at circular
surface "D � 091 mm#\ but a compound one "9[940 mm
of polished chromium was electroplated on a thick copper
circular plate#[ It is known that not only the properties

of the boiling surface but also the properties of the under!
lying material can a}ect the heat transfer coe.cient ð0Ł[
That is why such surface made analysis of the boiling
process more complicated[

Analysis of the papers devoted to the pool boiling
process shows that their main focus is on the e}ects of
thermophysical properties\ shape\ thickness\ orientation
in space\ and _nishing of the boiling surface[ Some
researchers ð8\ 07\ 08Ł considered that for many practical
cases the e}ects of these parameters on the heat transfer
coe.cient are insigni_cant\ except for the boiling of cryo!
genic ~uids\ and can be neglected[ Others ð1Ð5\ 7\ 09\ 00\
06\ 19Ð16Ł considered that these e}ects are signi_cant and
proposed di}erent methods to estimate them[

The standard method ð19Ł includes applying a proper
constant in the pool boiling correlation according to the
surfaceÐ~uid combination[ Some works ð01\ 10Ł showed
that the values of exponents in dimensionless numbers in
the pool boiling correlation can be varied according to
the surface _nishing\ pressure range\ etc[ About 39Ð49
surfaceÐ~uid combinations have been investigated and
constants for the Rohsenow pool boiling correlation have
been evaluated[ At _rst\ Rohsenow ð19Ł proposed using
the constant values of the exponents in dimensionless
numbers for all surfaceÐ~uid combinations[ However\
later he recommended using a value of the exponent in
the Prandtl number equal to 0 for water and equal to 0[6
for other ~uids[ Vachon et al[ ð10Ł found that this value
varies for di}erent ~uids from 9[7Ð1\ and that the value
of the exponent in a dimensionless number containing
the heat ~ux also is not constant[ In spite of the large
number of surfaceÐ~uid combinations already inves!
tigated\ some widely used working ~uids "such as ethanol\
refrigerants\ etc[# and materials of the boiling surface
"such as aluminum# were seldom considered[ Most hand!
books ð16Ð29Ł\ reference books ð20\ 21Ł and textbooks
ð22Ð27Ł usually present only the surfaceÐ~uid com!
bination and corresponding values of the constants\ and
not the prediction intervals and shape of the surface[ This
can lead to incorrect application of the Rohsenow pool
boiling correlation for heat transfer calculations[

The objectives of the present study are as follows]

"0# Experimental evaluation of the heat transfer
coe.cients under pool boiling conditions for four
widely used working ~uids ranging from atmospheric
pressure to vacuum\ and for four technical surfaces
with a wide range of thermal conductivities[

"1# Evaluation of the prediction intervals of the
Rohsenow pool boiling correlation for the already
known surfaceÐ~uid combinations\ based on the
analysis of previous works[

1[ Experiment

The experimental setup consisted of a horizontally ~at
two!phase thermosyphon\ a power supply\ a cooling
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system\ a vacuum pump and related instrumentation ð0\
09Ð01Ł[ Two test sections with four boiling surfaces were
used during the experiments "Fig[ 0#[ The boiling surfaces
"300×40 mm# were made from thick extended plates to
avoid the additional e}ects of the wall thickness and
dimensions of the boiling surface on the heat transfer
coe.cient[ The materials for the plates "copper\ alumi!
num\ brass and stainless steel# were chosen with di}erent
values of thermal conductivity "399Ð03 W m−0 K−0# and
with approximately same surface roughness "Ra � 120[4
mm or Rq � 1[421 mm#[ Such surface roughness "Ra# can
be produced by any of the following common industrial
methods] cold rolling^ drawing^ extruding^ die\ perm
mold\ and investment castings^ milling^ etc[ The surface
roughness was measured by laser pro_lometer at Chalk
River Laboratories "Canada#[ The boiling surface of the
_rst test section was machined in the shape of a rec!
tangular cavity inside an aluminum plate\ and then the
plate was oxidized[ The boiling surfaces of the second
test section were made of brass plate\ which later was
replaced by stainless steel SS293 plate and then copper
plate[ All plates were exposed to the surrounding air
before being installed inside the thermosyphon\ and so
the copper plate was naturally oxidized[ The brass and
stainless steel plates did not show any visible signs of
oxidation[ The upper parts of the test sections were

