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ABSTRACT 

This paper investigates the impact of Marangoni phenomena for low concentrations of 2-propanol/water and methanol/water mixtures.  In real 
systems the addition of small levels of surface-active contaminants can affect the surface tension of the liquid-vapor interface and thermodynamic 
conditions in this region.  Analysis was performed for three widely accepted binary mixture correlations to predict heat flux and superheat values for 
subatmospheric experimental data using bulk fluid and film thermodynamic properties.  Due to the non-ideal nature of these alcohol/water mixtures, 
this study also employs an average pseudo single-component (PSC) coefficient in place of an ideal heat transfer coefficient (HTC) to improve the 
correlation predictions.  This investigation evaluates the ability for these correlations to predict strong Marangoni effects of mixtures that have large 
surface tension variation with concentration under subatmospheric conditions.  It is not always clear that evaluation of bulk fluid properties will 
satisfactorily account for Marangoni effects.  Analysis is also performed to assess correlation predictions for interfacial film properties rather than 
that of the bulk fluid.  The results indicate that the use of film properties along with the PSC coefficient improves heat flux model predictions of  
subatmospheric experimental data by as much as 59.3% for 0.015M 2-propanol and 49.1% for 0.04M methanol/water mixtures, where strong 
Marangoni effects are believed to be more evident. 
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1. INTRODUCTION 

Binary mixtures of alcohol and water play an important role in the 
performance of heat transfer equipment.   A heat pipe study by Armijo 
and Carey (2010) demonstrated the use of low concentrations of 2-
propanol/water mixtures, when compared to pure water, can increase 
the critical heat flux (CHF) by as much as 52%, while lowering the 
evaporator wall superheat.  The Marangoni effect was further explored 
by McGillis and Carey (1993) who investigated the boiling 
performance of several alcohol/water binary mixtures and compared 
them to their respective pure components.  Their study found that small 
additions of a volatile alcohol were able to increase the CHF condition 
above that for pure water, while higher concentrations decreased the 
CHF to that of the pure alcohol.  Results showed that small additions of 
2-propanol reduced fluctuations in the evaporator wall temperature 
from that of pure water, possibly due to a reduction in the bubble 
departure size.  It was found that although the average superheat did not 
vary significantly with concentration, the CHF did, reaching a 
maximum at approximately 0.05M 2-Propanol. They concluded that 
correlations based on effective subcooling (1993) were not able to 
accurately predict the CHF condition for all alcohol/water mixtures and 
the influence of the Marangoni effect was the principle cause for the 
CHF variation of boiling liquid mixtures.  

Carey (2008) explained that the stability mechanism and cellular 
flow in real systems resulting from the Marangoni effect can be 
significantly altered by the presence of small amounts of surface-active 
contaminants that tend to flow from regions of high to low temperature.  
Concurrently, the Marangoni effect also causes vapor bubbles in a 

liquid medium with an imposed temperature gradient to move toward 
the high temperature region as the liquid flow that causes this motion is 
driven by interfacial tension gradients. 

A number of investigators (eg., Stephan and Körner, 1969, Fujita 
et al., 1997, Kandlikar, 1998, Jungnickel et. al., 1982, Calus and 
Leonidopoulus, 1974) have developed correlations for binary mixtures 
containing a solute and a volatile solvent.  Table 1 presents three 
correlations selected for comparison study with subatmospheric 
experimental data by McGillis (1996) for binary mixtures of 2-
propanol/water and methanol/water.   

The pioneering work of Stephan and Körner (1969) developed a 
heat transfer coefficient correlation based on the absolute value of the 
difference between a mixture’s more volatile component vapor and 
liquid molar concentrations. These authors considered the relationship 
between the temperature difference driving force required to obtain the 
same heat flux with a binary mixture and with each of its two pure 
components. They provided experimental evidence that the wall 
superheat for a mixture varies linearly with the concentration if the 
liquid-vapor equilibrium relationship approaches ideality when the 
mass transfer driving force is very small. A0 is an empirical binary 
constant determined empirically at atmospheric pressure.  The authors 
stated that A0 can be regarded as a constant for the range of mixture 
concentrations exhibiting ideal liquid-vapor equilibrium behavior.  This 
correlation considered bulk thermodynamic properties and assumed 
complete miscibility between pure liquids. 

