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Abstract. The influence of the recently identified hydrodynamic flow regimes on the prediction of gas hold-up and liquid circulation velocity in airlift reactors has been investigated. Some hydrodynamic models based on momentum balance are considered. Experiments were conducted on a pilot plant, external loop airlift reactor using air-water system. The generalised equation of Joshi and Lali for the homogeneous regime predicts the overall gas hold-up in this region with satisfactory accuracy and the difference between the experimental and predicted values is lower than
[image: image1.wmf]8%

±

. Hsu and Dudukovic model predicts the liquid circulation velocity based on the gas hold-up correlations proposed for the homogenous, transition and heterogeneous flow regimes and two-phase friction factor with satisfactory accuracy (within
[image: image2.wmf]4.9%

). The results also show that the friction factor has pronounced effect on the model predictions. It would appear, also that the characterisation of various flow regimes has profound effect on the predictions of these important design parameters. Superposition approach is implemented to develop a correlation for the prediction of the axial gas hold-up in the riser as a function of the height and superficial gas velocity. The proposed correlation gives an average error of 4.7%.
Keywords:  Airlift reactors, flow regimes, gas hold-up, liquid circulation.

Notation
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D

C


additional drag coefficient due to liquid phase turbulence, dimensionless

CD(
drag coefficient in infinite medium, dimensionless

Co
distribution parameter, dimensionless

d
diameter, m

f
friction factor, dimensionless

F
pressure loss due to friction, Pa

Fr
Froude number, dimensionless

g
gravitational acceleration, m/s2

h,H
height and total height, m

K
loss factor, dimensionless

L
pipe length, m

Re
Reynolds number, dimensionless

U
superficial velocity, m/s

Ub(
bubble rise velocity in infinite medium, m/s

Us
slip velocity, m/s

We 
Weber number, dimensionless

Z
dimensionless reactor length

Greek Symbols
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dimensionless group
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dimensionless group
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local gas hold-up in the riser, dimensionless
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overall gas hold-up in the riser, dimensionless


[image: image9.wmf]g


dimensionless group
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dimensionless group
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dimensionless group
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viscosity,  Pa.s
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density, kg/m3
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surface tension,  N/m

Subscripts

b
bubble

d
downcomer

g
gas

L
liquid

m
mixture

o
overall

r
riser

SP
single-phase

t   
total

TP
two phase

w
water

Introduction

Air-lift reactors are widely used in the chemical and biochemical process industries as efficient contactors for mass and heat transfer. Their main advantages are simple mechanical design, low shear rate, high capacity, good mixing, absence of mechanical agitators and low cost [1]. However, the airlift reactors are not flexible to accommodate variations of operating conditions e.g. a minimum liquid volume should be maintained for the reactor to operate. 

The rational design of airlift reactors is beset by many difficulties. This is mainly due to lack of sufficient knowledge on the hydrodynamics [1-4]. In the last twenty years notable theoretical models based on reasonable assumptions and combined with empirical correlations have been developed. Some of the models are based on a view of the energy balance [5-7] and the others are based on the consideration of the momentum balance [2,3,8-10]. Despite the fact that these semi-theoretical models are still not in general forms, which allow for changes in the design and the scale up of the airlift reactors in all their variety, they have significant contribution to the hydrodynamics understanding. In a recent study Abashar et al. [4] identified hydrodynamic flow regimes and described the behaviour of each regime by a correlation based on fundamental understanding. This might help in improving the reliability of the hydrodynamic models.

The hydrodynamic variables for airlift reactors are classified as independent variables such as superficial gas velocity (independently controllable), the physical properties of the fluids and reactor geometry. In fact, the geometry of the reactor has a strong influence on the hydrodynamics and this factor is a source of difficulty in comparing different results. The other dependent variables are gas hold-up, liquid circulating velocity, bubble characteristics (size, velocity, coalescence, frequency…etc), heat transfer, mass transfer and dispersion coefficients. The main dependent variables are considered to be the gas hold-up and liquid circulating velocity because they can easily be measured. In fact, all these variables are strongly interrelated in the fabric of airlift reactors.

This work is an extension to the previous work [4], which focused on the energy balance approach. The objective of this work is to examine the effect of various flow regimes on the reliability of the hydrodynamic models, which based on the momentum balance. The two-phase friction factor, which is more realistic for multi-phase systems than the widely used single-phase friction is considered in this study.  The characteristic features of axial profiles of gas hold-up along the riser are studied as a function of the superficial gas velocity and location in the riser.