Fig[ 0[ Test sections[

cooling jackets[ The heater for the test sections was made
from a stainless steel SS293 strip\ 9[34 mm thick\ 300
mm long and 40 mm wide\ which was heated by direct
electrical resistance[ The heater was electrically insulated
with thin "0[7 mm# Pyrex glass from the heating plates
and thermally insulated from surrounding air[ The
heater|s multilayer thermal insulation consisted of thick
Pyrex glass "3[7 mm#\ refractive aluminum foil\ two sheets
of mineral wool "5[3 mm each#\ and solid plastic "02[6
mm#[ Solid plastic was pressed towards the heating plate
by means of 15 plastic bolts for proper contact between
heater\ thin Pyrex glass and heating plate[ The heater was
provided with an electrical power supply rated up to 019
V at 2999 A DC[ The heating part of a test section was
installed inside a ply!wood box with 14 mm walls and the
test section was covered with _berglass insulation "except
for the sides of the Te~on and the transparent Acrylic
inserts# to prevent heat loss[ For some heat ~ux ranges
two guard ~exible silicon rubber _berglass insulated hea!
ters "Model No[ SRFG!197:09 OMEGA\ 49[7×192[1
mm "1×7ý#\ q � 04[4 kW m−1 "09 W in[−1## installed
between two mineral wool sheets were employed[ A total
of nine sheathed chromelÐalumel thermocouples "Model
No[ KMTSS!014G!5 OMEGA\ subminiature transition
joint probes\ type!K\ 2[1 mm "9[014ý# outside diameter
stainless steel sheath\ 041 mm "5ý# length\ grounded junc!
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tion# were used\ as shown in Fig[ 0[ All thermocouples
were calibrated in situ[ The thermocouples were installed
inside the metal plates from their long sides] four into the
heating plate "boiling surface# and four into the cooling
plate "condensing surface#\ with the distances between
the thermocouples being about 69Ð64 mm[ The
measuring ends of the thermocouples were on the
central vertical plane[ All thermocouples were installed
through Swagelok tube _ttings screwed into metal plates
for proper contact between measuring ends and plate
internal surface[ The thermocouple used to measure the
saturation temperature was installed inside the ther!
mosyphon[ Coolant "antifreeze mixture# at a given tem!
perature was provided through a Colora!supercryostat
cooling system[ For a given series of experiments\ a given
amount of the working ~uid was charged at a vacuum of
about 09−2 torr "9[022 Pa#[ Working ~uids were degassed
before charging into the chamber[ Four widely used
liquids with quite di}erent thermophysical properties
"water\ ethanol\ R!002 and R!00# were chosen as the
working ~uids[ All tests reported here were done at steady
state and on clean boiling surfaces "the experimental sur!
face was cleaned with acetone and then washed with the
working ~uid#[

The heat loss was about 2Ð4) of the total input and
the uncertainties in instrument readings\ thermocouples
locations\ and calculating a thermal conductivity
coe.cient of the heating plate were not more than 2)[
The total inaccuracy of the experiments did not exceed
7)\ that is usual for such type of experiments ð1\ 3\ 15Ł[

2[ Analysis

Analysis of the experimental data requires the appro!
priate selection of variables which\ for the present case\
would a}ect the heat transfer coe.cient[ For this par!
ticular work it was decided to apply the method of cor!
relating heat transfer data for the surface boiling of
liquids proposed by Rohsenow in 0841 ð19Ł[ The main
concept of this method is that the heat transfers from the
wall directly to the liquid with an increased heat transfer
rate\ due to the agitation of liquid by the departing
vapour bubbles[ Based on this logical explanation of
the boiling heat transfer mechanism\ the usual type of
convective heat transfer equation was used

Nub � C0 = Reb = Pr\ "0#

where C0 is the constant and all thermophysical proper!
ties of the ~uid are evaluated at the saturation tem!
perature corresponding to the saturation pressure in the
system[

Equation "0# can be written using the following
expression]

Reb = Pr
Nub

�
cp = DTb

hfg

\ "1#

in the _nal form]

cp = DTb

hfg

� Csf$
q

m = hfgX
s

` = "r−rg#%
m

0
cp = m

k 1
n

\ "2#

where Csf is constant\ depending upon the nature of the
heating surfaceÐ~uid combination[