Fujita et al. (1997) developed an empirical correlation based on a 
previous model by Fujita and Tsutsui (1996) by replacing the heat flux 
term with one that included an ideal wall superheat, ΔTid. They 
compared their correlation with literature data sets and their own 
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experimental mixture results of several alcohol/water mixtures at 
atmospheric pressure.  Although their correlation predicted 
alcohol/water mixture data to within less than 20%, larger deviations 
were observed with refrigerant mixture data from Jungnickel et al. 
(1982) for R-22/R-12 and R23/R-12 systems.  Component 1 within the 
forcing term in Eqn. 2 corresponds to the more volatile component with 
a lower boiling point than the solute component 2. 

Rather than using an ideal weighted-average coefficient, a 
predictive model was developed by Kandlikar (1998), which is based 
on an average PSC coefficient which accounts for property effects in 
binary mixtures. 
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To account for real mixture properties, the average heat transfer 
coefficient is corrected with the form, 
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Kandlikar’s theoretical model, as outlined by Carey (2008), was 
developed to calculate equilibrium concentrations at the interface of the 
bubble as it approaches the asymptotic growth condition.  In his work, 
Kandlikar presented comparisons of his correlation with those of Fujita 
et al (1998) and Calus and Leonidopolous (1974) for experimental data 
of various binary mixtures.  His binary mixture heat transfer coefficient 
correlation was derived solely on a theoretical basis by applying a one-
dimensional model for heat and mass transfer at the bubble liquid-vapor 
interface under diffusion-controlled growth conditions.  Kandlikar also 
suggested that the correction factor for mass diffusion effects, FD varies 
for different volatility parameter ranges.   

The three correlations used here were originally investigated for 
pool boiling of binary mixtures under atmospheric conditions with 
thermodynamic properties evaluated based on that of the bulk fluid. 
However during nucleate pool boiling, as the system pressure or 
temperature are reduced below atmospheric conditions, boiling and 
dew point temperatures decrease, affecting other system 
thermodynamic properties.  Additionally, most nucleate pool boiling 

binary mixture correlations have traditionally evaluated thermodynamic 
properties based on bulk fluid conditions.  However, as shown by 
Kandlikar (1998) the volatile component mole fraction can vary at the 
liquid-vapor interface of a bubble from that of the bulk fluid.   

In most heat pipes, boiling of the working fluid occurs under low 
pressure conditions.  This investigation first analyzes model predictions 
of all three correlations with bulk fluid properties for subatmospheric 
pressure data, for both weak (0.1M) and strong (<0.1M) Marangoni 
effect concentrations where large surface tension variation are evident.  
It is not always clear that evaluation of the bulk mixture properties will 
allow the correlations to effectively predict mixture fluids where strong 
Marangoni effects are present. Therefore for these same concentrations, 
this study then investigates correlation predictions using boundary layer 
film properties to improve accuracy between the models and 
experimental data.  These are determined by an average of the 
properties at the liquid-vapor interface and those of the bulk fluid.  An 
idealization is made that the temperature at the liquid-vapor interface is 
approximately equal to the vapor temperature inside the bubble. 

Traditionally, an ideal HTC, which often is based on an averaging 
technique of mole or mass fractions of pure component fluids, is used 
to represent the heat transfer coefficient in the absence of mass 
diffusion effects.  However, since pool boiling heat transfer can be 
highly non-ideal, this study also employs Kandlikar’s PCS coefficient 
in place of the mole-weighted ideal HTC for both Stephan Körner and 
Fugita et al. models, using mixture surface tension correlations Eq. (16) 
for 2-propanol/water and Eq. (17) for methanol/water mixtures in place 
of mσ . 

