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Khooshehchin, Mohsen; Mohammadidoust, Akbar**
Department of Chemical Engineering, Kermanshah Branch, Islamic Azad University, Kermanshah, I.R. IRAN

ABSTRACT: In this work, the heat transfer coefficient in the pool boiling process was investigated
for different alcoholic solutions. To exact evaluation, the bubble dynamic including bubble departure
diameter, bubble departure frequency, and active nucleation sites’ density were studied. The results
showed that with increasing isopropanol concentration (20 V.% - 80 V.%), bubble departure frequency
and active nucleation sites increased while bubble departure diameter decreased. The bubble dynamic
cannot be effective in any amount and must be optimized to reach an optimum heat transfer
coefficient. Isopropanol concentration of 20 V.% was reported as an optimum state and lower
decrease versus deionized water (11.892%). This result confirmed that the bubble departure diameter
played a significant role in promoting the heat transfer coefficient. Finally, to predict the experimental
data, a Genetic Algorithm (GA) based correlation (power-law function) was developed. The optimization
procedure revealed that the GA model had a good agreement with the experimental data (R>=0.968,
AAD= 0.0288). In addition, this approach was compared with conventional models (Palen, Stephan,
Unal, Fujita, and Inoue). The GA and the Stephan models presented the best and worst performance,
respectively.
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INTRODUCTION

Energy management, both in production and
transmission in systems that deal with large volumes of
thermal energy, has a special importance due to the global
energy crisis. In a system, an efficient evaporator
can reduce energy consumption, economic resources, and
dangers to the environment [1]. In addition, energy
management in terms of heat loss at different processes
requires a better performance in the process to increase
efficiency, optimization and safety of the involved

equipments, simultaneously [2, 3]. The performance of
devices in many applications is dependent on their ability
to improve heat transfer [4]. Phase change processes are
still of interest in the field of thermal management due to
their inherent advantages in providing energy and uniform
temperature distribution on the surfaces [5]. The nucleate
boiling process is a complex process that is associated
with phase change and affected by many factors such as
fluid properties, operating pressure, and heat transfer
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surface’s conditions [6, 7]. Heat transfer in pool boiling
can provide very high amounts of heat in low superheated
conditions due to the latent heat of evaporation of the fluid
during the phase transfer process [8]. Existence of high
evaporation latent heat and bubble dynamic properties,
including bubble departure frequency, bubble departure
diameter and density of active nucleation sites make the
nucleate boiling process superior than other heat transfer
modes [9]. Due to its simplicity and passive operation,
pool boiling is used to transfer heat in the nuclear reactors,
electronic cooling, steam power plants, processing
industries, etc. [10]. Boiling performance is usually determined
by two parameters, Boiling Heat Transfer Coefficient (BHTC)
and Critical Heat Flux (CHF) [11, 12]. The thermal
performance of the equipment is limited to the CHF point,
which is the point at which the nucleate boiling curve is
transferred to the film boiling, which is characterized by
drying at the heat transfer surface [6]. At the CHF point, a
sudden temperature increase, occurs on the surface and
then drastically declines the heat transfer rate and causes
a corrosion on the heating surface [13]. Because at the
CHF, a layer of steam (resistant layer) is formed on the hot
surface, so the heat transfer performance is greatly
decreased [14]. In addition, the CHF is a critical parameter
related to the safety performance of the heat transfer
surface [15]. The CHF models for the pool boiling have
been presented in the literature [16-18]. The mechanisms
can be summarized to increasing the heat transfer surface,
increasing active nucleation sites, surface moisture
capability and dynamic bubble modulation, such as bubble
departing frequency [19]. Meanwhile, during the boiling
process, the bubble departure frequency and bubble
departurediameter are the main parameters for predicting
the BHTC in many experimental correlations [20, 21].
Porous foam [22, 23], surface roughening [24, 25],
magnetic fields (MFs) [26-28], electric field (EF) [29, 30],
microporous coating [31, 32], use fins [33, 34], change the
angle of the heat transfer surface [35, 36] are some of
methods to increase the BHTC by increasing the bubble
dynamics.