3[ Results and discussion

The results show the e}ect of the heat ~ux\ the satu!
ration pressure\ the thermophysical properties of four
working ~uids "water\ ethanol\ R!002 and R!00# and
the four technical surfaces "copper\ aluminum\ brass and
stainless steel# on the average heat transfer coe.cient[ In
this research the average boiling heat transfer coe.cient
is de_ned as

hb �
q

Tb ave−Tsat

\ "3#

where Tb ave is the average wall temperature on the boiling
surface calculated according to the measured tem!
peratures inside the heating plate[

The _rst step in this work was to _nd the e}ect of the
height of the working ~uid level on the heat transfer
coe.cient under boiling conditions[ This e}ect was
mainly described in ð0\ 09\ 00Ł[ Based on analysis of the
experimental data\ and on visual studies\ two conclusions
can be made]

"0# for the working regime "that is developed nucleate
boiling with a uniform temperature distribution over
the entire boiling surface#\ at least 49 ml "HWF � 1[3
mm# of working ~uid must be charged^ and

"1# in a wide range of _lling charges "HWF − 1[3 mm#\
the heat transfer coe.cient is almost independent of
this parameter\ or changed negligibly[

That is why the majority of the experiments with the
aluminum heating plate were carried out in a working
~uid of 49 ml "HWF � 1[3 mm#\ and with other boiling
surfaces "brass\ stainless steel\ and copper# VWF � 019
ml "HWF � 4[7 mm#[

According to the form of equation proposed by
Rohsenow ð19Ł\ the _rst main series of experiments were
performed under the constant values of saturation tem!
perature\ to determine the primary e}ect of the heat ~ux
on the heat transfer coe.cient[ For all surfaceÐ~uid com!
binations and in a wide range of saturation temperature\
exponent m ¼ 9[22[ This conclusion matches the majority
of experimental data by other researchers[

The second main series of experiments investigated the
e}ects of the saturation temperature and the working
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Fig[ 1[ Correlation of experimental data[
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Fig[ 1[ "Continued#

~uid|s thermophysical properties "mainly the e}ect of the
Prandtl number# on the heat transfer coe.cient[ The
primary experimental data are shown in ð09\ 00Ł[ The
recalculated data in the non!dimensional form are shown
in Figs 1 and 2 "Fig[ 1^ present data\ Fig[ 2^ data of
Cichelly and Bonilla ð1Ł\ because theirs are the only data
obtained under similar conditions and in a similar test
section design#[

Based on the above discussion\ the _nal form of the
generalized correlation is]

cp = DTb

hfg

� Csf $
q

m = hfgX
s

` = "r−rg#%
9[22

0
cp = m

k 1
n

\ "4#

where the values of Csf and exponent n are listed in Table
0 for all investigated surfaceÐ~uid combinations\ together
with some other cases where primary experimental data
were available[

Figure 3 shows some of the waterÐsurface com!
binations from Table 0 in the same co!ordinates[ From
Fig[ 3 it is clear that the present experimental data "lines
W:Al\ W:Cu\ W:Brass\ and W:St[ St[# match the data
for the boiling of water on a chromium ~at surface ð1Ł\
and match the data for the boiling of water on platinum
wire ð03Ł under atmospheric pressure[ With the pressure
decreasing from atmospheric\ boiling started to be irregu!

lar\ with fewer vapour bubble generating centers\
especially on the boiling surfaces that had high thermal
conductivity[ This leads to a decreasing heat transfer
coe.cient under pool boiling conditions[