2. MIXTURE THEORY AND DISCUSSION 

For correlations 2 and 3 listed in Table 1, the ideal superheat ΔTid, and 
ideal HTC hl,id were calculated based on activity coefficients since the 
mixture fluids in this study are non-ideal.  The activity coefficients 
were determined by equating the molar excess Gibbs energy with the 
two-parameter Margules equation (McGillis, 1996).  

( ) 2
1 12 21 12 1 2ln 2A A A x xγ =  + −                    (7) 

( )[ ] 2
122112212 2ln xxAAA −+=γ                  (8) 

where A12 and A21 are experimentally determined constants (McGillis, 
1996).  For non-ideal mixtures, the vapor pressure is related to the 
vapor mole fraction by 

 
Table 1 Binary mixture correlations for pool boiling heat transfer coefficients in binary mixtures. 
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hid = Reciprocal mole-fraction average 

hid = Reciprocal mole-fraction average 

ΔTid = Reciprocal mole-fraction 
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for  0.03 < V1 ≤ 0.2 
 
 
 

for  V1 > 0.2 

(5) 

hpsc = Psuedo single phase coefficient 

V1 : Volatility parameter 
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Using the fact that y1+y2=1 and x1+x2=1, the saturation pressure of the 
mixture can be expressed as: 
 

    1,112,22 satsat PxPxP γγ +=              (10) 

 
Equating together equations (9) and (10) provides equilibrium 
concentrations in the liquid and vapor for any system pressure and 
temperature.  Using these calculated liquid and vapor mole fractions, 
equilibrium phase diagrams are presented by Figs. 1 and 2 for 2-
propanol/water and methanol/water mixtures respectively. 
 
 

 
 

Fig. 1   Liquid-vapor equilibrium phase diagram with mole-fraction-
dependent surface tension distribution for 2-propanol/water at 101kPa. 

 
 

 
 
Fig. 2   Liquid-vapor equilibrium phase diagram with mole-fraction-
dependent surface tension distribution for methanol/water at 101kPa. 
 
To determine the system HTC, an ideal temperature difference was 
defined by a mole-fraction-weighted average of the superheats for pure 
component fluids at the same system temperature and pressure, and for 
a specified heat flux, 
 

( )1211 1 xTxTTid −Δ+Δ=Δ                            (11) 

 
where ΔT1 and ΔT2 are determined from the Stephan-Abdelsalam 
(1980) mathematical correlation for pure fluids. 
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The bubble departure diameter from Eq. (12) is defined by the 
Borishansky et al. (1981) correlation: 
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The ideal HTC is determined by the reciprocal mole fraction-weighted-
average of the pure components, where x1 is the mass fraction of the 
volatile component. 
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The mixture HTC is then determined based on the product of the ideal 
HTC, hl,id and a correction factor, FD which accounts for mass diffusion 
effects. 
 

Didll Fhh ,=               (15) 

 
For low concentration conditions of the mixtures considered here, 

properties such as surface tension, vapor density and saturation 
temperature may exhibit non-ideal behavior.  Through experimentation 
of various water mixtures containing methanol as well as 1 and 2-
propanol, Vazquez et al. (1995) presented empirical evidence indicating 
the non-ideal behavior of surface tension properties for low 
concentration systems.  They further showed that deviation from 
ideality increases with the length of an organic molecule and decreases 
with rising system temperature.  The non-ideal nature of mixture 
surface tension properties can be further reflected in the surface tension 
curves in Figs. 1and 2. In this investigation the mixture surface tension 
for the 2-propanol/water mixture was evaluated based on Eq. (16) while 
the methanol/water mixture was evaluated based on Eq. (17), as 
outlined by McGillis (1996). 
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where ψ is the surface layer superficial volume fraction as outlined by 
Tamura et al. (1995). Kandlikar (1998) developed an expression that 
determines the interfacial concentration at the surface of a bubble 
growing on a heated wall within a binary mixture system: 
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where Ja0 is the modified Jakob number that accounts for mass 
diffusion effects and the rise of the interfacial temperature, 
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The temperature at the interface of the bubble, Tsat,s, was approximated 
to be equal to the vapor temperature inside it.  To determine the 
interface concentration, an iterative numerical scheme was developed 
that first solved for the wall superheat for each respective binary 
mixture correlation, and then determined x1,s by solving simultaneously 
Eqs. (8) and (9) with Eqs. (18)-20).  The calculated interfacial 
concentrations were then used to find respective thermodynamic 
properties at the liquid-vapor interface. 