A number of models for predicting the BHTC for
different solutions have been obtained since 1950 based on
laboratory data. Palen [37] offered the first model for a liquid
mixture in 1964. In this model, the BHTC was assumed
as a function of temperature as exponential form. In 1969,
Stephan and Korner [38] introduced their model, which is
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one of the most important relations in predicting the
BHTC. This model has a regulating parameter that has
increased its range of application for liquid mixtures. One
of the prominent features of this modeling was the
possibility of extrapolation in predicting the BHTC in the
amount of high heat fluxes. More models have been
presented in the literature [39-46].

The mathematical form of the BHTC prediction
models for pure solution and multicomponent solutions
have been tabulated in Appendix A.

The main aim of this work is the investigation of bubble
dynamic (bubble departure diameter, bubble departure
frequency and bubble nucleation site’s density) for attaining
a good evaluation in determining the heat transfer
coefficient of the pool boiling. In addition, it can be found
from the literature that the artificial intelligence have rarely
been employed in the pool boiling process. Therefore, in this
work, we tried to introduce a powerful model based on
Genetic  Algorithm (GA) correlation for predicting
the BHTC according to the experimental data with high
accuracy in comparison with the previous models.

EXPERIMENTAL AND THEORETICAL SECTION
Set up

Fig. 1 illustrates the experimental set up used in this
work. The system under test consists of a metal cylinder
heater (heat transfer surface) made of copper with a fixed
roughness of 0.95 micrometers. Cylindrical heater has
outer and inner diameters of 22 and 12 mm, respectively.
In addition, its length is 160 mm. In the center of this
cylinder, a pencil lamp with a power of 1 kW (Osram lamp,
Germany) to generate heat was used. The heater was
placed in the center and bottom of a glass container, so that
the solution surrounds it. This glass container has a high
thermal resistance and thickness of 10 mm. This vessel
was surrounded by some glass wool to avoid heat losses.
Moreover, its dimensions including width, length and
height are 40, 160 and 300 mm, respectively. To turn on
the lamp and generate heat, the lamp was connected
to a 1 kW autotransformer capable of changing the voltage
in the range of 0 - 300 V. To measure the surface
temperature, three holes with a diameter of 2 mm at
an angle of 120 to each other in the nearest part on the outer
surface of the heater. We made inside each of the holes
a K-type thermocouple with a range of -180 °C to +750 °C
and high sensitivity.
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Fig. 1: Schematic view of the experimental apparatus.

Experimental procedureand analyses

The test vessel containing two liters of the solution
(water and isopropanol) was heated to boiling point by an
auto-trans. After reaching the saturated boiling, the
solution remains in this state for half an hour. This time
allows air bubbles to escape from the liquid phase and
the heater’s surface. First, experiments were started
with deionized water as the base solution and then
followed by isopropanol solutions (step of 20 V.%).
To ensure that it was at saturation boiling condition,
the fourth thermocouple was employed. The voltage range
was increased from 30 to 240 V by auto-trans (step of 30 V).
It took 5 min to change the voltage (stable state).
At each stage of the experiments, for recording the boiling
process, a Sony PMW-300K1 high-speed video camera
was utilized. Subsequently, bubble dynamics’ changes
including the bubble departure frequency (by counting
output bubbles per unit time), the bubble departure
diameter (by averaging the diameter of a certain number
of bubbles’ output) as well as active nucleation sites (number
of generating points per unit area) were investigated by
slowing down the recorded films in EDIUS software (film
editing software) . Finally, A viscometer ( kp0312 model,
Iran) was employed with a U shaped cell in a glycerin bath
fixed at specified temperature ( £0.02 °C ) for measuring
the kinematic viscosity of the solution. The viscosity was
measured at the range of 20-500 °C. It should be noted that
each experiment was repeated at least 3 times and the
average of the experimental data was taken into account.
More details of the device are shown in Fig. 1.
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Uncertaynty and data reduction
The uncertainty of heat transfer coefficient can be
determined by the Newton cooling law:

q/A
B (TS - Tsat)

