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Abstract

       In the present work, a semi-mechanistic model to predict the liquid entrainment in annular two-phase flow in vertical pipe. This model is originally a modified version to the model of Martin et. al. (1996). The experimental tests have conducted by the literature for air-water system  flowing through vertical pipe of 9.5 mm in diameter [Ryan 2004]. The comparison achieved by calculating the average and absolute percent error between the measured entrainment and the predicted entrainment by eight methods available in the literature. The comparison showed the best results of the present model among the others. 
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الخلاصة

في العمل الحالي موديل شبه- ميكانيكي يستخدم لحساب مقدار تداخل السائل في الجريان الاسطواني ،الثنائي الطور في أنبوب شاقولي. هذا الموديل هو بالأصل نسخة مطورة لموديل مارتن وجماعته (1996). الفحوصات العملية منشورة سابقا" لنظام هواء- ماء  يجري خلال أنبوب شاقولي بقطر 9.5 ملم ]راين 2004[. المقارنة  تمت بحساب السائل المتداخل باستخدام معدل الخطأ النسبي ومعدل مطلق الخطأ النسبي بين القيم المقاسة والقيم المحسوبة بواسطة ثمانية طرق منشورة سابقا". بينت المقارنة أن نتائج الموديل الحالي هي الأفضل بين جميع الطرق الأخرى. 
1. Introduction:


Annular flow is one of the most common flow patterns encountered in a wide range of industrial applications such as: nuclear power plants, evaporators, condensers, and petroleum transport pipelines [Zheng et. al. 2006].


When two fluids (such as: gas and liquid) flowing together in the same pipe or stream, and when the input liquid flow rate is little compared to the gas input flow rate, hence, the annular flow pattern will happen. It is identified by three fluids streams: liquid film on the wall, the vapor core and droplets entrained in the vapor stream.[Vladimir et, al. 2008],  the continuous vapor core down the center of the tube and may or may not include the entrained droplets [Qaisrai 2008]. The configuration of this pattern shown in figure (1). The thin layer (film) of the liquid undergoes three factors: one by the wall roughness friction, the second is 
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given by the gravity force which its direction is the downwardly and the third is the interfacial friction with the high flow rate of the gas core who generates an interfacial waves. The impact of the last fact leads to detach some droplets from the liquid film layer and fly through the space of the gas phase [Ghiaasiaan 2008]. The fraction of which liquid content in the gas core called the liquid entrainment. This factor is usually bounded between zero when there is an ideal annular flow and unity in case of fully mist flow pattern [Rame 2006]. This entrainment of liquid can cause a momentum transfer that can affect the velocity profile, pressure drop, film thickness and lastly heat transfer [Ariyadasa 2002]. Therefore, it represents one of the important needs of the modeling in annular flow pattern [Hasan-Kabir 2007].
2. Literature Review:


In the past, a few models treated this flow pattern assuming zero slip between the two phases in the gas core. For instance, the models of Duns and Ros (1963), and Aziz et al. (1972), who essentially adopted the Duns and Ros approach, fall into this category [Hasan-Kabir 2007].


Steen and Wallis (1964) stated that the liquid entrainment depends on the critical gas velocity factor which was defined by:
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[image: image3.wmf]L

ρ

g

ρ

σ

g

μ

sg

V

4

10

crit

V

=



It clears that the entrainment will lastly depend on the ratio 
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. Wallis (1969) used the deduction of the available outlines of Steen and Wallis (1964) to proposed his correlation as a function to the critical gas velocity factor:
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In (1973), Hughmark proposed an iterative technique to calculate the entrainment. This method modified to be in the following form:
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Govier and Fogarasi (1975) proposed the entrainment as ranges related to the superficial liquid velocity. Their correlation was:
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          if    0.03 < VsL < 0.92 m/s      -----------------(6)
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                  if               VsL ≥ 0.92 m/s        -----------------(7)
Asali et, al. (1985) stated that the knowledge of entrainment fraction and the amount of the liquid flowing as a liquid film was needed to develop better design procedures for vertical annular gas-liquid flows. Azzopardi (1986) observed the gas-to-liquid density 
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In (1986), Oliemans proposed that the entrainment related to the whole geometrical and operation specifications. The correlation was a curve fitting to the available data used. The last version of this method was:
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Jepson et. al, (1989) showed that the reduction in gas density caused by a lower shear on the liquid film, which caused a decrease in the amount of the entrainment. In (1989), Ishii and Mishima suggested a detailed correlation on the basis of entrainment inception criteria and a force balance at the wavy interface. Their correlation was:
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Where: 
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    and 
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Hewitt and Govan (1990) proposed their correlation based on large experimental data. They included the whole parameters of two-phase, annular flow. Their method was:
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Martin et. al. (1996) developed semi-mechanistic entrainment correlation for fully developed annular flow conditions based on the droplet continuity equation and the entrainment rate model. This model then introduced a Weber number that included the droplet concentration 
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. This Weber number was shown to scale the available high and low pressure air-water data better than the other definitions. This correlation was:
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They proposed the constants as: a = 0.9642, b = 1 and c = 3836

Abdul-Majeed (1997), proposed simple correlation to calculate the liquid entrainment in annular two-phase flow with water content. 
Petalas and Aziz (2000), proposed a new model to predict the entrainment, this method used by several investigators. This method was:
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Bertodano et al (2001) concluded that the entrainment rate was dependent on the liquid-to-gas density ratio to a power of 0.5, and Vassallo et al (2001) stated that the entrainment rate was enhanced at higher pressures due to the higher gas density. In (2002), Pan and Hanratty stated that the relation was based on the density to a power of 0.25.
3. Measured Entrainment:


