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Abstract 

The present research focuses on the study of the effect of mass transfer resistance on the rate of heat transfer in pool 
boiling. The nucleate pool boiling heat transfer coefficients for binary mixtures (ethanol-n-butanol, acetone-n-butanol, 
acetone-ethanol, hexane-benzene, hexane-heptane, and methanol-water) were measured at different concentrations of 
the more volatile components. The systems chosen covered a wide range of mixture behaviors.

The experimental set up for the present investigation includes electric heating element submerged in the test liquid 
mounted vertically. Thermocouple and a digital indictor measured the temperature of the heater surface. The actual heat 
transfer rate being obtained by multiplying the voltmeter and ammeter readings. A water cooled coil condenses the 
vapor produced by the heat input and the liquid formed returns to the cylinder for re-evaporation.

The boiling results show that the nucleate pool boiling heat transfer coefficients of binary mixtures were always 
lower than the pure components nucleate pool boiling heat transfer coefficients. This confirmed that the mass transfer 
resistance to the movement of the more volatile component was responsible for decrease in heat transfer and that the 
maximum deterioration that was observed at a point was the absolute concentration differences between vapor and 
liquid phases at their maximum. All the data points were tested with the most widely known correlations namely those 
of Calus-Leonidopoulos, Fujita and Thome. It was found that Thome's correlation is the more representative form, for it 
gave the least mean and standard deviations.
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1. Introduction

Boiling heat transfer is defined as a mode of 
heat transfer, which occurs with a change in phase 
from liquid to vapor.

There are two basic types of boiling:
1. Pool boiling: Where a heated surface is 

submerged below a free surface of liquid.
2. Flow boiling: Where the liquid is flowing on 

heated surface.
Pool and Flow boiling are important in power 

industries and process industries. The present 
research focuses on pool boiling. [1]

Boiling of binary and multicomponent 
mixtures constitutes an important process in 
chemical process, air separation, refrigeration and 
many other industrial applications. Reboilers 
feeding the vapors to distillation columns and 

flooded evaporators generally employ pool 
boiling, while the tube evaporation process 
involves flow boiling. Although the 
multicomponent boiling is of greater interest from 
a process standpoint, fundamental understanding 
of the mechanism can be obtained first with 
binary mixtures.[2].

The objectives of the present study are to
experimentally determine the nucleate pool 
boiling heat transfer coefficients of binary 
mixtures at different concentration of the more 
volatile components, and then the experimental 
results will be compared with famous correlations 
in pool boiling to examine the agreement with the 
experimental results and try to conclude a more 
representative correlation.
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2. Nucleate Boiling Studies for Mixtures

Since the complexity of mixture boiling was 
recognized some years ago, a wealth of data 
giving nucleate boiling superheats and transfer 
coefficients has been published. According to 
Grigorjev (1959) [3], the reduction in heat transfer 
is due to the increase of the bubble radial in 
equilibrium with the mixture, resulting in a 
smaller bubble population at the same degree of 
wall superheating.

Stephan and Korner (1970) [4] found that the 
reversible isothermal work for a single bubble in 
equilibrium in mixture is greater than that needed 
for a pure component of the same physical 
properties.

Calus and Leonidopoulos (1974) [5] showed 
results that approved the decrease in heat transfer 
coefficient up on the addition of n- propanol to 
water, but an improvement in the heat transfer 
coefficient was recorded up on the addition of 
water to pure n- propanol.

3. Pool Boiling Models and Correlations 
for Binary Mixtures

The most popular empirical correlation for the 
prediction of boiling heat transfer coefficient is 
that of Stephan and Korner [7]. They suggested 
the use of an excess function formulation for 
determining the wall superheat and then the heat 
transfer coefficient in the boiling of binary 
mixtures. At a given heat flux, the wall superheat 
is provided by:

 IsatWsat TTTT      …(1)

Where the ideal super heat ∆TI (molar 
averaged value of the pure fluid wall superheats) 
is defined as

2111 )1( TxTxTI                …(2)

Where (x1) is the mole fraction of the more 
volatile component indicated with subscript (1), 
while the less volatile component is indicated with 
the subscript (2), and the excess superheat (∆θ) is 
calculated from:

ITxyA  1
*
1                            …(3)

Concluding that the energy required to form a 
vapor bubble in a binary mixture is a function of 
the mass driving force |y1

* - x1|. In equation (3), 

(y1
*) is the equilibrium vapor mole fraction of the 

more volatile component and (A) is an empirical 
constant, different for every binary system, and is 
a function of pressure. The pressure influence was 
taken into account empirically in the range (0.1 –
1.0) Mpa as:

 PAA 12.088.0                         …(4)

When (P) in bar, and (A0) is the value of (A) at 
(0.1) Mpa the final expression of the correlation 
for heat transfer coefficient is 

  1
*
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   …(5)                  

Where (hI), the ideal heat transfer coefficient, is 
given by equation:

 1221

21

hxhx

hh
hI 

                            …(6)

The correlation, tested on (357) data points, is 
reported in Korner [8], Thome [9], Calus and 
Leonidopoulos [5] and Stephan and Preusser [10].

Calus and Rice [11] were among the first 
investigators to develop an empirical model based 
on the bubble growth theories presented by 
Scriven [12] and Van Stralen [13]. The term 
representing the reduction in bubble growth in 
binary systems was used to represent the 
reduction in heat transfer rate directly in pool 
boiling correlation. Starting with 
term
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Calus and Rice empirically observed that it could 
be reduced to a simpler form,
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 while retaining the 

same functional dependence for isopropanol/
water, acetone/water, and water/glycerol mixtures. 
An exponent of (0.7) was added to this term as it 
provided a better match with the experimental 
data. The final expression of the correlation for 
heat transfer coefficient is:
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Since their method yields the pool boiling 
coefficients directly, it cannot utilize the more 
accurate pure component correlations. Their 
model was unable to predict the severe 
suppression seen in their own experimental data.

The first completely analytical expression for 
predicting the wall superheat / heat transfer 
coefficient was derived by Calus and 
Leonidopoulos [5]; the final correlation was given 
as:
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Where (Sn) is the Scriven number.
The expression that multiplies (y1

*-x1) in 
equation (8) corresponds to the constant (A) in 
equation (3). Contrary to constant (A), the 
expression:
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is a function of the concentration of the binary 
mixture. Although this model could not represent 
the effect of composition on heat transfer well, it 
provided a lower mean error than Stephan and 
Korner’s [7] and Calus and Rice’s [11] 
correlations.