Heat flux was calculated by the following equation:

q/A = V.1/A.cosg (2)

ey

The cos ¢ was assumed to be equal to unity, because
of the linear shape of heater section and the absence of any
solenoid effect. The maximum estimated uncertainty of
heat flux would be based on Eq. (3) [47]:

8(a/A) _

Gy + Sy @)
“q/A \Y

Before calculating the uncertainty for heat transfer
coefficient, 8h , it is necessary to determine the uncertainty
of temperature difference, SAT by the following [47]:

8AT = /(8Ts)? — (8Ten)? (4)

8h
\/(—)2 + (—)2 + (—)2 )

Since the exact recording of the heater surface
temperature by thermocouple is important for analyzing
the results and, on the other hand, the places of the
thermocouples’ installation are in small distance from
the outer surface of the heater and this small spacing
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causes trivial difference in recording the real temperature,
Eqg. (6) was used to correct this temperature error:

(6)

In this equation, by is the distance between the
thermocouple locations and the heat transfer surface and
K, is the thermal conductivity of the heater material

The average temperature of three thermocouples (Ts)
was calculated from Eq. (7):

n

— 1

To== ) Ts; 7

S nZ S.i ()
i=1

The accuracies of the uncertainty analysis for the
experiments carried out, are tabulated in Table 1.

Device validation

To verify the functionality and accuracy of the
laboratory apparatus before starting the data gathering,
several tests were performed by deionized water as the
base fluid. Then the results were compared with the three
popular models of Rohsenow [20] , Stephan and
Abdelsalam [21] and Gorenflo [48]. Fig. 2 shows the
validation of the experimental rig. Concerning this figure,
it can be found that there is a proper validation at three
times of the experiments. In addition, the experimental
data have a good agreement with the conventional model,
especially Rohsenow model.

Moreover, in order to reduce the effect of hysteresis
phenomena and minimize its error, experiments (deionized
water) were performed twice from bottom-up heat flux and
twice from top-down heat flux (Fig. 3).

The results of the experiments in Fig. 3 show that when
the experiments were performed from low to high voltage,
higher values of the boiling heat transfer coefficient were
obtained. But lower values were determined from high
to low ones. The reason for this decrease is the filling
of the active bubble generating points on the heat transfer
surface at higher heat fluxes. As a result, all experiments
in this study were carried out with a voltage increase trend.

Data analysis

Modeling is an important approach that can assist
in the quick prediction of process response. It can reduce
the number of experiments as well as the cost and time.
In this work, the heat transfer coefficient was considered
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Table 1: Uncertainty sources.

K Parameter Uncertainty \
Tube diameter +0.01 mm
Tube length +0.01 mm
Thermocouple, K-type +0.1°C
Voltage +1V
Current +0.1A
pH meter +0.01
K maximum heat flux of 76 kw m +1.8545 kW. my

11000
9000 . g
s
§-’. 7000
~
1
E- 1st Deionized
; 5000 S ionized water
= ] 2nd Deionized water
< o 3rd Deionized water
3000 Gorenflo [48]
® ¢ ¢ 000 Stephan and Abdelsalam [21]
Rohsenow [20]
1000

0 20 40 60 80
a/A (kW/m?)

Fig. 2: The validation of the experimental rig and comparison
with conventional models.
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Fig. 3: Comparison of the ratio of changes in boiling heat
transfer coefficient with increasing and decreasing voltage.

As the output of the process. To exact evaluation, heat
parameter, bulk temperature, density (liquid and vapor),
thermal conductivity, enthalpy, surface tension, heat
capacity and thermal diffusion coefficient were regarded
as the input of the process. According to the parameters
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Table 2: The range of data used in the GA.

/ Parameter Type Min Max \
q"” input 2.6557 78.219
Thulk input 356.15 373.15
) input 851.7489 959.6350
Py input 0.6288 1.2855
K, input 0.2375 0.6704
hg, input 1655383 2345214
[ input 0.01944 0.05813
Coi input 3933.62 4361.49
oy input 605.3387 9023.4933
\ h output 627.592 7020.88 j

mentioned above and power-law equation, a GA based
correlation was presented. Finally, the suggested model
was compared to other models in the literature. Table 2
reports the range of experimental data used in this work.