A possible explanation for this e}ect is as follows[
During the formation and growth of a vapour bubble\
the work of bubble creation must be complete[ If over!
heating of the surface and some other conditions are
not enough to create a vapour bubble that has a radius
greater than critical\ the vapour bubble can not exist[
With decreasing saturation pressure\ the diameters of the
vapour bubbles increase signi_cantly\ as well as the work
for their creation[ For surfaces that have high values of
thermal conductivity\ the overheating around a
nucleation site will spread easily over the entire surface\
and the minimum conditions for vapour bubble for!
mation and growth will not be achieved[ As a result\ the
boiling surface will be depleted with active nucleation
sites\ and heat will be transferred from the surface mainly
by natural convection under a higher average tem!
perature di}erence\ and therefore under lower values of
heat transfer coe.cient[ Boiling will become more
unstable and irregular[ This explanation is fully sup!
ported by visual observations of the boiling process[ For
surfaces with low values of thermal conductivity\ it is
easier to reach local overheating and to create a vapour
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Fig[ 2[ Correlation of experimental data obtained in ð1Ł[

bubble[ It is known that water is the ~uid that has the
largest sizes of vapour bubbles for the constant value
of saturation pressure\ and that is why with decreasing
saturation pressure the e}ect of thermal interaction
between growing bubbles and the boiling surface material
increased signi_cantly "Fig[ 3\ lines] W:Al\ W:Brass and
W:St[ St[#[ For values of saturation pressure close to the
atmospheric "Pr ¼ 0[64#\ this e}ect becomes insig!
ni_cant\ due to the relatively small sizes of vapour
bubbles\ high frequency of vapour bubble generation and
high density of active vapour bubble generating centers
"Table 1#[ This phenomenon\ which is connected with the
appearance of the heat ~uxes inside the wall and acting
along the boiling surface\ is called the conjugate e}ect[
Such conjugate heat transfer problems can be found in
many single! and two!phase ~ow conditions ð0\ 31Ł[

The experimental data for water boiling on a hori!
zontal brass tube "Fig[ 3\ line W:Brasstube ð05Ł# di}er from
the data for water boiling on a brass plate[ A possible
explanation for this could be the additional agitation of
the boundary layer of the above surfaces by the departed
vapour bubbles from the lower parts of the tube[

Also\ together with the conjugate\ shape and orien!
tation in space e}ects\ the e}ect of the surface _nishing
and microstructure must be accounted for[ For this
reason\ the oxidized copper surface "Fig[ 3\ line W:Cu#
shows higher values of heat transfer coe.cient than were
expected[

Figure 4 shows some other ~uidÐsurface combinations[
The same explanation as for water can be applied to
ethanol\ because ethanol has internal boiling charac!
teristics that are close to those of water "Table 1#[ Unlike
water and ethanol\ the behaviour of R!002 "the smallest
sizes of vapour bubbles\ lower values of heat of evap!
oration\ high vapour generating frequency and high den!
sity of active centers# under boiling on di}erent surfaces
"except for copper# shows that the conjugate e}ect is
negligible for the entire experimental range[

4[ Conclusions

"0# The values of constants in the Rohsenow pool boiling
correlation were experimentally evaluated for 02
surface!~uid combinations[

"1# The work of other researchers was analysed to evalu!
ate the prediction intervals for the Rohsenow pool
boiling correlation for other surfaceÐ~uid combi!
nations[

"2# The e}ect of the working ~uid level on the heat trans!
fer coe.cient is signi_cant for ~at horizontal boiling
surfaces in the range less than 1[3 mm[

"3# The e}ect of the thermophysical properties of a boil!
ing surface "conjugate e}ect# on the heat transfer
coe.cient under pool boiling increases with decreas!
ing saturation pressure\ from atmospheric pressure[
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Table 0
Average values of constants in the Rohsenow pool boiling correlation and prediction intervals