Schlunder [14] introduced the difference 
between the saturation temperatures of the pure 
components at the same pressure as a parameter in 
his correlating scheme. Also, a correction factor 
incorporating the mass transfer coefficient was 
introduced to modify Stephan and Korner's [5] 
correlation. The value of mass transfer coefficient 
was calculated. From experimental data, it was 
found to be in agreement with the values observed 
in the case of falling film evaporation. Schlunder 
based his correlation on the film theory of mass 
transfer, assuming that:

1. The heat flow from the heated surface in 
nucleate boiling passes into the bubble in the 
form of latent heat.

2. The interfacial vapor-liquid mole fraction 
difference of the more volatile component is 
approximately equal to bulk difference.

3. The slope of the bubble point curve may be 
approximated by (Tsat,2 – Tsat,1).

Schlunder arrived at the equation:
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where (hI) the ideal heat transfer coefficient is 
calculated from equation (6), and B0 is an 
empirical scaling factor set equal to (0.0002) m/s.

Thome [15] eliminated the two rough 
approximations adopted by Schlunder calculating:

1. The exact expression for the vapor- liquid 
mole fraction difference of the more volatile 
component at the interface.

2. The slope of the bubble point curve by the 
boiling range, i.e., the temperature difference 
between the dew point temperature and the 
bubble point temperature on the boiling curve 
(∆TBP): 
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Arriving at the correlation:
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In the above correlation the boiling range has 
taken the place of the effective of the multi-
component temperature driving force across the 
diffusion shell in the Schlunders correlation.

Wenzel et al. [16] followed a similar approach 
to Schlunder [14], but they set out to obtain the 
actual value of the interface concentration by 
applying the mass transfer equation at the bubble 
boundary. This approach required knowledge of 
the mass transfer coefficient at the interface. It 
was empirically set at (10-4) m/s. The interface 
concentration was then used in determining the 
interface temperature.
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where (hI) the ideal heat transfer coefficient is 
calculated from equation (6), and B0 =1 and βL= 
10-4 m/s.
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Fujita et al [17] modified the Fujita and 
Tsutsui’s correlation by replacing the heat flux 
term with a term including the ideal wall 
superheat, ∆TI.
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4. Experimental Work

The pool-boiling unit is produced by 
P.A.Hilton Ltd.for pool boiling measurements 
with refrigerants, and it was modified during this 
study to be used with any other selected fluid. The 
experimental system is shown schematically in 
figure (1).

Fig.1. Schematic Diagram of the ُُُExperimental 
Setup.

5. Experimental Procedure

1. The unit was charged with the test fluid until 
the level of the test fluid in the cylinder was 
(20 – 30) mm above the top of the heater.

2. The electric heater was adjusted to about (30) 
watts and the water flow rate was adjusted 
until the desired pressure was about (1atm) 
and then the voltage, current, vapor pressure, 
liquid temperature and metal temperature 
were observed.

3. The power was increased to (100) watts; and 
the cooling water flow rate was adjusted to 
give the desired pressure. When the test fluid 
started to boil vigorously the pressure release 
valve steam was pulled out to release any air 
in the cylinder.

4. When the test fluid reached saturation 
temperature and steady state conditions, the 
current, voltage, liquid temperature, and wall 
temperature were recorded. The power input 
was then increased at an equal intervals and 
the same operation was repeated and the 
systems studied the test fluids employed in 
the present study. The fluids were pure 
methanol, ethanol, acetone, n- butanol, 
heptane, n-hexane, benzene, water and 
various compositions of their binary mixtures. 
To see more details you can see reference 
[18].

6. Results and Discussion
6.1. Boiling of Single Component Liquid

Measurements of the nucleate pool boiling 
heat transfer coefficients for pure acetone, 
benzene, ethanol, hexane, heptane, methanol, n-
butanol, and water are made to provide a strong 
basis to analyze mixtures behaviour.Some 
experimental tests were performed with pure 
water to ensure the reliability of the experimental 
test rig.

Fig.2. Pool boiling Curve For Single Components

Figure (2) shows the boiling curves of acetone, 
benzene, ethanol, hexane, heptane, methanol, n-
butanol and water. It was found that the boiling 
curves of the pure liquids could never exceed that 
of the boiling curve of water and the arrangement 
of the boiling curves for different pure liquids in 
figure (2) are depend on the values of the nucleate 
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boiling heat transfer coefficients which dependent 
on physical properties (kL, Cp, ρL, σ, μL, ∆hLG, ρV) 
and temperature difference (which is wall 
temperature minus the liquid saturation 
temperature ) for pure liquids so that the pure 
water has larger values of nucleate boiling heat 
transfer coefficients than that for pure liquids 
because pure water has high values of thermal 
conductivity, liquid density and specific heat as 
compared with the pure liquids. 

Fig.3. Variation of Boiling Heat Transfer 
Coefficient with Heat Flux for Single Components.

Figure (3) shows the nucleate boiling heat 
transfer coefficients for pure liquids (acetone, 
benzene, ethanol, hexane, heptane, methanol, n-
butanol and water) as a function of heat fluxes. It 
was found that the nucleate pool boiling heat 
transfer coefficients for pure liquids increases 
with increasing heat fluxes because of the higher 
number of bubbles generated as flux increases.

6.2. Boiling of Binary Mixtures

The nucleate pool boiling heat transfer 
coefficient data for four different compositions 
(0.2, 0.4, 0.6, and 0.8) of the more volatile 
components, aqueous mixture of methanol and the 
non- aqueous mixtures of acetone-ethanol, 
acetone-n-butanol, ethanol-n-butanol, hexane-
benzene and methanol-water .

Figure (4) shows the boiling curve for ethanol-
n-butanol mixture at different compositions of the 
more volatile component (ethanol).It was found 
that the temperature difference for ethanol-n-
butanol mixture was larger than that for pure 
components constituting the mixture because of 
the increase wall superheat required to activate 
bubble nucleation centers for mixtures, resulting 

in less-dense bubble population at a given wall 
superheat as compared with that for pure liquids.