Genetic algorithm

Genetic Algorithm (GA) is the other subset of the
artificial intelligence and is a numerical solution for
obtaining optimum response (maximum or minimum)
especially in non-linear problems. In general, GA carries
out a quick movement to search probability solutions in
problem space. Proper responses are randomly determined
and without expanding all the states. GA is a special type
of evolution algorithm that uses the biological techniques
such as inheritance and mutation. It was first presented
by John Henry Holland [48]. In fact, GA uses Darwin's
natural selection principles to find the optimal formula and
matching with the desired pattern. It is often a good tool
for regression-based prediction techniques [49].
According to the experimental results, a correlation among
the heat transfer coefficient and independent variables
is determined by GA optimizer. A power-law function
is assumed as follows. It is inspired by the models
in Appendix A.

X I 8 /a2 % py \E
h= () ( ! pi) x 8)
Ky X Tk Omin X |
*2 *2
(CPl X Tbulzk X I )gz % (hfg XZI )g3 % (&)g4
O(’l aI] Pr
Where,
o 0.5
I' = (—) 9)
g(pi—pv)
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In this study, the optimum constant values (g;) are found
through the experimental variables based on GA. Desired
GA of the work was attained by MATLAB software
(R2014a).

RESULTS AND DISCUSSION

In this section and in the first part, the experiments
were carried out with the optimization of the boiling heat
transfer coefficient through examining the behavior of the
bubble dynamic parameters. The dynamic parameters of
the bubble (Bubble departure diameter, Bubble departure
frequency and Active nucleation sites’ density) can increase
the mixing state in the solution and thus increase the BHTC.
Of course, increasing these parameters must be optimal.
This means that the dynamic parameters cannot be increased
to any extent because they may create a bubble layer
on the heat transfer surface and reduce the BHTC [50]. The
experiments were performed with deionized water and
continued with the addition of isopropanol until
a isopropanol 80 V.% of solution was obtained. After
experimental optimization and obtaining the results, a GA
based correlation was introduced and compared with
previous models to predict the heat transfer coefficient.
Finally, it is introduced to the best model that has the best
overlap with laboratory results.
The bubble dynamic’s effects on the heat transfer
coefficient, experimentally

Fig. 4 illustrates the variations in the BHTC from
deionized water to 80 V.%, by step of 20% V.

As shown in the figure, deionized water was able
to achieve the highest heat transfer coefficient with an
upward trend and then decreasing procedure was observed
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Fig. 4: The variations of the BHTC at different solutions.
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Fig. 5: The validation of the BHTC at different solutions.

with adding the isopropanol. Variations (versus deionized
water) for 20 V.% and 80 V.% of isopropanol were
determined to be 11.892% (min) and 23.871% (max),
respectively. The the slope of the curves was higher in low
heat fluxes than high heat fluxes. This decrease in the BHTC
can be attributed to the increase in their volatility and the
decrease in surface tension of the solution due to the addition
of the isopropanol [51-53]. The valiation of the BHTC is
illustrated in Fig. 5. The best overlap is reported between the
experimental data and the models (Stephan and Korner [38],
Calus and Rice [39] and Inoue [44]).

Fig. 6 shows a significant decrease in the surface
tension of the solutions relative to the deionized water due to
the increase in isopropanol. The reduction in the surface
tension for isopropanol of 20 V.% and 80 V.% were obtained
as 18.455% and 47.709%, respectively.The isopropanol
imposes on the solution a decreasing surface tension along
with increasing the volatility that causes large changes
in two parameters of the bubble departure diameter and
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Fig. 7: The bubble departure diameter of the solutions.

bubble departure frequency. Reducing the surface tension
leads to a decrease in the residence time and consequently
the bubble growth decreases. The bubble departure
diameter of the solutions is shown in Fig. 7.

