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Abstract-Nucleate pool boiling heat transfer coefficients for acetone-ethanol and methylene chloride 
ethanol binary mixtures are measured at pressures ranging from 2.0 to 5.0 bar at which the heat fluxes are 
varied from IO to 40 kW mm ‘. ~x~tirnental results are tested with the correlations of capes-Stephan 
and Schmadl-Bier. Although both correlations are in good agreement with the experimental results, 

Happel-Stephan’s correlation is the more representative form. 

1. INTRODUCTION 

NUCLEATE boiling of binary liquid mixtures has 
become one of the most interesting subjects in 
the scope of heat and mass transfer for the last 20 
years. Numerous investigations have been performed, 
directed both to explain the physical mechanism of 
boiling, especially the deterioration observed in heat 
transfer, and to the prediction of the heat transfer 
coefficient. But, none of these could produce a uni- 
versal correlation having validity for all practical 
ranges of conditions and systems, due to the very 
complex nature of binary mixture boiling phenomena. 

In the correlations available in the literature to pre- 
dict the binary heat transfer coefficient, the variation 
of the ratio of predicted and ideal heat transfer 
coefficients was given as a function of physical 
properties and working conditions. Most of the cor- 
relations included the physical properties such as x 
cl,_, D that were difficult to obtain for mixtures [l&4]. 
Some others have parameters to be determined 
experimentally [5,6]. Thome’s [7] very simple cor- 
relation, not needing those and modified from that of 
Stephan-K&net’s correlation [S] assumes that the 
local boiling point rise near the heating surface, which 
is one of the most important reasons attributed to the 
deterioration in heat transfer, could be taken equal to 
the maximum boiling point rise, AT,,,, as an approxi- 
mation. It was pointed out that this correlation can 
be considered as a good prediction, especially at high 
fluxes, although the boiling point rise may not be 
equal to AThp even at peak heat flux. 

In this paper. the original experimental data on 
acetone-ethanol and methylene chloride<thanol 
mixtures were presented and these were tested with 
two empirical correlations of the simple form which 

were proposed recently by Happel and Stephan 161 
and Schmadl[8]. 

2. APPARATUS AND PROCEDURE 

The apparatus consists mainly of a reboiler and a 
condenser. The reboiler of 350 mm i.d. and 150 mm 
long was made from AISI-316 stainless steel. It has 
two sight glasses in both sides in order to allow visual 
observation of the test fluid and the main heater, 
which is mounted horizontally inside the reboiler. An 
auxiliary heater of maximum 500 W capacity was 
placed inside the reboiler to enable boiling conditions 
to be reached without switching on the test tube 
heater. The condenser was made from AISI-304 stain- 
less steel with a 210 mm shell i.d. and 700 mm length 
into which six horizontal tubes of 16 mm o.d. were 
placed. A heat transfer oil at desired temperatures 
could be passed through the tubes to condense the 
vapour coming from the reboiler. The heat transfer 
area of the condenser can be used at the ratios of l/3, 
2/3 and 3/3 by a valve system at the entrance of the 
condenser. 

The test tube of 8 mm o.d. and 1 mm thickness was 
made from AISI-304 stainless steel. A copper tube of 
4.8 mm o.d. was inserted in the test tube. The annulus 
was filled with molten lead to reduce the resistance 
to heat transfer. The heat required for boiling was 
supplied electrically by a resistance wire of 247 mm 
length which was tightly placed in the copper tube. 
The ends of the test tube were insulated to assure 
uniform temperature distribution along the surface. 
Finally, the test tube was well polished. 