Fig.4 Pool boiling curve for ethanol-                                
n-butanol.

So it was found the arrangement of the boiling 
curves at different compositions of the ethanol-n-
butanol mixtures are very dependent on mass 
driving force   (y*-x) so that the last boiling curve 
was (0.4) mole fraction of ethanol-n-butanol 
mixture because at this compositions the binary 
system of ethanol-n-butanol has the largest value 
of (y*-x). The larger value of (y*-x) is expected to 
exert a strong mixture effect on the boiling heat 
transfer, since mass transfer resistance leads to the 
loss of wall superheat. 

Fig.5. Pool boiling Curve for Acetone- N-Butanol.

Figure (5) shows the boiling curve for acetone-
n-butanol mixture at different compositions of the 
more volatile component (acetone).It was found 
that the temperature difference for acetone-n-
butanol mixture was larger than that for pure 
components constituting the mixture and was 
found that the last boiling curve was (0.2) mole 
fraction of acetone-n-butanol mixture because at 
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this compositions the binary system of acetone-n-
butanol has the largest value of mass driving force 
(y*-x) which leads to the loss of wall superheat.

The rest of the systems (acetone-etanol, 
hexane-benzene, hexane-heptane and methanol-
water) has the same boiling curve behavior.

In binary mixtures the temperature difference 
is always larger than that for pure component. 
This can be explained as follows: in bubble 
growth dynamics, it is usually assumed that a 
temperature gradient exists between the 
superheated solid surface and liquid-vapor 
interface and the heat required for vapor 
generation is supplied by the heat conducted 
across the temperature gradient. Thus, for pure 
fluids, the bubble growth rate is limited by the 
rate of heat conduction.

In addition, another limitation exists during the 
bubble growth of mixtures. The difference in 
volatilities of the two components causes a 
stripping of the more volatile component near the 
interface. Thus, the mole fraction of the more 
volatile component of the liquid at the interface is 
smaller than that in the bulk, resulting in an 
increase in the saturation temperature at the 
interface. This phenomenon, consequently, 
reduces the available effective driving 
temperature potential for the supply of heat for 
bubble generation.

Figures (6 - 7) show the nucleate pool boiling 
heat transfer coefficients for two binary mixtures 
(ethanol-n-butanol, acetone-n-butanol). As
function of heat fluxes at different composition of 
the more volatile component. 

It was found that the nucleate pool boiling heat 
transfer coefficients of either the pure liquids or 
binary mixture increased with rising the heat flux 
because of the large number of small bubbles 
generated on the surface of heater as heat flux 
increases, and because of a generally higher 
nucleate pool boiling heat transfer coefficients. 

So it was found that the smallest values of 
nucleate pool boiling heat transfer coefficients for 
six binary mixtures were at maximum difference 
of (y*-x) because of the maximum reduction in 
bubble growth rate occurs at a maximum value of 
(y*-x). 

This lead to conclude that temperature 
difference required to form a vapor bubble in a 
binary mixture is the function of the mass transfer 
driving force (y*-x). 

For a given heat flux, the heat transfer 
coefficients of the mixtures are lower than the 
values obtained by the pure components 
constituting the mixture. 

This is due to the utilization of part of the 
temperature driving force to overcome the mass 
transfer resistance caused by diffusion of the light 
components to the bubble interface.

Therefore, to obtain a given heat flux, an 
additional temperature driving force is required 
for binary mixtures; hence the heat transfer 
coefficients are lower than those of constituent 
pure components. 

The rest of the systems (acetone-ethanol, 
hexane-benzene, hexane-heptane and methanol-
water) has the same behavior.

Fig.6. Variation of Boiling Heat Transfer 
Coefficient with Heat Flux for Ethanol - N- Butanol.

Fig.7. Variation of Boiling Heat Transfer 
Coefficient with Heat Flux For Acetone-N- Butanol.

Figures (8 - 9) show the nucleate pool 
boiling heat transfer coefficients for two 
binary mixtures (ethanol-n-butanol, acetone-
n-butanol) as function of the mole fraction of 
the more volatile component at different heat 
fluxes. It was found that the nucleate pool 
boiling heat transfer coefficients for six 
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binary mixtures were always lower than that 
of the nucleate pool boiling heat transfer 
coefficients for the pure liquids. This 
confirmed that the mass transfer resistance to 
the movement of the more volatile component 
was responsible for the decrease in heat 
transfer coefficient for binary mixture and 
also the significant change in the physical 
properties of the mixture and the effect of 
composition on nucleation of bubbles in 
binary mixture were also responsible for the 
decrease in heat transfer coefficiet for binary 
mixture. The rest of the systems (acetone-
ethanol, hexane-benzene, hexane-heptane and 
methanol-water) has the same behavior. An 
interesting point is that the maximum 
deterioration was observed at the 
concentrations where the absolute 
concentration differences between vapor and 
liquid phase were also maximum(y*-x). 

Fig.8. Variation of Boiling Heat Transfer 
Coefficient with Composition for Ethanol -N-
Butanol.

The following is an explanation for this 
heat transfer deterioration. The bubbles 
leaving the heated surface are enriched in the 
volatile component (i.e. lower boiling point 
component). This results in a reduction of this 
particular component in the boiling boundary 
layer in the vicinity of the heated surface. The 
liquid mole fraction of the volatile component 
in this layer is therefore lower than that in the 
bulk liquid. Consequently, the boiling 
temperature in the layer becomes higher than 
that in the bulk liquid. This can be deduced 
from a vapor. Liquid phase equilibrium 

diagram of typical binary mixture. For 
nucleate pool boiling, the heat transfer 
coefficient is a function of the wall superheat, 
i.e. the difference between the wall 
temperature and the liquid boiling 
temperature. For the determination of this 
heat transfer coefficient for a binary mixture, 
the measured wall superheat (based on bulk 
liquid boiling temperature) is used; whilst the 
wall superheat in the boiling boundary layer is 
driving the flow of heat in the latter is smaller 
than that in the former.

Fig.9. Variation of Boiling Heat Transfer 
Coefficient with Composition for Acetone-N-
Butanol.