Experimental

The pilot plant, external loop airlift reactor used in this work is shown in  Fig. 1. The  reactor  was  made  of  borosilicate  glass  with  an approximated  working  volume of 0.725 m3. The major dimensions are summarised in Table 1. Air was introduced through a circular perforated plate sparger containing 193 holes of 0.001 m diameter   on a  0.011-m  square  pitch.  The  sparger  was   designed   according   to   the criteria  given by  Ruff et al. [11]  and  was   located about 0.94 m from the base of the reactor. The flow rate of the air was measured by a turbine flowmeter and controlled by a needle valve just downstream of it. A set of rotameters was included for visual indications only. The liquid circulation velocity in the downcomer was measured by an electromagnetic flowmeter. The pressure drop along the riser was measured by differential pressure cells with smart field communicator and also inverted U-tube manometers. Three sections (S-1, S-2 , S-3) in the riser of total length 3.3 m were used for the measurement of the local and overall gas hold-up. The first tap was located at 1.36 m above the sparger which is greater than the maximum distance necessary for the equilibrium bubble size, five times the column diameter [9]. This pressure measurement system is very flexible and can enable the calculation of the local gas hold-up as well as the overall gas hold-up for individual and combination of sections. A single inverted U-tube  manometer   was   used   to measure   the   gas   hold-up   in   the   downcomer. For all experiments air and filtered tap water were used and the reactor was operated at room temperature and atmospheric pressure. 


Fig.  1. Experimental setup for the external loop airlift reactor.

Table 1. Major reactor dimensions

Dimensions
Value

Height of riser and downcomer                        
6.750 m

Diameter of riser and downcomer                     
0.225 m

Length of gas separator                                      
1.580 m

Height of gas separator  
0.500 m

Width of gas separator   
0.380 m

Sparger diameter                                                
0.080 m

Hole diameter
0.001 m

Hydrodynamic Flow Regimes

The flow regimes for bubble column and loop reactors has been classified by Joshi et al. [9] and Shah et al. [12] as: homogeneous (Ug < 0.05 m/s),  heterogeneous  (churn turbulent)  (Ug > 0.05 m/s)  and  slug  flow (small diameter columns, 
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) regimes as shown in Figure 2. The homogeneous flow regime is characterized by almost uniform bubble size with equal radial distribution. The heterogeneous (churn turbulent) flow regime is characterized by large bubbles moving with high rise velocities in the presence of small bubbles and a non uniform radial gas hold-up profile. The slug regime occurs only in small diameter columns. 


Fig. 2. Characterization of various flow regimes: (a) homogeneous (Ug < 0.05 m/s) ; (b) heterogeneous (Ug > 0.05 m/s) ;  (c) axial and radial slugs ( small diameter columns, 
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The Hydrodynamics Models and Correlations

Joshi and Lali [13] with an attempt to systematize the knowledge about gas-liquid flow, have developed a generalised functional relationship, based on momentum balance approach, between the velocity and gas hold-up in the homogeneous regime for multi-phase reactors. For air-water system their proposed equation is given by:
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where Us is the slip velocity of the bubble defined as the relative velocity between the bubble and the liquid and can be related to the superficial velocities in the riser by using the gas phase mass balance as follows:
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 is the bubble rise velocity in infinite medium and can be estimated by the correlations of Cliff et al. [14]:
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                      where the dimensionless groups are given by:
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the mean bubble diameter is calculated by the equation of Mersmann [15]:
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where 
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is the viscosity of water.
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Abashar et al. [4] have identified a transition region between the homogenous and heterogeneous regimes and developed from fundamental understanding a separate correlation for each regime to predict the overall gas hold-up in the riser.  The proposed correlations are given by the following equations:


(i) Homogeneous regime
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(ii) Transition regime
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 (iii) Heterogeneous regime
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Hsu and Dudukovic [2] developed a hydrodynamic model based on the overall momentum balance for airlift reactors. The liquid circulates in the reactor loop as a result of the difference  between  the  bulk  densities of the fluids in the rise and the downcomer 

i.e. the hydrostatic pressure in the riser is less than the hydrostatic pressure in the downcomer. At the steady state the driving hydrostatic pressure force is balanced by the various pressure losses around the loop as shown by the following equation:
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where
[image: image38.wmf]F
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 refers to friction losses (friction, expansion,…etc) and r and d refer to riser and downcomer. On the assumptions that under experimental conditions the pressure loss due to liquid acceleration across the gas injection point and the gas hold-up in the downcomer are negligible (less than 1%), the final form of the overall momentum balance equation is given by:
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The total superficial velocity (Ut) is given by 
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where Ugr and ULr are the superficial gas and liquid velocities respectively. 