Fluid:Surface Csf n Tsat\ >C DTb\ >C q\ kW m−1 hb\ kW m−1 K−0

0 1 2 3 4 5 6

Water:Copper "plate oxidized\ Ra � 0[26\ 9[904 9[70 12Ð71 3[1Ð03 0[7Ð61[2 9[15Ð5[0
Rq � 0[62#
Water:Copper "thin circular plate emery polished 9[9036ð10Ł 0 099 8[3Ð07[2 30Ð849 2[6Ð46
and para.n treated# ð4Ł
Water "int forced conv#:Copper "vertical tube# ð06Ł 9[902 0[6 099 3Ð04 07Ð089 3[4Ð01[6
Water:Copper "circular plate emery polished# ð3Ł 9[9017ð10Ł 0 099 4[4Ð04[4 17Ð429 2[3Ð23
Water:Copper "circular plate scored# ð7Ł 9[9957ð10Ł 0 099 0[6Ð7[2 0[5Ð089 7[4Ð08
Water:Aluminum "circulate plate polished\ 9[900ðPioroŁ 0 099 4Ð7[2 17Ð015 4[5Ð04[0
Rq � 9[22# ð5Ł
Water:Aluminum "plate oxidized\ Ra � 2[50\ 9[900 0[15 2[4Ð092 4Ð11 0[2Ð89 9[0Ð09
Rq � 3[41#
Water:Brass "plate\ Ra � 9[36\ Rq � 9[55# 9[904 9[70 03Ð092 3Ð04 0[1Ð033 9[1Ð00
Water:Brass "tube ext# ð05Ł 9[998ðPioroŁ 0[0 17Ð001 1[2Ð03 7Ð32 0Ð00

9[995ð19Ł 0[6
Water:Chromium "polished thin layer on circular 9[908ðPioroŁ 9[34 099Ð194 7Ð07 039Ð544 03[5Ð40
copper plate# ð1Ł
Water:Platinum "wire# ð03Ł 9[902ð16Ł 0 099Ð244 0Ð17 2Ð2199 0[7Ð379
Water:St[ St[ "plate\ Ra � 9[64\ Rq � 0[1# 9[904 9[58 29Ð092 3Ð02 4Ð39 0Ð5[1
Water:St[ St[ "circular plate polished\ Rq � 9[02# 9[90ðPioroŁ 0 099 3[3Ð6[1 17Ð015 5[3Ð06[4
ð5Ł
Water:St[ St[ "circular plate grounded\ Rq � 9[42# 9[997ðPioroŁ 0 099 2[2Ð5[6 11Ð047 5[6Ð12[5
ð5Ł
Water:St[ St[ "circular plate grounded\ Rq � 2[5# 9[996ðPioroŁ 0 099 2[2Ð4[5 26Ð059 00[4Ð18
ð5Ł
Water:St[ St[ "thin strip pitted with Te~on coating 9[9947ð10Ł 0 099 9[4Ð7[2 0[5Ð154 2[0Ð20[7
in pitts# ð02Ł
Ethanol:Copper "plate oxidized\ Ra � 0[26\ 9[99968 1[2 29Ð71 02Ð19[1 1[0Ð15 9[0Ð1
Rq � 0[62#
Ethanol:Aluminum "plate oxidized\ Ra � 2[50\ 9[997 0[07 05Ð67 00Ð10 1[6Ð21 9[05Ð1[2
Rq � 3[41#
Ethanol:Brass "plate\ Ra � 9[36\ Rq � 9[55# 9[900 9[81 39Ð67 8Ð03 3[2Ð45 9[6Ð3[6
Ethanol:Chromium "polished thin layer on 9[9934ðPioroŁ 0[36 67Ð109 2Ð23 04Ð799 2[1Ð61
circular copper plate# ð1Ł 9[9916ð19Ł 0[6
Ethanol:St[ St[ "plate\ Ra � 9[64\ Rq � 0[1# 9[99942 1[17 38Ð89 6Ð03 09Ð34 9[6Ð5
Methanol:Brass "tube ext# ð05Ł 9[9915 0[6 02Ð61 4Ð08 6[7Ð32 9[6Ð5
iso!Propanol "int forced conv#:Copper "vertical 9[9911 0[6 71[4 4Ð19 4[6Ð84 0[0Ð3[64
tube# ð06Ł
n!Butanol "int forced conv#:Copper "vertical tube# 9[992 0[6 006 6Ð06 8[4Ð84 0[3Ð4[5
ð06Ł
R!00:Copper "plate oxidized\ Ra � 0[26\ 9[9998 2[36 12Ð38 5[3Ð00[1 0[3Ð01 9[11Ð0[1
Rq � 0[62#
R!01:Copper "tube ext# ð28Ł 9[905ðPioroŁ 0[6 1Ð04 5[5Ð09 0[4Ð4 9[1Ð9[4
R!002:Copper "plate oxidized\ Ra � 0[26\ 9[9911 1[14 21Ð79 8Ð05 2[1Ð10 9[13Ð0[8
Rq � 0[62#
R!002:Aluminum "plate oxidized\ Ra � 2[50\ 9[902 0[19 19Ð60 5Ð04 0[2Ð13 9[1Ð1
Rq � 3[41#\ Brass "plate\ Ra � 9[36\ Rq � 9[55#\
St[ St[ "plate\ Ra � 9[64\ Rq � 0[1#
CCl3 "int forced conv#:Copper "vertical tube# ð06Ł 9[902 0[6 65[6 09Ð17 4[4Ð52 9[44Ð1[2
CCl3:Copper "circular plate emery polished# ð3Ł 9[996ð10Ł 0[6 65[6 01Ð11 09[1Ð083 9[74Ð03
CCl3:Copper "circular plate lapped# ð6Ł 9[9920ð10Ł 0[6 65[6 7Ð02 11Ð179 1[5Ð14
CCl3:Brass "tube ext# ð05Ł 9[9911ðPioroŁ 1[0 22Ð75 5[4Ð14 6[7Ð32 9[5Ð3
Propane:Chromium "polished thin layer on 9[9958ðPioroŁ 1[06 23Ð72 2[2Ð11 16Ð399 7Ð17
circular copper plate# ð1Ł
n!Pentane:Copper "circular plate mirror _nishing# 9[9060ð10Ł 0[6 25 05[6Ð33[3 11Ð141 0[2Ð4[6
ð6Ł
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Table 0
"Continued#