6.3. Testing of Experimental Results with 
Correlations

When designing the evaporator of an aqueous 
system or non-a aqueous system or refrigeration 
system, one must be able to accurately predict the 
boiling heat transfer coefficients of these systems 
used and heat flux predictions of mixtures are of 
interest in some cases of evaporator design and 
also in cryogenics, rocketry and power system 
design. So a suitable correlation for thermal 
design must be concluded.

The experimental results were tested with 
three correlations. The first of these was proposed 
by Calus and Leonidopoulos [5] 

The second correlation was proposed by 
Thome [15] 

The third correlation was proposed by Fujita 
et al [17]

The mean deviations and standard deviations 
were determined for their correlations. Figures 
(10–11) for each binary system measured.
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      By comparing the mean deviation and 
standard deviations for three correlations. It was 
concluded that Thome’s correlation represented 
the experimental results better than the others, 
although both correlations were found to be in 
good agreement with the data. The mean 
deviation for Thome's correlation was (4.968%) 
for six binary mixtures while it was (7.713%) for 
Fujita's correlation and it was (9.814%) for Calus 
and Leonidopoulos correlation. From these we 
conclude that Thome’s correlation is suitable for 
general thermal design use since it gives good 
agreements with experimental data and it is 
directly applicable to multicomponent mixtures,
and it requires a minimum of phase equilibrium 
data, and it is applicable at high reduced 
pressures. 

Fig.10. Comparison of Experimental Results with 
Three Correlations for Ethanol-N- Butanol at q" = 
115.08(kW/m2).

Fig.11. Comparison of Experimental Results
with Three Correlations for Acetone-N- Butanol at 
q" = 115.08(kW/m2)

Pool boiling experiments were carried out 
on boiling of pure and binary mixtures in 
which the nucleate pool boiling heat transfer 
coefficients were measured for pure and 
binary mixtures at atmospheric pressure at 
which heat fluxes varied up to (133.38) 
kW/m2.

The following conclusions can be reached
from an analysis of the experimental data.

1. For a given heat flux, the heat transfer 
coefficients of mixtures are lower than the 
values obtained by the pure components 
constituting the mixture. 

2. It was noticed from the present study that the 
heat transfer coefficient is a function of the 
difference between the equilibrium vapor and 
liquid concentration, (y*-x) of the light 
component and the minimum heat transfer 
coefficient occurs at the maximum of (y*-x) of 
the light component.

3. The boiling heat transfer coefficients for either 
the pure liquids or the binary mixtures 
increased with the rising heat flux at constant 
pressure.

4. The data of binary mixtures were compared 
with three correlations. Thome’s correlation 
yielded a smaller mean deviation than that of 
Fujita and Calus and Leonidopoulos’
correlation.

They compared their correlation with several 
data sets from literature as well as with their own 
experimental results. The mean deviation between 
the predicted and experimental values ranged 
between (3.6) and (14) percent. To see more 
models you can see reference [18].

Nomenclatures

A0 Parameter defined in equation (1.4)

CP Specific heat

D Mass diffusivity

D0
12,

D0
21

Diffusion coefficient of component 1(2) 
present  In infinitely low concentration of
liquid mixture

FD Diffusion factor

g Parameter defined as:g=(x1-x1,s)/(y1,s-x1,s)

h Heat transfer coefficient

k Thermal Conductivity

Lm Mass diffusion shell thickness

Lt Thermal boundary layer thickness

2000
2500

3000
3500
4000
4500

5000
5500
6000
6500

7000
7500

0 0.2 0.4 0.6 0.8 1

W acetone

h
 (

k
W

/m
2
K

)

h Experimental

h Fujita

h Thome

h Calus 

3000

3500

4000

4500

5000

5500

6000

6500

7000

0 0.2 0.4 0.6 0.8 1

W ethanol

h
 (

k
W

/m
2
K

)

h Experimental

h Fujita

h Thome

h Calus



Balasim A. Abid!!!!                                  Al-Khwarizmi Engineering Journal, Vol.6, No.1, PP 14 -23 (2010)

22

M Molecular weight

Nu Nusselt number [hd/k]

P Pressure

PC Critical pressure

Pr Prandtl number   [CP μ /k]

q" Heat flux

Sn Scriven number, defined as:

T Temperature

TW Wall temperature

TSat Saturation temperature

V1 Volatility parameter, defined by equation 
(1.24)

x Mole fraction of the more volatile 
component

y* Equilibrium vapor mole fraction

Greek Symbols    

α Thermal diffusivity

∆hLG Latent heat of vaporization

∆Tbp Boiling range

∆Teff Effective superheat

∆Tsat Wall superheat [Tw – Tsat]

∆T1, ∆T2 Wall superheat for component (1) and 
(2) in pool boiling

μ Viscosity

ρ Density

σ Surface tension
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  الماء المنتج من الحقول النفطیة ومعالجات 
  

  عباس جواد سلطان                     عبداحمد بلاسم 
  الجامعة التكنولوجیة / الھندسة الكیمیائیة قسم 

  الخلاصة

حѧرارة للغلیѧان المتنѧوي للخلائѧط     معѧاملات انتقѧال  .یركز البحث علѧى دراسѧة تѧأثیر مقاومѧة انتقѧال الكتلѧة علѧى معѧدل انتقѧال الحѧرارة فѧي الغلیѧان الحوضѧي             

تѧѧم قیاسѧѧھا عنѧѧد مختلѧѧف التراكیѧѧز للمѧѧادة الاكثѧѧر   ) مѧѧاء-میثѧѧانول,ھیبتѧѧان-ھكسѧѧان,بنѧѧزین-ھكسѧѧان,ایثѧѧانول-اسѧѧیتون,بیوتѧѧانول-اسѧѧیتون,بیوتѧѧانول -ایثѧѧانول(الثنائیѧѧة 

  .الانظمة المختارة غطت مدى واسع من تصرفات المحالیل.تطایرا

سѧطح المسѧخن الكھربѧائي تѧم     درجѧة حѧرارة  . بحث على مسخن كھربائي مغمور في سائل الاختبار ومركѧب بشѧكل عمѧودي   یتضمن الجھاز المستخدم في ال

وقѧد  .معدل الانتقال الحراري الحقیقي تم الحصول علیھ من حاصل ضѧرب قѧراءة الفѧولتمیتر فѧي الامیتѧر     .قیاسھا بواسطة متحسس حراري مربوط بمؤشر رقمي