The experimental pool boiling data (McGillis, 1996) used in this 
investigation includes 0.1M concentrations of 2-propanol and methanol 
water mixtures in addition to two lower concentrations of 0.015M 2-
propanol and 0.04M methanol water mixtures.  The mixture data was 
obtained from pool boiling experiments on a copper heated surface 
under a subatmospheric pressure of 7kPa for the 0.1M 2-propanol case 
and a system temperature of 39.8°C for all other cases.   

 
 

3. RESULTS 

The results indicate that for subatmospheric system conditions with 
bulk fluid properties, the Kandlikar model correlates adequately for 2-
propanol/water mixtures, especially for conditions where weak 
Marangoni effects are present.   
 

 
 
Fig. 3   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.1M 2-propanol/water at 7kPa 
with bulk fluid properties. 
 
In Fig. 3 the Fugita model shows more significant deviations with the 
larger 0.1M data, though as the concentration was reduced to 0.015M 
the rms error for superheat and heat flux was reduced to 2.7°C and 
4.9W/cm2 respectively.  The Stephan Körner model was found to have 
large deviation for both 2-propanol concentrations.  Both models by 
Fugita and Stephan Körner were originally developed for atmospheric 
conditions or higher, which can explain the large errors found for both 
alcohol/water mixtures for the concentrations considered here. 

 

 
 
Fig. 4   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.015M 2-propanol/water at 
38.9°C with bulk fluid properties. 
 
 

From Fig. 4 large deviation was found by all three models for the 
0.1M methanol/water mixture, evaluated with bulk fluid properties at 
subatmospheric conditions.  Kandlikar’s model had an 8.6°C rms error 
while the Fugita model error decreased with larger superheat values.  
This deviation further increased as the concentration reduced to 0.04M, 
with superheat rms values of 12.9°C and 5.2°C for the models of 
Kandlikar and Fugita respectively.  Similarly the Stephan Körner model 
also had large deviation with the experimental data for both strong and 
weak Marangoni concentrations of methanol/water.   
 

 
 

Fig. 5   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.1M methanol/water at 38.9°C 
with bulk fluid properties. 
 

This study also explored the modeling impact of using film 
thermodynamic properties rather than those of the bulk fluid in addition 
to the use of the PSC coefficient in place of the traditional mole-
weighted ideal HTC for the Fugita and Stephan Körner models.  This 
particular analysis found a reduction in superheat rms error for the 
Kandlikar model of 27.0% and 4.2% for respective strong and weak 
concentrations of 2-propanol/water mixtures.  Similarly, the Fugita 
model found an improvement in respective heat flux rms errors of 
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17.6% and 3.67% for these respective mixtures.  In addition, the strong 
2-propanol/water Marangoni concentration accuracy was found to 
improve for the Stephan Körner model to a superheat rms error of 
4.3°C.  These results indicate the use of average properties, using the 
PSC in place of the ideal HTC, can improve 2-propanol/water mixture 
predictions for both strong and weak Marangoni concentrations.   
 

 
 
Fig. 6   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.04M methanol/water at 38.9°C 
with bulk fluid properties. 
 

 
 
Fig. 7   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.015M 2-propanol/water at 
38.9°C with film fluid properties and PSC coefficient. 
 