Equations (14) and (15) can be used to predict the superficial liquid velocity (ULr) in the riser when the reactor dimensions, superficial gas velocity, overall gas hold-up, and friction factors are known. The overall gas hold-up is given by [2]:
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where 
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 is a dimensionless group given by:



[image: image43.wmf](

)

(

)

(

)

0.360.0060.57

Re

Lr

TPTPTP

gr

U

FrWe

U

f

--

æö

=

ç÷

ç÷

èø


      (17)

where
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the Froude number, ratio of inertia to gravitational forces.
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the Reynolds number, ratio of inertia to viscous forces.
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the Weber number, ratio of inertia to surface tension forces.

The density of the mixture is given by:
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The single-phase (
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) and two-phase (
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) friction factors are given by:
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Results and Discussion

Figure 3 shows the parity plot for the overall gas hold-up in riser for the homogeneous regime. The generalised equation of Joshi and Lali (equation (2)) predicts the overall gas hold-up with satisfactory accuracy and the difference between the experimental and predicted values is lower than 
[image: image53.wmf]8%
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. It is clearly shown that the predicted values of the overall gas hold-up obtained from equation (10) are in a good agreement with the experimental values (
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).


Figure 3. Parity plot for the overall gas hold-up in homogeneous regime (
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In equation (14) the gas hold-up depends implicitly on the liquid superficial velocity (ULr). Therefore the system of linear and non-linear algebraic equations (14-21) can be solved simultaneously to calculate the overall gas hold-up, the friction factors and the liquid superficial velocity. In our case, the friction loss factors Kr  and  Kd were estimated using the engineering correlations as 
[image: image56.wmf]1.8

r

K

»

 and 
[image: image57.wmf]1.6

d

K

=

  [16] and the resulting set of algebraic equations (14-21) were solved numerically by an IMSL (International Mathematics and Statistics Library) subroutine called ZSPOW  based on a variation of Newton's method  which uses a finite difference approximation to the Jacobian and takes precautions to avoid large step sizes or increasing residuals.

Figure 4 shows the single-phase and two-phase friction factors profiles for the superficial gas velocity range considered in this study. A clear difference is seen between the two profiles at high superficial gas velocities. This indicates that the widely used single-phase friction factor for two-phase system is a fundamental weakness and oversimplification of friction losses approach to multi-phase systems.


Fig.  4. Single-phase and two-phase friction factors.

Figure 5 shows parity plot for overall gas hold-up in the riser. It is obvious that the gas hold-up correlations for each flow regime (Eqs. 10-12) predict satisfactorily the overall gas hold-up in the riser with an error of less than ( 5%. The overall gas hold-up calculated by the Hsu and Dudukovic correlation (equation (16)) implementing the single-phase and two-phase friction factors  displayed  a  much  higher deviation from the experimental values. At low superficial gas velocity (homogeneous regime), the predicted overall gas hold-up shows unacceptable deviation (( 45%) from the experimental data. It is clear that the influence of the two-phase friction factor is   negligible in this region.  At high gas flow rates the overall gas hold-up has been improved significantly to an error of less than ( 19.3% in the case of implementing the two-phase friction factor.  This strong influence of the two-phase friction factor is shown clearly by the poor performance of the model when the single-phase friction factor is used. In fact, the same authors [2] have reported that their gas hold-up correlation can produce a significant deviation of an error within ( 30%.

Fig.  5.  Parity plot for overall gas hold-up in the riser.

The parity plot of the superficial liquid velocity is shown in Fig. 6. The superficial liquid velocity in the riser is predicted by equation (14) for different cases. In the first case, the single-phase friction factor is implemented and the overall gas hold-up is estimated by equations (10-12) and equation (16). At low gas flow rates the model prediction is relatively poor, the deviations from experimental data are about 20.6% and 36.0% for the gas hold-up predicted by equation (10) and (16) respectively. However, at high superficial gas velocity, the gas hold-up predicted by equation (12) has significant improve of the model prediction (up to12%). On the other hand, the gas hold-up predicted by equation (16) produces an error up to 25%. It seems that the nature of the flow also affected the prediction of the model.  In the second case, the two-phase friction factor is considered and  the  overall gas hold-up is  estimated  by  equations (10-12)  and 

equation (16). At low superficial gas velocity, the prediction of the model almost the same as the first case and this could be due to the fact that at this condition there is no substantial difference between the value of the single and two phase friction factors as shown in Fig. 4. At high superficial gas velocity, the model predicts the superficial liquid velocity with very good accuracy (within
[image: image58.wmf]4.9%

) when the gas hold-up correlations  (Eqs. 11 and 12)  are  implemented.  When  equation (16)  is  used to estimate the overall gas hold-up for the whole range, the model predicts the liquid circulation velocity with satisfactory accuracy and the difference between the experimental and predicted  values  is  lower than 
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. It is clearly observed from Fig. 6 that the identification of the hydrodynamic flow regimes and the implementation of the two-phase friction factor have remarkable enhancement to the model prediction.