.واسطة الحرارة المتولدة من المسخن الكھربائي واعادةالسائل المتكون الى الاسطوانة الزجاجیة لیتم اعادة تبخیرهاستخدم مكثف للبخار الناتج ب

وھѧذا یؤكѧد   .تقال الحرارة للغلیان المتنوي للمزیج الثنائي تكون دائما اقل مѧن معѧاملات انتقѧال الحѧرارة للسѧوائل النقیѧة      لقد بینت نتائج الغلیان بأن معاملات ان

ي وان اكبѧر تѧدھور فѧي    بأن انتقال الكتلة یقاوم حركة المادة الاكثر تطایرا في المحلول وھذا السѧلوك یفسѧر النقصѧان فѧي معѧاملات انتقѧال الحѧرارة للمѧزیج الثنѧائ         

  .عدلات انتقال الحرارة لوحظ عندما یكون مطلق الفرق بین تركیز البخار والسائل للمادة الاكثر تطایرا اكبر مایمكنم

تعطي اكثر ) توم(وقد وجد ان علاقة ) توم,فوجیتا, كیلس ولینودوبلس(النتائج التجریبیة تم اختبارھا مع اكثر العلاقات شھرة وھي بالتحدید علاقات 

.ئج المختبریة لانھا تعطي اقل معدل انحراف واقل انحراف معیاري من العلاقتین السابقتینتمثیلا للنتا
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Abstract 

The present research focuses on the study of the effect of mass transfer resistance on the rate of heat transfer in pool boiling. The nucleate pool boiling heat transfer coefficients for binary mixtures (ethanol-n-butanol, acetone-n-butanol, acetone-ethanol, hexane-benzene, hexane-heptane, and methanol-water) were measured at different concentrations of the more volatile components. The systems chosen covered a wide range of mixture behaviors.


The experimental set up for the present investigation includes electric heating element submerged in the test liquid mounted vertically. Thermocouple and a digital indictor measured the temperature of the heater surface. The actual heat transfer rate being obtained by multiplying the voltmeter and ammeter readings. A water cooled coil condenses the vapor produced by the heat input and the liquid formed returns to the cylinder for re-evaporation.


The boiling results show that the nucleate pool boiling heat transfer coefficients of binary mixtures were always lower than the pure components nucleate pool boiling heat transfer coefficients. This confirmed that the mass transfer resistance to the movement of the more volatile component was responsible for decrease in heat transfer and that the maximum deterioration that was observed at a point was the absolute concentration differences between vapor and liquid phases at their maximum. All the data points were tested with the most widely known correlations namely those of Calus-Leonidopoulos, Fujita and Thome. It was found that Thome's correlation is the more representative form, for it gave the least mean and standard deviations.

Keywords:pool , boiling , binary , systems.
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1.  Introduction



Boiling heat transfer is defined as a mode of heat transfer, which occurs with a change in phase from liquid to vapor.


There are two basic types of boiling:


1. Pool boiling: Where a heated surface is submerged below a free surface of liquid. 


2. Flow boiling: Where the liquid is flowing on heated surface.


Pool and Flow boiling are important in power industries and process industries. The present research focuses on pool boiling. [1]


Boiling of binary and multicomponent mixtures constitutes an important process in chemical process, air separation, refrigeration and many other industrial applications. Reboilers feeding the vapors to distillation columns and flooded evaporators generally employ pool boiling, while the tube evaporation process involves flow boiling. Although the multicomponent boiling is of greater interest from a process standpoint, fundamental understanding of the mechanism can be obtained first with binary mixtures.[2].


The objectives of the present study are to experimentally determine the nucleate pool boiling heat transfer coefficients of binary mixtures at different concentration of the more volatile components, and then the experimental results will be compared with famous correlations in pool boiling to examine the agreement with the experimental results and try to conclude a more representative correlation.

2. Nucleate Boiling Studies for Mixtures

Since the complexity of mixture boiling was recognized some years ago, a wealth of data giving nucleate boiling superheats and transfer coefficients has been published. According to Grigorjev (1959) [3], the reduction in heat transfer is due to the increase of the bubble radial in equilibrium with the mixture, resulting in a smaller bubble population at the same degree of wall superheating.


Stephan and Korner (1970) [4] found that the reversible isothermal work for a single bubble in equilibrium in mixture is greater than that needed for a pure component of the same physical properties.


Calus and Leonidopoulos (1974) [5] showed results that approved the decrease in heat transfer coefficient up on the addition of n- propanol to water, but an improvement in the heat transfer coefficient was recorded up on the addition of water to pure n- propanol.

3. Pool Boiling Models and Correlations for Binary Mixtures

The most popular empirical correlation for the prediction of boiling heat transfer coefficient is that of Stephan and Korner [7]. They suggested the use of an excess function formulation for determining the wall superheat and then the heat transfer coefficient in the boiling of binary mixtures. At a given heat flux, the wall superheat is provided by:
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Where the ideal super heat ∆TI (molar averaged value of the pure fluid wall superheats) is defined as
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Where (x1) is the mole fraction of the more volatile component indicated with subscript (1), while the less volatile component is indicated with the subscript (2), and the excess superheat (∆θ) is calculated from:
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Concluding that the energy required to form a vapor bubble in a binary mixture is a function of the mass driving force |y1* - x1|. In equation (3), (y1*) is the equilibrium vapor mole fraction of the more volatile component and (A) is an empirical constant, different for every binary system, and is a function of pressure. The pressure influence was taken into account empirically in the range (0.1 – 1.0) Mpa as:
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When (P) in bar, and (A0) is the value of (A) at (0.1) Mpa the final expression of the correlation for heat transfer coefficient is 
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Where (hI), the ideal heat transfer coefficient, is given by equation:
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The correlation, tested on (357) data points, is reported in Korner [8], Thome [9], Calus and Leonidopoulos [5] and Stephan and Preusser [10].


Calus and Rice [11] were among the first investigators to develop an empirical model based on the bubble growth theories presented by Scriven [12] and Van Stralen [13]. The term representing the reduction in bubble growth in binary systems was used to represent the reduction in heat transfer rate directly in pool boiling correlation. Starting with term
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, Calus and Rice empirically observed that it could be reduced to a simpler form, 
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 while retaining the same functional dependence for isopropanol/ water, acetone/water, and water/glycerol mixtures. An exponent of (0.7) was added to this term as it provided a better match with the experimental data. The final expression of the correlation for heat transfer coefficient is:



[image: image9.wmf]7


.