Fluid:Surface Csf n Tsat\ >C DTb\ >C q\ kW m−1 hb\ kW m−1 K−0

0 1 2 3 4 5 6

n!Pentane:Copper "plate emery polished\ 9[9043ð10Ł 0[6 25 06Ð11 04Ð89 9[74Ð3
Rq � 9[04# ð15Ł
n!Pentane:Copper "circular plate emery rubbed# 9[9963ð10Ł 0[6 25 5[6Ð04[5 20[4Ð173 3[6Ð07[1
ð6Ł
n!Pentane:Copper "circular plate lapped# ð6Ł 9[9938ð10Ł 0[6 25 4Ð7[2 20[4Ð173 5[2Ð23
n!Pentane:Zinc "circular plate polished# ð2Ł 9[9977ð10Ł 0[6 25 3Ð27 5[2Ð173 0[5Ð6[4
n!Pentane:Chromium "polished thin layer on 9[904ð19Ł 0[6 37Ð036 3Ð20 18Ð339 1Ð24
circular copper plate# ð1Ł
n!Pentane:Nickel "circular plate mirror _nishing# 9[9043ð10Ł 0[6 25 5[0Ð8[3 17Ð173 3[5Ð29[1
ð6Ł
n!Pentane:Nickel "plate emery polished# ð15Ł 9[9016ð10Ł 0[6 25 00Ð11 02Ð001 9[74Ð4[6
n!Pentane:Nickel "circular plate lapped# ð6Ł 9[9932ð10Ł 0[6 25 04[4Ð28 20[4Ð173 1Ð6[2
n!Pentane:Inconel "circular plate mirror _nishing# 9[907ð10Ł 0[6 25 08[3Ð32[2 20[4Ð110 0[5Ð4[0
ð6Ł
n!Pentane:Inconel "circular plate lapped# ð6Ł 9[9961ð10Ł 0[6 25 8[3Ð04[5 20[4Ð141 2[3Ð05[1
Benzene:Chromium "polished thin layer on 9[90ð19Ł 0[6 79Ð103 3Ð34 14Ð599 1[4Ð30
circular copper plate# ð1Ł
n!Heptane:Chromium "polished thin layer on 9[9903ðPioroŁ 0[26 84Ð074 09Ð21 39Ð339 1[7Ð14
circular copper plate# ð1Ł
Acetone:Copper "circular plate emery polished# 9[9985ðPioroŁ 0[6 45 03[3Ð11[1 05[3Ð141 0[0Ð00[3
ð3Ł
24) K1CO2 "int forced conv#:Copper "vertical 9[9943 0[6 095 7Ð04 08Ð84 1[3Ð5[2
tube# ð06Ł
49) K1CO2 "int forced conv#:Copper "vertical 9[9917 0[6 61[3 09Ð06 14Ð84 1[4Ð4[5
tube# ð06Ł