Fig.  6. Parity plot for superficial liquid velocity in the riser.

Figure 7 shows the axial profiles of the gas hold-up in the riser for various superficial gas velocities. A correlation is developed to predict the axial gas hold-up profile. The correlation is function of the location in the riser and the superficial gas velocity. Superposition technique [17] is implemented for the development of the correlation and multiple regression analysis is used to estimate the values of the constants in each step, leading finally to the following form:
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where 
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is local gas hold-up in the riser at height h and superficial gas velocity Ugr. The correlation is shown to satisfactorily predict the local gas hold-up over a broad range of superficial gas velocity and gives an average error of 4.7%. A minimum in the gas hold-up is observed. Explanation of the observed behaviour could be offered if one considered the interaction of the hydrostatic pressure and the bubble characteristics. An increase in reactor length causes a decrease in the hydrostatic pressure, which in turn boosts the bubble size, coalescence and the local gas hold-up.  At the same time, however, it causes an increase in the bubble velocity and frequency, which tend to decrease the local gas hold-up. Consequently, there is a minimum resulting from the balance of these two opposing influences.


Fig.  7. Axial profiles of the gas hold-up in the riser.

Conclusion

In this study, the effect of hydrodynamic flow regimes and two-phase friction factor on the prediction of certain type of hydrodynamic models has been investigated. The prediction of the model is considerably enhanced by using separate gas hold-up correlations for the different flow regimes and the two-phase friction factor. Superposition approach is implemented and an empirical correlation is developed for the axial gas hold-up in the riser. This relationship is a function of the reactor geometry and an operational factor. In fact, the nature of this dependence is fundamentally unclear. The magnitude of the various effects of other independent and dependent variables can be determined only from extensive experimental work guided by fundamental understanding. The characteristics of the axial hold-up profiles are also discussed.  The present work exposes a new aspect of flow regimes in airlift reactors and their potential application.

Further experimental and theoretical studies are required to address the problem of development of unified model.
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تأثير الأطوار الهيدروديناميكية علي حسابات الكسر الغازي وسرعة دوران
السائل في المفاعلات ذات السوائل الصاعدة بواسطة الهواء

محمد البشير الأمين أبشر
قسم الهندسة الكيميائية، كلية الهندسة، جامعة الملك سعود، ص. ب. 800
 الرياض 11421، المملكة العربية السعودية
(استلم في29/12/2001م؛ وقبل للنشر في 05/05/2002م)

ملخص البحث. تم خلال هذا البحث دراسة تأثير الأطوار الهيدروديناميكية المتعرف عليها حاليا، لحسابات الكسر الغازي وسرعة دوران السائل في المفاعلات ذات السوائـل الصاعدة بواسطة الهواء. أخضعت بعض النماذج الرياضية الهيدروديناميكية التي تعتمد علي موازنة كمية الحركة للدراسة. أجريت التجارب المعملية علي مفاعل ضخم ذي حلقة دوران خارجية مستخدمين منظومة الهواء و الماء.  المعادلة العامة لكل من جوشي ولالي المستنتجة للطور المتجانس، قد استطاعت إيجاد الكسر الغازي العام في هذه المنطقة بدرجة كافية من الدقة والفرق بين النتائج المعملية والمحسوبة لا يتعدى 8%. استطاع النموذج الرياضي لكل من هوسو ودودوكفتش، إيجاد سرعة دوران السائل بدقة كافية لا تتعدى 4.9% معتمدا علي المعادلات التجريبية المستنتجة للطور المتجانس والانتقالي وغير المتجانس، وكذلك معتمدا على معامل الاحتكاك للطور الثنائي. ولقد أوضحت النتائج بأن طبيعـة معامل الاحتكاك لها تأثير مباشر على حسابات هذا النموذج الرياضي ودقته. ويبدو جليا أن تصنيـف أطوار السريان له تأثير عميق علي حسابات المتغيرات المهمة للتصميم. استخدمت نظرية التطابـق لاستنتاج معادلة تجريبية لحسابات الكسر الغازي الرأسي في المصعد بدلالة الارتفاع والسرعة. أعطت المعادلة خطاً متوسط مقداره 4.7%.                                                                                                                                                                       
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@ Equation (10-12)
O Equation 16 (single-phase friction factor)
B Equation 16 (two-phase friction factor)
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