In general, reduction in the size of the bubble departure
diameter makes a decrease in the mixing and fluctuations
of the process. Thebubble departure diameter plays
a significant role in increasing the heat transfer coefficient
of the pool boiling. On the other hand, the larger bubbles
separate more energy from the heat transfer surface and
finally its temperature decreases (cooling process). Fig. 8
verifies the validation of the bubble departure diameter with
conventional models. Although the two parameters of
bubble departure frequency and active nucleation sites
density also contribute in increasing the fluctuation state,
the bubble departure diameter has the greatest effect. Fig. 9
demonstrates the bubble departure frequency of the solution.

This figure shows that as the concentration of the
isopropanol increases, the bubble departure frequency
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Fig. 8: The bubble departure diameter’s validation of the
solutions.
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Fig. 9: The bubble departure frequency of the solutions.
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Fig. 10: The bubble departure firequency’s validation of the
solutions.

increases sharply. The maximum increase was 79.154%
than deionized water. It was attained at highest
concentration ( 80 V.%). The wvalidation of the
experimental data are confirmed in Fig. 10. Despite the
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significant increase in bubble departure frequency,
the bubble departure diameter decreases sharply (Fig. 7).
Therefore, the frequency’s effect is weaker than the bubble
departure diameter in increasing the BHTC. It is verified
that the bubble departure frequency has an inverse relation
to the bubble departure diameter [25, 51]. Fig. 11 depicts
a real image of bubble size changes at different solutions.

As mentioned above, due to the reduction in surface
tension, the residence time of the produced bubbles on the
heat transfer surface is greatly reduced, and as a result,
the bubbles are separated quickly with a smaller diameter.
However, increasing the bubble departure frequency at
low heat fluxes (beginning of the process) along with
decreasing the viscosity of the isopropanol solutions (Fig. 12),
increases the BHTC. Because the bubble departure
diameter in low heat fluxes is larger and along with
increasing the frequency causes a high agitation.

Concerning the figure, the change in the concentration
could not significantly increase the active nucleation sites’
density. Because active nucleation sites greatly increase
with the surface’s roughness and heat load from the heat
transfer surface [52]. It also changes due to surface’s
slope [53-55].

Introducing a GA based correlation and comparison with
conventional ones

Due to many complex mathematical models that has
been utilized for the prediction of heat transfer coefficient
(Appendix A), it was necessary to find some models that
were simple, easy to calculate and fast response with high
accuracy. Therefore, in this work, firstly the experimental
data were developed through powerful numerical methods
of GA optimizer and secondly, the appropriate and
optimized model was compared to mathematical models
that were close to the experimental conditions, such as
Palen [37], Stephan and Korner [38], Unal [41], Fujita [43]
and Inoue [44]. GA optimizer novel correlations was
employed to predict the heat transfer coefficient based on
power-law correlations (Eq. 8). The ranges of
experimental data were used according to Table 2.
Afterwards optimizing process, the correlation constants
were found at appropriate levels due to the objective
function and constrains. Finally, the performance functions
were studied. the Absolute Average Deviation (AAD) of
0.0288 and coefficient determination (R?) of 0.968
were reported (Appendix B). The following equation
introduces the power-law correlations.
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Fig. 11: The real image of bubble size at different solutions (51 kW/m?).
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Fig. 12: Viscosity changes in the solutions.

Finally, Fig.13 shows the effects of concentration
change on the active nucleation sites density.

* ’ 2
h= 9 X" o708 x (0(1—><Pl)_0_045 % (10)
Ky X Tpuk Omin X I"
CP] X Tbulk X 1*2 0.467 hfg X I*Z —0.399 Pv —0.168
(T)' X (——7)7 X(E) '
1

The procedures for coefficient determination and
the constants to reach a convergent response are shown
in Fig. 14 (a,b), respectively. This figure confirms validation
and convergent response of the optimization procedure.