This same analysis found a greater impact for the methanol/water 
mixtures.  For the 0.1M weaker Marangoni concentration, the superheat 
rms error for the Kandlikar and Fujita models was reduced to 4.9°C and 
2.4°C, corresponding to a respective 28.2% and 54.8% reduction from 
the results of the bulk properties using the ideal HTC.  For the 0.04M 
case, the rms values for Kandlikar, Fugita and Stephan Körner models 
were reduced to 2.8°C, 3.1°C and 2.4°C, indicating the use of average 
properties in place of bulk properties as well as the use of the PSC in 
place of the ideal HTC has a major impact on both strong and weak 

Marangoni concentrations of methanol/water mixtures.  The results of 
this study indicates that although Kandlikar’s model was able to more 
accurately predict both strong and weak Marnagoni concentrations, 
Fugita’s model was overall able to predict those for methanol/water 
best. 
 

 
 
Fig. 8   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.1M methanol/water at 38.9°C 
with film fluid properties and PSC coefficient. 
 

 
 
Fig. 9   Comparison between McGillis (1996) experimental data and 
mixture pool boiling correlations for 0.04M methanol/water at 38.9°C 
with film fluid properties and PSC coefficient. 
 

4. CONCLUSIONS 

Binary mixture model comparisons were performed with 
subatmospheric pressure heat flux and superheat data, for 
concentrations of 2-propanol/water and methanol/water mixtures that 
exhibit strong and weak Marangoni phenomena.  The results indicate 
that for bulk fluid properties, the Kandlikar correlation was able to 
predict well the low pressure 2-propanol/water mixture data for varying 
concentrations between 0.1M and 0.015M, better than the models of 
Fugita and Stephan Körner, with rms superheat deviations of 1.8°C and 
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5.8°C respectively.  However under the same pressure and input heat 
flux conditions, all three models did not correlate well with the 0.1M 
and 0.04M mixtures of methanol/water, where respective superheat 
deviations of 5.7°C and 6.1°C were found for the more predictive 
Fugita model. 

As the concentration of the more volatile fluid decreases, the 
variation of surface tension at the liquid-vapor interface can be quite 
large affecting the saturation conditions and heat transfer in the film 
region. The use of film properties and the PSC coefficient for all 
models improved the heat flux and superheat predictions for strong 
Marangoni concentrations.  The results suggest a heat flux rms error 
reduction of up to 59.3% for 0.015M 2-propanol and 49.1% for 0.04M 
methanol, from their respective bulk fluid properties.  The film 
thermodynamic properties were based on an average approximation of 
bulk fluid properties and those calculated at the liquid-vapor interface.  
An idealization was made that the temperature at the liquid-vapor 
interface was approximately equal to the vapor temperature, for a 
respective mixture concentration.  This method also found greater 
accuracy predicting superheat values for both strong and weak 
Marangoni concentrations for 2-propanol/water using Kandlikar’s 
model, with superheat deviations up to 1.8°C.  Fugitas model however 
was found to better predict both strong and weak concentrations of 
methanol/water mixtures with superheat deviations up to 1.6°C.   
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NOMENCLATURE 

Cp specific heat (J/kg·K) 
h  enthalpy (J/kg) 
k  thermal conductivity (W/m·K)  
M  molar mass (kg/kmol)  

Q ′′  heat flux (W/m2) 

T  temperature (K) 
P Pressure (Pa) 
x  liquid mass fraction 
y  vapor mass fraction 

x̂  liquid mole fraction 

ŷ  vapor mole fraction 

D Diffusion Coefficient (m2/s) 
d bubble departure diameter (m) 
Greek Symbols  
α thermal diffusivity (m2/s) 
ρ density (kg/m3) 
σ surface tension (N/m) 
γ activity coefficient 
 

Subscripts  
1 mixture component fluid 1 
2 mixture component fluid 2 
NB nucleate boiling 
sat saturation condition 
id ideal 
b bubble 
c critical 
s interface 
v vapor 

l liquid 
bp bubble point 
dp dew point 
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