A chromel-alumel thermocouple was placed and 
soldered in a groove outside the copper tube at the 
midpoint of the test section. The temperature of the 
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NOMENCLATURE 

heat transfer area [m’] ; empirical 
coefficient 
empirical coefficient 
empirical coefficient 
liquid mass diffusivity [m’ s- ‘1 
outside diameter of copper tube [m] 
inside and outside diameters of stainless 
steel tube [m] 
bubble departure frequency [s- ‘1 
heat transfer coefficient [w m- * K- ‘1 
empirical coefficient 
thermal conductivity of lead 
wrn-’ K-‘1 
thermal conductivity of stainless steel 
[Wrn-’ K-‘1 
length of resistance wire [m] 
empirical exponent 
pressure [bar] 
reduced pressure 
heat flow [Wj 

4 heat flux [W m ‘1 

T, real wall temperature [K] 
T 
A? 

measured wall temperature [K] 
wall superheat [K] 

A&p maximum boiling point rise [K] 
X mole fraction of liquid 

) mole fraction of vapour. 

Greek symbols 

@L thermal diffusivity of liquid [m’ s- ‘1 
fs standard deviation. 

Subscripts 
1 more volatile component 
2 other component 
ac acetone 
C calculated 
i ideal 
m measured 
mc methylene chloride. 

outer surface was so measured indirectly and its real 
value was obtained from the measured value and the 
temperature drop through the lead layer and the steel 
tube wall by using the following equation : 

(1) 

The temperature of the boiling liquid was measured 
by two thermocouples immersed in the liquid at a 
distance of 40 mm above and below the test tube. A 
Bourdon manometer with a minimum reading of 
0.1 bar was used to measure the working pressure. 
Temperatures were measured with the help of a 
digital thermometer with an accuracy of f0.2 K. 

The heat transfer coefficient was obtained by using 
the definition equation 

,=eiq 
AT 

where Q is the electrical power input to the resistance 
wire. This value was calculated by the potential drop 
and electrical current. These measurements were made 
by a digital potentiometer with an accuracy of 
f 7 mV. AT is the temperature difference between the 
outer surface and the bulk liquid and A the available 
heat transfer area of the test section which was 
measured as 6.8864 x 10m3 m*. 
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The samples taken from liquid and vapour phases FIG. I. Variation of boiling heat transfer coefficient with heat 

were analysed by a JGC- 1100 gas chromatograph. flux for acetone for various pressures. 

1 

J 

3. EXPERIMENTAL RESULTS 

The experiments were carried out with binary mix- 
tures of three different mole fractions 0.25, 0.50 and 
0.75 with the absolute pressures ranging from 2.0 to 
5.0 bar at which the heat fluxes were varied up to 
40 kW rne2. 

Experimental results showed that the boiling heat 
transfer coefficients of either the pure liquids or the 
binary mixtures increased with rising heat flux and/or 
pressure. Both q and h showed a linear relationship in 
log-log coordinates. The slopes of the lines decreased 
as the pressure increased (Figs. 1 and 2). 
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FIG. 2. Variation of boiling heat transfer coefficient with 
heat flux for acetone-ethanol mixture (x = 0.50) for various 

pressures. 

The binary mixture heat transfer coefficients were 
always lower than the ideal values (Figs. 3 and 4) 
which are calculated from the heat transfer coefficients 
of the pure liquids as follows : 

hi = h,x+h,(l -x). (3) 

Finally, the ratios of observed and ideal heat trans- 
fer coefficients, which are a measure of the deterio- 
ration in heat transfer, were decreased as the heat flux 
and/or pressure increased at a given concentration 
(Figs. 5 and 6). 

An interesting point is that the maximum deterio- 
ration was observed at the concentrations where the 
absolute concentration differences between vapor and 
liquid phases were also maximum. This confirmed 
that the mass transfer resistance to the movement of 
the more volatile component was also responsible for 
the decrease in heat transfer. 
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FIG. 3. Variation of boiling heat transfer coefficient with 
composition for acetone-ethanol mixtures at 30 kW m-* for 

various pressures. 
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FIG. 4. Variation of boiling heat transfer coefficient with 
composition for methylene chloride-ethanol mixtures at 30 

kW m-* for various pressures. 

4. TESTING OF EXPERIMENTAL RESULTS 

WITH TWO CORRELATIONS 

The experimental results were tested with two 
empirical correlations. The first of these was proposed 
by Happel and Stephan in the following form : 

where KS, and m are the constants needed to be found 
experimentally for each system, heat flux and pressure. 