The actual entrainment obtained by using an experimental apparatus constructed and published in the literature. This test section consists of vertical tube of 9.5 mm in diameter carries a system of co-current two-phase flow represented by air-water system used to conduct (196) tests [Ryan 2004]. The measured data displayed in the following table:

	
	The properties
	The Ranges

	1
	VsL      (m/s)
	0.081      to        0.288

	2
	Vsg      (m/s)
	18.1      to        29.4

	3
	Pav       (KPa)
	92.3        to        136.8

	4
	δ           (mm)
	0.125      to        0.359


Barnea (1987) suggested the following equation as the transition line to the annular flow pattern :
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To include the entrainment impact in equation (12), Brill and Mukherjee (1999) suggested other versions of the Lockhart-Martinelli parameter (X) and Taitel-Dukler inclination angles parameter (Y ) to be in form of[Alves 1991], [Abdul-Mjeed 1997]:
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Where ff and fsc are fanning friction factors in film and gas core zones. Abdul-Majeed (2009) suggested using the equations (12) and (13) to obtain the actual entrainment.
4. Present Method

In the present work, two steps are achieved to develop the present method as in the following:

Step 1: By using the available tests, a comparison between eight methods published in the literature has done by using the statistical tools which will displayed in next paragraph. It is seen that the empirical correlation of Hughmark (1973) give the best results but it had developed originally based on very limited tests [Abdul-Majeed 1997] therefore, this method will excluded and went to the second best results which are given by semi-mechanistic method of Martin et al (1996).
Step 2: The semi-mechanistic method of Martin et al (1996) is modified in the present work by using the outlines of the previous studies and using the simple analysis of the actual results. Really, the modification concentrated on the constants of that method.  The new version of this method is:
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5. Statistical Tools

In this paper, average and absolute average percent errors are used in the comparison among the whole methods. The percent error achieved between the measured entrainment and the predicted entrainment by the available methods. These tools are:


1. Average percent error:     
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          2. Absolute average percent error:  
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Where: 
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6. Results and Discussion:

The behavior of the predicted liquid entrainment against the measured entrainment have graphed in this study, the graphs of worst methods in the prediction the entrainment were excluded, the rest methods represented by the figure (2) to figure(7),
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on the other hand, the statistical tool results have represented in tabular form as shown in table (1). 
Table (1): The Statistical Results of the Published and The Present Methods

	
	The Used Methods
	Average Percent Error (APE)
	Average Absolute
 Percent Error (AAPE)

	1
	Steen and Wallis (1964)
	-88.52
	88.52

	2
	Wallis (1967)
	-86.75
	86.75

	3
	Hughmark et. al. (1973)
	-41.65
	67.75

	4
	Govier and Fogarasi (1975)
	227.3
	227.3

	5
	Oliemans (1986)
	-100
	100

	6
	Hewitt and Govan (1990)
	-96.64
	96.64

	7
	Martin et. al. (1996)
	-44.68
	65.08

	8
	Petalas and Aziz (2000)
	90.12
	95.69

	9
	Present Method
	-8.740
	62.17


By reviewing the whole figures and table, it is clear that the correlation of Hughmark et al (1973) gave good  results but because of it is an empirical correlation developed by using very limited tests [Abdul-Majeed 1997], its results will be ignored. The results of the semi-mechanistic method of Martin et al (1996) will be considered as a method of good results. The best results are given by the present method because its basis of derive is the semi-mechanistic and the constants (a, b, and c) are functions to most system properties. Most of the used methods are seem to be under-predicting includes the present method while the correlation of Govier and Fogarasi (1975), and Petalas and Aziz (2000) seem to be over-predicting. These observations are clear in the figures.
7. Conclusion
The comparison between the measured and predicting magnitudes of the liquid entrainment among the whole methods, it is important to display the following outlines:

1. Generally, none of the used methods predicted the real values of the entrainment of liquid because of these methods are either fully empirical correlation or semi-empirical.
2. According to the results of table (1), the correlation of Govier and Foarasi (1975) concludes non-right assumptions such as the ideal annular flow will happen where the superficial liquid velocity less than 0.03 m/s or as the semi-mist flow pattern existed when the superficial liquid velocity greater than 0.92 m/s.

3. According to the whole figures, it's clear that all methods are under-predicting the liquid entrainment including Martin et al (1996) method except the method of Govier and Fogarasai (1973) which is over-predicting method. The distribution of the present method is good comparing with other methods as shown in figure (7). 

4. According to the result of the present method, the entrainment of liquid maybe depends on the ratio 
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8. Nomenclature
AAPE Absolute Average Percent Error                       (dimensionless)

APE   Average Percent Error                                       (dimensionless)

d         Diameter                                                             (m)

E         Liquid entrainment                                            (dimensionless)

f         Friction Factor                                                    (dimensionless)

G       Gravitational acceleration                                  (m/s2)

L        Length                                                                (m)

P        Pressure                                                              (Pa)

PEi     Percent Error of the test of ranking (i)              (dimensionless)

Re      Reynolds number                                               (dimensionless)

V        Velocity                                                             (m/s)

We     Weber number                                                   (dimensionless)

X       Lockhart-Martinelli Parameter                           (dimensionless)

Y       Taitel-Dukler Inclination Angle Parameter        (dimensionless)

Subscripts:

crit         Critical                              g          Gas                  av        Average

sc           Superficial gas core           m         modified

sg           Superficial gas                  L          Liquid

sL          Superficial liquid               f          Film  zone

Greek Symbols:

α              Holdup                  (dimensionless)    ρ    Density      (kg/m3)

δ               Film thickness     (m)                        σ    Surface tension  (N/m)

Δ              Difference

θ              Inclination angle   (deg.)              

μ              Viscosity               (Pa.s)             
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Figure (1): Typical Annular Flow Pattern [Ghiaasiaan 2008] 
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