0


1


*


1


5


.


0


1


ú


ú


û


ù


ê


ê


ë


é


-


÷


ø


ö


ç


è


æ


+


=


x


y


D


h


h


I


a


          …(7) 

Since their method yields the pool boiling coefficients directly, it cannot utilize the more accurate pure component correlations. Their model was unable to predict the severe suppression seen in their own experimental data.


The first completely analytical expression for predicting the wall superheat / heat transfer coefficient was derived by Calus and Leonidopoulos [5]; the final correlation was given as:
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Where (Sn) is the Scriven number.


The expression that multiplies (y1*-x1) in equation (8) corresponds to the constant (A) in equation (3). Contrary to constant (A), the expression:
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is a function of the concentration of the binary mixture. Although this model could not represent the effect of composition on heat transfer well, it provided a lower mean error than Stephan and Korner’s [7] and Calus and Rice’s [11] correlations.


Schlunder [14] introduced the difference between the saturation temperatures of the pure components at the same pressure as a parameter in his correlating scheme. Also, a correction factor incorporating the mass transfer coefficient was introduced to modify Stephan and Korner's [5] correlation. The value of mass transfer coefficient was calculated. From experimental data, it was found to be in agreement with the values observed in the case of falling film evaporation. Schlunder based his correlation on the film theory of mass transfer, assuming that:


1. The heat flow from the heated surface in nucleate boiling passes into the bubble in the form of latent heat.


2. The interfacial vapor-liquid mole fraction difference of the more volatile component is approximately equal to bulk difference.


3. The slope of the bubble point curve may be approximated by (Tsat,2 – Tsat,1).


Schlunder arrived at the equation:
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where (hI) the ideal heat transfer coefficient is calculated from equation (6), and B0 is an empirical scaling factor set equal to (0.0002) m/s.


Thome [15] eliminated the two rough approximations adopted by Schlunder calculating:

1. The exact expression for the vapor- liquid mole fraction difference of the more volatile component at the interface.


2. The slope of the bubble point curve by the boiling range, i.e., the temperature difference between the dew point temperature and the bubble point temperature on the boiling curve (∆TBP): 
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Arriving at the correlation:
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In the above correlation the boiling range has taken the place of the effective of the multi-component temperature driving force across the diffusion shell in the Schlunders correlation.


Wenzel et al. [16] followed a similar approach to Schlunder [14], but they set out to obtain the actual value of the interface concentration by applying the mass transfer equation at the bubble boundary. This approach required knowledge of the mass transfer coefficient at the interface. It was empirically set at (10-4) m/s. The interface concentration was then used in determining the interface temperature.
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where (hI) the ideal heat transfer coefficient is calculated from equation (6), and B0 =1 and βL= 10-4 m/s.


Fujita et al [17] modified the Fujita and Tsutsui’s correlation by replacing the heat flux term with a term including the ideal wall superheat, ∆TI.
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4. Experimental Work

The pool-boiling unit is produced by P.A.Hilton Ltd.for pool boiling measurements with refrigerants, and it was modified during this study to be used with any other selected fluid. The experimental system is shown schematically in figure (1).

[image: image24.emf] 


0


20


40


60


80


100


120


140


160


0.0010.0020.0030.0040.00


(T


w


-T


sat


)K


q"(kW/m


2


)


pure n-butano l


0.2 ethanol        


0.4 ethanol        


0.6 ethanol        


0.8 ethanol


pure ethanol     




Fig.1. Schematic Diagram of the ُُُExperimental Setup.

5. Experimental Procedure

1. The unit was charged with the test fluid until the level of the test fluid in the cylinder was (20 – 30) mm above the top of the heater.


2. The electric heater was adjusted to about (30) watts and the water flow rate was adjusted until the desired pressure was about (1atm) and then the voltage, current, vapor pressure, liquid temperature and metal temperature were observed.


3. The power was increased to (100) watts; and the cooling water flow rate was adjusted to give the desired pressure. When the test fluid started to boil vigorously the pressure release valve steam was pulled out to release any air in the cylinder.


4. When the test fluid reached saturation temperature and steady state conditions, the current, voltage, liquid temperature, and wall temperature were recorded. The power input was then increased at an equal intervals and the same operation was repeated and the systems studied the test fluids employed in the present study. The fluids were pure methanol, ethanol, acetone, n- butanol, heptane, n-hexane, benzene, water and various compositions of their binary mixtures. To see more details you can see reference [18].

6. Results and Discussion


6.1. Boiling of Single Component Liquid

Measurements of the nucleate pool boiling heat transfer coefficients for pure acetone, benzene, ethanol, hexane, heptane, methanol, n-butanol, and water are made to provide a strong basis to analyze mixtures behaviour.Some experimental tests were performed with pure water to ensure the reliability of the experimental test rig.
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Fig.2. Pool boiling Curve For Single Components

Figure (2) shows the boiling curves of acetone, benzene, ethanol, hexane, heptane, methanol, n-butanol and water. It was found that the boiling curves of the pure liquids could never exceed that of the boiling curve of water and the arrangement of the boiling curves for different pure liquids in figure (2) are depend on the values of the nucleate boiling heat transfer coefficients which dependent on physical properties (kL, Cp, ρL, σ, μL, ∆hLG, ρV) and temperature difference (which is wall temperature minus the liquid saturation temperature ) for pure liquids so that the pure water has larger values of nucleate boiling heat transfer coefficients than that for pure liquids because pure water has high values of thermal conductivity, liquid density and specific heat as compared with the pure liquids. 
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Fig.3. Variation of Boiling Heat Transfer Coefficient with Heat Flux for Single Components.

Figure (3) shows the nucleate boiling heat transfer coefficients for pure liquids (acetone, benzene, ethanol, hexane, heptane, methanol, n-butanol and water) as a function of heat fluxes. It was found that the nucleate pool boiling heat transfer coefficients for pure liquids increases with increasing heat fluxes because of the higher number of bubbles generated as flux increases.