Schmadl and Bier gave a similar relation by evalu- 
ating KS, as a function of reduced pressure, p* 

h 
h,= 1- 

where A, B, C and m are the constants depending 
upon system and heat flux. Critical pressures required 
for the calculation of reduced pressures were obtained 
by the Kreglewski-Kay method [9]. 

All the constants in the correlations, the standard 
deviations and maximum deviations were determined 
by means of a regression program. The results are 
given in Tables 1 and 2 and Figs. 7 and 8 for each 
binary system measured. 

By comparing the standard deviations, it was 
concluded that Happel-Stephan’s correlation repre- 
sented the experimental results better than the other, 
although both correlations were found to be in good 
agreement with the data. It was also determined that 
the greatest maximum deviations for Happel- 
Stephan ‘s correlation are 1.95% for acetoneethanol 
and 10.66% for methylene chloride-ethanol mixtures, 
while they are - 3.81 and 9.50%, respectively, for 
Schmadl-Bier’s correlation. 
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FIG. 5. Variation of concentration difference and normalized FIG. 6. Variation of concentration difference and normalized 
heat transfer coefiicients with liquid composition for ace- heat transfer coefficients with Liquid composition for meth- 
tone-ethanol mixtures at y = 10 and 40 kW m-’ for various ylene chloride-ethanol mixtures at 4 = 10 and 40 kW m -’ 

pressures. for various pressures. 

5. SUMMARY AND CONCLUSIONS 

(1) Nucleate pool boiling heat transfer coefficients 

were measured for acetone-ethanol and methylene 

chloride-ethanol binary mixtures at pressures ranging 

from 2.0 to 5.0 bar at which heat fluxes were varied 

up to 40 kW m-‘. 
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(41 The deterioration in heat transfer increased as 

(2) Heat transfer coefficients of binary mixtures 
were always lower than ideal values calculated from 
the pure liquid data by a linear mixing law. 

(3) The deterioration in heat transfer increased as 
heat flux increased at a given pressure and con- 
centration (Figs. 5 and 6). 
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Table 1. Comparison of two correlations with experimental results for acetone-ethanol mixtures 

Standard deviation, ut Maximum deviation (%) 

P (bar) q (kW m-‘) Happel-Stephan Schmadl-Bier Happel-Stephan Schmadl-Bier 

2.0 10 4.523 x 10m3 8.503 x to- 3 -0.83 -1.79 
2.0 40 3.340 x lo-’ 1.665 x Io-z 0.69 -3.81 
3.0 10 3.444 x 1o-3 6.850x 10-’ 0.66 1.22 
3.0 40 4.724 x lo- 3 9.753 x to-) 0.96 0.95 
4.0 10 4.200 x to--’ 1.094 x 10-l 0.81 2.84 
4.0 40 1.504x 1o-3 9.138 x lo-’ 0.31 2.55 
5.0 10 6.117x 1O-3 8.708 x IO- 3 1.23 -1.54 
5.0 40 7.430 x IO- 3 1.405 x 10-? I.57 2.69 

p Standard deviations were calculated from the measured and calculated (h/&) values by the following 
equation : 

~ = /(@?dGm; WiM2) I 

Table 2. Comparison of two correlations with experimental results for methylene chlorid~t~anoi mixtures 

Standard deviation Maximum deviation (%) 
P (bar) q (kW m-‘) Happel-Stephan Schmadl-Bier Happel-Stephan Schmadl-Bier 

2.0 10 4.445 x 1om2 5.f37 x 1o-2 IO.66 9.40 
2.0 40 3.044 x lo- 2 3.275 x 10- * 7.67 7.29 
3.0 10 9.629 x IO- 3 3.427 x 10-’ -1.70 9.50 
3.0 40 2.169 x 10-’ 2.534 x lo-” -5.21 8.65 
4.0 10 4.113 x 1o-3 1.286 x lo-’ 1.02 3.04 
4.0 40 1.340 x lo-2 9.275 x lo-’ -3.5 2.58 
5.0 10 1.720 x 10-’ 2.664x 10-* 0.44 5.52 
5.0 40 1.634x 10-’ 1.722x 10-’ 4.24 -5.45 