Fig. 15 illustrates a comparison with the present
model and other conventional ones. The results revealed
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Fig. 13: The active nucleation sites of the solutions.

that the heat transfer coefficient’s outputs were well
forecasted by the GA. In addition, this figure
demonstrates the validation of the models through the
present work. It can be seen that the GA predicts the heat
transfer coefficient data better than others. In addition,
TheUnal model with an AAD of 0.0641 showed a good
performance after the GA. Subsequently, the Palen and
Fujita models presented a similar approach (AAD of
0.1010 and 0.1000, respectively). Finally, the Inoue and
Stephan models (AAD of 0.2726 and 0.3389,
respectively) revealed weak applications in predicting
the heat transfer coefficient and had not agood agreement
with the experimental data.
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Fig. 14: Convergent responses of the GA; a. the coefficient determination, b. the model constants.

9000

s000

°c

6000

s000

4000

h Model, W. m -*

GA model
Palen [37]
Stephan and
Kogerin
Tnal [4!

= Fujita [43]

= Inoue [44]

3000

2000

1000

=

1000 2000 3000 4000 5000 000 7000 s000 9000

- b Fenarimantal W m 2 0

Fig. 15: Comparison of the GA based correlation with
conventional models.

CONCLUSIONS

In the present work, we tried to study the effects of the
bubble dynamics on the heat transfer coefficient in the pool
boiling process. The experiments were carried out using
isopropanol solutions. With increasing concentration of
isopropanol solutions, bubble departure frequency and
active nucleation sites increased while the bubble
departure diameter decreased. Decreasing surface tension
and viscosity can be reasons for this claim. The
concentration of 20 V.% was determined as an optimum
state and bubble departure diameter presented a prominent
effect. Therefore it could make a turbulent situation and
followed by an increase in the heat transfer coefficient. In
order to prevent errors in calculating the heat transfer
coefficient due to past conventional models, it was
attempted to use a numerical model of artificial
intelligence. The GA approach played a significant role
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in reducing the time and cost of experiments. This method
had a good agreement with the experimental data in
comparison with the conventional models. As a conclusion,
the GA based correlation can be used as general model
in related industries.

Nomenclatures

A Area, m?
Cp Heat capacity, J/kg.°C
C, Fixed coefficient of Rohsenow equation
D Bubble departure diameter, mm
Das Penetration factor, m?/s
f Bubble departing frequency, Hz
Fp Parameter of Mostinski equation
f., Parameter of Jabardo equation
h Heat transfer coefficient, W/m?2.°C
Heg Specific heat of vaporization, J/kg
| Current, A
I* Parameter of Kutateladze equation
K Thermal conductivity, W/m.°C
K. Parameter of Stephan and Kdrnerequation
L Length (Cylindrical), cm
M* Parameter of Kutateladze equation
Mw Molecular weight, kg/koml
Na Active nucleation sites density, 1.m?
P Pressure, Pa
Q Heat, W
R, Roughness average, pm
R.o Average roughness of baseline
S Surface
T Temperature, °C

Research Article



Iran. J. Chem. Chem. Eng.

<

Research Article

gc Correction coefficient of incompatible units, t‘;‘f‘;fzt @
V Voltage, V A
w Watt, W
X Liquid mole fract.lon Subscripts or superscripts
Y Steam mole fraction 0

b

bp
Greek symbols c

Thermal diffusivity, m%/s g
I

A a9 " Uvhbw™»™

Fixed coefficient of Rohsenow equation

Heat penetration depth, m id
Density, kg/m?® r
Viscosity, kg,m.s sat
Surface tension, N/m th
Pi number Y
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Phase difference between voltage and