6.2. Boiling of Binary Mixtures

The nucleate pool boiling heat transfer coefficient data for four different compositions (0.2, 0.4, 0.6, and 0.8) of the more volatile components, aqueous mixture of methanol and the non- aqueous mixtures of acetone-ethanol, acetone-n-butanol, ethanol-n-butanol, hexane-benzene and methanol-water .

Figure (4) shows the boiling curve for ethanol-n-butanol mixture at different compositions of the more volatile component (ethanol).It was found that the temperature difference for ethanol-n-butanol mixture was larger than that for pure components constituting the mixture because of the increase wall superheat required to activate bubble nucleation centers for mixtures, resulting in less-dense bubble population at a given wall superheat as compared with that for pure liquids.
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Fig.4 Pool boiling curve for ethanol-                                n-butanol.


So it was found the arrangement of the boiling curves at different compositions of the ethanol-n-butanol mixtures are very dependent on mass driving force   (y*-x) so that the last boiling curve was (0.4) mole fraction of ethanol-n-butanol mixture because at this compositions the binary system of ethanol-n-butanol has the largest value of (y*-x). The larger value of (y*-x) is expected to exert a strong mixture effect on the boiling heat transfer, since mass transfer resistance leads to the loss of wall superheat. 
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Fig.5. Pool boiling Curve for Acetone- N-Butanol.

Figure (5) shows the boiling curve for acetone-n-butanol mixture at different compositions of the more volatile component (acetone).It was found that the temperature difference for acetone-n-butanol mixture was larger than that for pure components constituting the mixture and was found that the last boiling curve was (0.2) mole fraction of acetone-n-butanol mixture because at this compositions the binary system of acetone-n-butanol has the largest value of mass driving force (y*-x) which leads to the loss of wall superheat.

The rest of the systems (acetone-etanol, hexane-benzene, hexane-heptane and methanol-water) has the same boiling curve behavior.


In binary mixtures the temperature difference is always larger than that for pure component. This can be explained as follows: in bubble growth dynamics, it is usually assumed that a temperature gradient exists between the superheated solid surface and liquid-vapor interface and the heat required for vapor generation is supplied by the heat conducted across the temperature gradient. Thus, for pure fluids, the bubble growth rate is limited by the rate of heat conduction.


In addition, another limitation exists during the bubble growth of mixtures. The difference in volatilities of the two components causes a stripping of the more volatile component near the interface. Thus, the mole fraction of the more volatile component of the liquid at the interface is smaller than that in the bulk, resulting in an increase in the saturation temperature at the interface. This phenomenon, consequently, reduces the available effective driving temperature potential for the supply of heat for bubble generation.


Figures (6 - 7) show the nucleate pool boiling heat transfer coefficients for two binary mixtures (ethanol-n-butanol, acetone-n-butanol). As function of heat fluxes at different composition of the more volatile component. 

It was found that the nucleate pool boiling heat transfer coefficients of either the pure liquids or binary mixture increased with rising the heat flux because of the large number of small bubbles generated on the surface of heater as heat flux increases, and because of a generally higher nucleate pool boiling heat transfer coefficients. 

So it was found that the smallest values of nucleate pool boiling heat transfer coefficients for six binary mixtures were at maximum difference of (y*-x) because of the maximum reduction in bubble growth rate occurs at a maximum value of (y*-x). 

This lead to conclude that temperature difference required to form a vapor bubble in a binary mixture is the function of the mass transfer driving force (y*-x). 


For a given heat flux, the heat transfer coefficients of the mixtures are lower than the values obtained by the pure components constituting the mixture. 

This is due to the utilization of part of the temperature driving force to overcome the mass transfer resistance caused by diffusion of the light components to the bubble interface.

Therefore, to obtain a given heat flux, an additional temperature driving force is required for binary mixtures; hence the heat transfer coefficients are lower than those of constituent pure components. 

The rest of the systems (acetone-ethanol, hexane-benzene, hexane-heptane and methanol-water) has the same behavior.
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Fig.6. Variation of Boiling Heat Transfer Coefficient with Heat Flux for Ethanol - N- Butanol.
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Fig.7. Variation of Boiling Heat Transfer Coefficient with Heat Flux For Acetone-N- Butanol.


Figures (8 - 9) show the nucleate pool boiling heat transfer coefficients for two binary mixtures (ethanol-n-butanol, acetone-n-butanol) as function of the mole fraction of the more volatile component at different heat fluxes. It was found that the nucleate pool boiling heat transfer coefficients for six binary mixtures were always lower than that of the nucleate pool boiling heat transfer coefficients for the pure liquids. This confirmed that the mass transfer resistance to the movement of the more volatile component was responsible for the decrease in heat transfer coefficient for binary mixture and also the significant change in the physical properties of the mixture and the effect of composition on nucleation of bubbles in binary mixture were also responsible for the decrease in heat transfer coefficiet for binary mixture. The rest of the systems (acetone-ethanol, hexane-benzene, hexane-heptane and methanol-water) has the same behavior. An interesting point is that the maximum deterioration was observed at the concentrations where the absolute concentration differences between vapor and liquid phase were also maximum(y*-x). 





Fig.8. Variation of Boiling Heat Transfer Coefficient with Composition for Ethanol -N- Butanol.


The following is an explanation for this heat transfer deterioration. The bubbles leaving the heated surface are enriched in the volatile component (i.e. lower boiling point component). This results in a reduction of this particular component in the boiling boundary layer in the vicinity of the heated surface. The liquid mole fraction of the volatile component in this layer is therefore lower than that in the bulk liquid. Consequently, the boiling temperature in the layer becomes higher than that in the bulk liquid. This can be deduced from a vapor. Liquid phase equilibrium diagram of typical binary mixture. For nucleate pool boiling, the heat transfer coefficient is a function of the wall superheat, i.e. the difference between the wall temperature and the liquid boiling temperature. For the determination of this heat transfer coefficient for a binary mixture, the measured wall superheat (based on bulk liquid boiling temperature) is used; whilst the wall superheat in the boiling boundary layer is driving the flow of heat in the latter is smaller than that in the former.



Fig.9. Variation of Boiling Heat Transfer Coefficient with Composition for Acetone-N- Butanol.