FIG. 7. Comparison of experimental results with two cor- 
relations for acetone-ethanol mixtures : (a) q = 10 kW mm2; 

(b)q = 40 kW m-‘. 
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FIG. 8. Comparison of experimental results with two cor- 
relations for methylene chloride-ethanol mixtures : (a) q = 

10kWm-2;(b)q=40kWm-2. 
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pressure increased at a given heat flux and con- 
centration. 

(5) The maximum worsening of heat transfer was 
always observed at the concentration at which y-.x 
values were the greatest. 

deterioration in heat transfer is greatly affected by 
governing mass transfer conditions which depend 
on both pressure and heat flux, besides the y-x 
difference. 

It follows from Figs. 5 and 6 that, although the 
concentration difference, y-x, decreases with rising 
pressure, the heat transfer coefficient still deteriorates. 1. 

This point, which can be seen as a contradiction at 
first sight, may be explained as follows. 

As the pressure increases, the extent of turbulent 
motion of liquid near the heating surface decreases 
due to reduction in bubble size and density difference 
between liquid and vapour. Both of these effects further 
complicate the mass transfer which tries to eliminate 
the reduction in the composition of the more volatile 
component. As a result of a decrease in mass transfer 
rate, in the case of fixed surface temperature, the total 
amount of vaporization and the corresponding heat 
transfer coefficient decreases. As to fixed heat flux, 
the surface temperature rises automatically, resulting 
again in a decrease in heat transfer coefficient. 

2. 

3. 

4. 

5. 

6. 

A similar comment can be made on the effect of 
heat flux in the decrease of heat transfer. As the heat 
flux increases, mass transfer of the more volatile com- 
ponent is complicated by crowded bubble popu- 
lation and correspondingly the deterioration in heat 
transfer. 

7. 

8. 

9. 

It follows from the explanation above that the 
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W~RME~BERGANG BEIM BLASENSIEDEN VON ZWEISTOFFGEMISCHEN AUS 
AZETON UND ETHANOL SOWIE METHYLENCHLORID UND ETHANOL 

Zusannnenfassung-Fur das Blasensieden (Behiiltersieden) von Zweistoffgemischen aus Azeton und Etha- 
nol sowie Methylenchlorid und Ethanol werden Wiirmeiibergangskoeffizienten bestimmt. Gemessen wird 
bei D&ken von 2.0 bis 5,O bar und bei Warmestromdichten von 10 bis 40 kW me*. Die Ergebnisse 
werden mit den Korrelationen von Happed-Stephan und Schmadl-Bier verglichen. Obwohl beide in guter 
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IIY3bIPbKOBOE KHI-IEHHE B BHHAPHbIX CMECIlX ALIETOH-3THJIOBbIfi CIIHPT M 
XJIOPHCTbI~ MET~EH-~T~OB~~ CI’IWPT 

Amwmms-M3hfepetr xo3#mrsemb3 rennonepenoca mm cnynar ny3~pbxosoro mews B 
6onbmoM otiae~e 6msapnaa c~ecel atm’rosi-arnnoeadl! crnip~ H x_nopxti MeTrineii-a-rmror#anB cnnpr 
npn naanennn, natwemnome~ca OT 2,0 no 5,0 6ap, B cooTBeTcreyror.neM HaMenenxn Tennoeoro noToxa 
OT 10 no 40 xB M-‘. 3rcnepwrcnraJsbribte ,nanr%te nponepennr npn n~~~itni cooTeouteHldt Xarmena- 
Cre@na a III- &pa. XoTn 06a COOTHOUIeHH5I xopouro COrJIaCyIOTca c 3KCnqHMeIiTmbHbIMSi 

pe3ynbTaTaMH,HaA6aneenprreMneMblMS ~~cooTHoureHHeX~e~~~~aHa. 