electrical current
Difference

Base

Bubble
Boiling point
Critical
Growing
Liquid

Ideal
Reduced
Saturation
Thermometers
Vapor

Rohsenow [20] hg' gco 8o 2w o2en o7 iqui
hg’ - c W13 Sy -o. Pure liquid
K [g(m p]2 r[u(g(m -py ) 1= g
McNelly [56] h=0.225( ) e R Vs Pure liquid
Kutateladze [57] &2y
h=[3.37E- 9 —E"2 M *‘4]3 I*=[———]%5, M %= By — Pure liquid
CPI( ) g(m pv e
Mostinski [58] h 2(3.596E-5)PC0'69 (%)0.7 Fp Pure liguid
Labantsov [59] , .
v_\0.67 0.33 (4Y0.67 i
h=0.075[1+10(-2-) ][VG(TSaHWMS)] ) Pure liquid
Boyko-Kruzhiline [60] h=0.082X [#( Py ) 0. 7[M 033 Pure liquid
I+ 'g(Ts+273.15)k; \p1—py. HfgZpv2Ix
For water
hd, Tsatd,,C
k__ (. 24—E+7)( )0673( Hegd b) 158 ( ](b PLy126 (pl pV)szz
1 p1
Refrigerant cycle for ammonia and fluids
Stephan and Abdelsalam [21] hdy o Pure liquid
=267 ( )0 . 745 ( )0 .581 ( )O .533
kI AK Toye.
The general form of the equation
hd, d a2 .
k_lb =0.23 (Aqub t)o .647 ( )0 297*( )0 371(01 )0 .35 (Pl [ ) 1.73
Nishikawa [61] o2 o
_ 314pY 02(1-2) (p/p)®?3(a/a)°® -
b= oimes (BRa) 1 P =095/ po 97 Pure liquid
Cooper [62 12-0. Lo
p [ ] h=55p2 12-0.443Ry (—lngr)_O'ssmW_o's (q/A)0.67 Pure liquid
Fujita [63]
h=1.21(q/A)°83 Pure liguid
Gorenflo [64] LTINS Ra~0.133 P
o = G R G2 Pure liquid
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" -0.55 -0.825 1_;2
Sarma [65 =k q f o QH(PD) o Pure liquid
[65] h D <3.8x1o-6ulhfg glp1-pv) b uihgg®® (gnzm—pv)) a
Jabardo [66] h= (q/A)™f, P.** [~ log(P)]*R **Mw-"5 ,  m = 0,9-0.3p,%2 Pure liquid
H 0.125y0.125 0.876
Alavi Fazel [67] h:45—3'253" H; - (S/A) Pure liquid
sata’ 14
Igor Seicho [68] h:154[(5'%)172(‘w) 034(1"5 )o 62( ) 005]>< 1mm >S>0.1mm Pure liquid
h
Palen[37] = el00274Typ] Mix liquid
id
h 1
h Ko — = K —1.1411og(P*) — 0. Mix liqui
Stephan and Korner[38] hy ~ 1+ K.y —x](0.88 + 0.13p) \° og(P*) —0.06 ix liquid
h _ 1
Calus and Rice [39 hiy @ \0501%7 Mix liquid
[ ] id [1+ |y—X|(7) ] q
Dag
n-1 -1
ot Y ) od
Schlunder[40] hy q & Vi~ X eXP(Bhlefg) Mix liquid
i=
B, =1 ; B=2E—4m/s
v ; -
Thome[42] h_ | - | Mix liquid
1 hiq bE 1— ]
[ + exp Bl plhfg J
h 1
hg  [1+ (blz +b3)(1 +by)][1 + bs]
— (1 _ V=X X |15
Unal[41] b, = (1 -=x)In 1oi—y + Xlny +ly —xl Mix liquid
3— lforx=y=0
by = 0; b, = 152P3 b, = 0.92]y — x|%001p066
h _ 1
- hyg 1 R
Fujita [43] b 1 4 Dia8Top f 4 _07%m3<%m)( 02 y Mix liquid
q ' pvhrg/ \os(p1-py)
h 1
Inoue [44] he =14 Rt~ o7 Mix liquid
. h AB e .
Vinayak[45] = Il - (ly —x| a)} Mix liquid
id \
Alavi Fazel [46] hi = - ! Mix liquid
) b -2 (4
14502 (1 — exp (—1.646 X 10 )
APPENDIX B
Performance functions.
2
1 Yexp,i—-Ymodel,i
D=1yN <— 11
Z Yexp,i ( )
N 2 N 2
R2 _ Zi:l(Yexp,i—Ymodel,mean) - Zi:l(YExp,i—Ymodel,i) (12)
- N
Ei=1 (Ymodel,mean _Yexp,i) 2
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