6.3. Testing of Experimental Results with Correlations


 When designing the evaporator of an aqueous system or non-a aqueous system or refrigeration system, one must be able to accurately predict the boiling heat transfer coefficients of these systems used and heat flux predictions of mixtures are of interest in some cases of evaporator design and also in cryogenics, rocketry and power system design. So a suitable correlation for thermal design must be concluded.


The experimental results were tested with three correlations. The first of these was proposed by Calus and Leonidopoulos [5] 


The second correlation was proposed by Thome [15] 


The third correlation was proposed by Fujita et al [17]


The mean deviations and standard deviations were determined for their correlations. Figures (10–11) for each binary system measured.

      By comparing the mean deviation and standard deviations for three correlations. It was concluded that Thome’s correlation represented the experimental results better than the others, although both correlations were found to be in good agreement with the data. The mean deviation for Thome's correlation was (4.968%) for six binary mixtures while it was (7.713%) for Fujita's correlation and it was (9.814%) for Calus and Leonidopoulos correlation. From these we conclude that Thome’s correlation is suitable for general thermal design use since it gives good agreements with experimental data and it is directly applicable to multicomponent mixtures, and it requires a minimum of phase equilibrium data, and it is applicable at high reduced pressures. 



Fig.10. Comparison of Experimental Results with Three Correlations for Ethanol-N- Butanol at q" = 115.08(kW/m2).




Fig.11. Comparison of Experimental Results with Three Correlations for Acetone-N- Butanol at q" = 115.08(kW/m2)


Pool boiling experiments were carried out on boiling of pure and binary mixtures in which the nucleate pool boiling heat transfer coefficients were measured for pure and binary mixtures at atmospheric pressure at which heat fluxes varied up to (133.38) kW/m2.


The following conclusions can be reached from an analysis of the experimental data.

1. For a given heat flux, the heat transfer coefficients of mixtures are lower than the values obtained by the pure components constituting the mixture. 


2. It was noticed from the present study that the heat transfer coefficient is a function of the difference between the equilibrium vapor and liquid concentration, (y*-x) of the light component and the minimum heat transfer coefficient occurs at the maximum of (y*-x) of the light component.


3. The boiling heat transfer coefficients for either the pure liquids or the binary mixtures increased with the rising heat flux at constant pressure.


4. The data of binary mixtures were compared with three correlations. Thome’s correlation yielded a smaller mean deviation than that of Fujita and Calus and Leonidopoulos’ correlation.

They compared their correlation with several data sets from literature as well as with their own experimental results. The mean deviation between the predicted and experimental values ranged between (3.6) and (14) percent. To see more models you can see reference [18]. 


Nomenclatures

		A0

		Parameter defined in equation (1.4)



		CP

		Specific heat



		D

		Mass diffusivity



		D012, D021

		Diffusion coefficient of component 1(2) present  In infinitely low concentration of liquid mixture



		FD

		Diffusion factor



		g

		Parameter defined as:g=(x1-x1,s)/(y1,s-x1,s)



		h

		Heat transfer coefficient



		k

		Thermal Conductivity



		Lm

		Mass diffusion shell thickness



		Lt

		Thermal boundary layer thickness



		M

		Molecular weight



		Nu

		Nusselt number [hd/k]





		P

		Pressure



		PC

		Critical pressure



		Pr

		Prandtl number   [CP μ /k]



		q"

		Heat flux



		Sn

		Scriven number, defined as:



		T

		Temperature



		TW

		Wall temperature



		TSat

		Saturation temperature



		V1

		Volatility parameter, defined by equation (1.24)



		x

		Mole fraction of the more volatile component



		y*

		Equilibrium vapor mole fraction





Greek Symbols    

		α

		Thermal diffusivity



		∆hLG

		Latent heat of vaporization



		∆Tbp

		Boiling range



		∆Teff

		Effective superheat



		∆Tsat

		Wall superheat [Tw – Tsat]



		∆T1, ∆T2

		Wall superheat for component (1) and (2) in pool boiling



		μ

		Viscosity



		ρ

		Density



		σ

		Surface tension
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ومعالجات الماء المنتج من الحقول النفطية 


بلاسم احمد عبد                     عباس جواد سلطان

 قسم الهندسة الكيميائية / الجامعة التكنولوجية



الخلاصة


يركز البحث على دراسة تأثير مقاومة انتقال الكتلة على معدل انتقال الحرارة في الغليان الحوضي.معاملات انتقال حرارة للغليان المتنوي للخلائط الثنائية (ايثانول- بيوتانول,اسيتون-بيوتانول,اسيتون-ايثانول,هكسان-بنزين,هكسان-هيبتان,ميثانول-ماء) تم قياسها عند مختلف التراكيز للمادة الاكثر تطايرا.الانظمة المختارة غطت مدى واسع من تصرفات المحاليل.



يتضمن الجهاز المستخدم في البحث على مسخن كهربائي مغمور في سائل الاختبار ومركب بشكل عمودي. درجة حرارة سطح المسخن الكهربائي تم قياسها بواسطة متحسس حراري مربوط بمؤشر رقمي.معدل الانتقال الحراري الحقيقي تم الحصول عليه من حاصل ضرب قراءة الفولتميتر في الاميتر.وقد استخدم مكثف للبخار الناتج بواسطة الحرارة المتولدة من المسخن الكهربائي واعادةالسائل المتكون الى الاسطوانة الزجاجية ليتم اعادة تبخيره.


لقد بينت نتائج الغليان بأن معاملات انتقال الحرارة للغليان المتنوي للمزيج الثنائي تكون دائما اقل من معاملات انتقال الحرارة للسوائل النقية.وهذا يؤكد بأن انتقال الكتلة يقاوم حركة المادة الاكثر تطايرا في المحلول وهذا السلوك يفسر النقصان في معاملات انتقال الحرارة للمزيج الثنائي وان اكبر تدهور في معدلات انتقال الحرارة لوحظ عندما يكون مطلق الفرق بين تركيز البخار والسائل للمادة الاكثر تطايرا اكبر مايمكن.



النتائج التجريبية تم اختبارها مع اكثر العلاقات شهرة وهي بالتحديد علاقات (كيلس ولينودوبلس, فوجيتا,توم) وقد وجد ان علاقة ( توم) تعطي اكثر تمثيلا للنتائج المختبرية لانها تعطي اقل معدل انحراف واقل انحراف معياري من العلاقتين السابقتين. 
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