Fluids are listed in the following order] water\ alcohols\ ~uorocarbons "refrigerants#\ hydrocarbons\ and others[
Materials of the surfaces are located according to the value of thermal conductivity] from highest to lowest[
Surfaces of the same material generally are located according to their decreasing value of Csf[
All surfaces are located horizontally except where noted[
Generally\ two!phase thermosyphon type chambers were used\ with the boiling surface "plates or strips# located at the bottom or
immersed in a pool "wires or tubes#\ and the condensing part located at the top[
In the present work plates "boiling surface 300×40 mm# from copper "no surface treatment\ naturally oxidized\ d � 5[3 mm\ Ra � 0[26
mm\ Rq � 0[62 mm#\ aluminum "surface machined "milling process# and oxidised\ d � 01[6 mm\ Ra � 2[50 mm\ Rq � 3[41 mm#\ brass "no
surface treatment\ d � 5[3 mm\ Ra � 9[36 mm\ Rq � 9[55 mm#\ and SS293 stainless steel "no surface treatment\ d � 8[51 mm\ Ra � 9[64
mm\ Rq � 0[1 mm# were used[
In ð4Ł\ thin circular copper plate "D � 14[3 mm\ d � 9[4 mm# was used[
In ð06Ł\ vertical copper tube "DID � 16[0 mm\ d � 5[1 mm\ Lh � 0[07 m# was used with forced convective boiling of working ~uid
"u � 9[13Ð0[0 m:s#[ The pool boiling heat transfer coe.cient was obtained by subtraction of convective part from the measured value
of heat transfer coe.cient[
In ð3Ł\ copper circular plate "D � 65[1 mm# was used[
In ð7Ł\ copper circular plate "D � 49[7 mm\ d � 5[3 mm# was used[
In ð5Ł\ circular aluminum and stainless steel plates "D � 65[1 mm# were used[
In ð05Ł\ brass horizontal tube sealed from both ends "DOD � 27[0 mm\ d � 5[24 mm\ Lh � 004[8 mm# was immersed in a pool[
In ð1Ł\ thick copper circular plate "D � 090[5 mm\ d � 26[7 mm# with 9[940 mm of polished electroplated chromium was used[
HWF � 08[94 mm[
In ð03Ł\ platinum wires "D � 9[2^ 9[5^ and 0[1 mm# immersed in a pool were used[
In ð02Ł\ thin stainless steel SS293 strips "039×29[4 mm\ d � 9[14 mm# were used[
In ð28Ł\ copper tube "DOD � 08[94 mm\ d � 0[54 mm\ Lh � 80[3 mm# was used[
In ð6Ł\ circular plates "D � 49[7 mm# from copper\ nickel\ and Inconel were used[
In ð15Ł\ _lms of copper and nickel plated on a rectangular copper heater "090[5×08[94 mm# were used[
In ð2Ł\ circular plate "D � 08[0 mm# was used[ HWF � 4[5 mm[
The typical range of surface roughness ð39Ł produced by polishing process is about Ra � 9[0Ð9[3 mm^ by lapping*Ra � 9[94Ð9[3 mm^
by super_nishing*Ra � 9[914Ð9[1 mm[ The representative value of surface roughness "Ra# for a drawn tubing is about 0[4 mm ð30Ł[
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Fig[ 3[ Comparison of data for di}erent waterÐsurface com!
binations] surface material without subscript refers to rec!
tangular or circular plates ð1Ł "for details see Table 0#[

Table 1
Average values of boiling internal characteristics ð0Ł

Fluid Water Ethanol RÐ002

rsat\ bar 0 9[4 9[1 0 9[4 9[1 0 9[4 9[1
Tsat\ >C 099 72 59 67 54 35 37 17 7
Db\ mm 1[2 4[3 02[2 0[0 1[3 6 9[3 0[0 1[1
f\ s−0 56 32 11 001 099 56 099 099 099

Fig[ 4[ Comparison of data for di}erent ~uidÐsurface com!
binations] surface material without subscript refers to rec!
tangular or circular plates ð1Ł "for details see Table 0#[

"4# Based on our experimental data\ as well as on other
investigations\ the conjugate e}ect can be found
under boiling in di}erent conditions\ and as a result
the conjugate e}ect must be accounted for in boiling[
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