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 Shestopalov et al., Lab Chip 4

(2004) 316-321

200 m

Taylor flow in microchannels

Advantages

Large interfacial area per unit 

volume and thin liquid film

 Efficient heat/mass transfer

Axial segmentation of 

continuous liquid phase

 Reduced axial dispersion

Applications

Monolith reactors

Micro reactors

Lab-on-a chip

Heat exchangers

Fuel cells

...

Kreutzer, Kapteijn, 

Moulijn, …
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Of special interest for Taylor flow are two quantities

Bubble velocity ub  residence time in microchannel

Liquid film thickness  =  (ub)  heat and mass transfer with wall

Problem

Bubble velocity ub,  and void fraction  are not prior known in general

Prior known are volumetric flow rates QG, QL and superficial velocities

Useful would be a relation for the characteristic velocity ratio 

which is formulated in terms of prior known parameters only, as this 

will allow to estimate ub and  (ub) from prior known quantities

Goal: develop such a correlation using information from literature
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Problem statement and goal
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Collect information from literature for 

Mass conservation principle, theoretical results

Empirical relations, DNS data

Development of correlation

Identify suitable functional relationship ( logistic curve)

Determine free parameters by regression analysis

Test performance by comparison with experimental data

Restriction to laminar gas-liquid Taylor flow in small circular pipes

Non-dimensional numbers based on velocity scales ub, jT

Bubble velocity

Total superficial velocity

Relations
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Procedure
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Catalytic 

pipe wall

Taylor flow – continuity relation
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Subscripts

b = bubble

f  = film

s = slug

continuity
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Theoretical study (lubrication theory) by Bretherton (1961)

Empirical correlations based on experimental data

Liu et al. (2005)

Abiev (2013)
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Characteristic velocity ratio 
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 F.P. Bretherton, J. Fluid Mech. 10 (1961) 166-188

 H. Liu, C.O. Vandu, R. Krishna, Ind. Eng. Chem. Res. 44 (2005) 4884-4897

 R.S. Abiev, Chem. Eng. J. 227 (2013) 66-79
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Aussilious & Quere (2000), theoretical (Cab  1.4, negligible inertia)

Han & Shikazono (2009), experiments (Cab  1.4, Reb  2000)

Langewisch & Buongiorno (2015), DNS (Ca  0.2, Re  900)

M. Wörner | ICOSCAR-6, Bad Herrenalb, Germany

Liquid film thickness 

 P. Aussillous, D. Quere, Phys. Fluids 12 (2000) 

 G.I. Taylor, J. Fluid Mech. 10 (1961) 161-165

 Y. Han, N. Shikazono, Int. J. Heat Fluid Flow 30 (2009) 842-853

 D.R. Langewisch, J. Buongiorno, Int. J. Heat Fluid Flow 54 (2015) 250-257

2/3 2/3
AQ

2/3 2/3

1.3375

1 2.5 1 3.344

b b

b b

F

P Ca Ca

R P Ca Ca






 

   

2/3

HS

2/3 0.672 0.589 0.629

0.643(3 )

1 3.13 0.504 0.352

b

b b b b

Ca

R Ca Ca Re We




  

 

2/3

LB

0.764

1.3375 a

1 2.86 1+ ( )

C

R Re Ca




 

1

5 1.909

0.593

32.05
( ) 4.564 10Re Re

Re



 
    

 

P = 1.3375 from Bretherton theory

F = 2.5 from experiments by Taylor



Institute of Catalysis Research and Technology 9 Sep. 13, 2019 M. Wörner | ICOSCAR-6, Bad Herrenalb, Germany

Symbols = DNS 

data for different 

Reynolds numbers

 D.R. Langewisch, J. Buongiorno, Int. J. Heat Fluid Flow 54 (2015) 250-257 

 G. Balestra, L. Zhu, F. Gallaire, Microfluidics and Nanofluidics 22 (2018) 67
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Stagnant film model (SFM)

Summary of literature information

Sigmoidal master curve



Institute of Catalysis Research and Technology 10 Sep. 13, 2019

Asymmetric five parameter logistic (5PL) function

“The inability of standard algorithms to reliably fit the 5PL curve 

has undoubtedly limited the use of the 5PL curve for modeling data”
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Sigmoidal master function

 P.G. Gottschalk, J.R. Dunn, Analytical Biochemistry 343 (2005) 54-65
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5PL
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Slightly different 5PL for present case

Idea for further reducing the free parameters of the 4PL

The limit of 4PL for Ca  0 shall agree with Bretherton limit

Keeping d and s as free parameters, h and c follow from relations
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 F.P. Bretherton, J. Fluid Mech. 10 (1961) 166-188

Key step in model development!
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2PL with Bretherton limit

Only two free parameters remain (d, s)

Regression analysis using ORIGIN
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Two-parameter logistic curve 

with Bretherton limit as Ca  0
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Determine d and s by regression analysis using DNS data

Langewisch & Buongiorno (2015), Balestra et al. (2018)

Regression gives s(Re=0) = 0.474 and d(Re=0) = 2.467

Comp. model  DNS data

Re = 0  deviation < 1%

Re = 2  deviation < 2%

Significant deviations for

larger values of Re especially 

at large capillary numbers
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Model for negligible inertia (Re0)
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 D.R. Langewisch, J. Buongiorno, Int. J. Heat Fluid Flow 54 (2015) 250-257 

 G. Balestra, L. Zhu, F. Gallaire, Microfluidics and Nanofluidics 22 (2018) 67
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Determine d and s by regression analysis using DNS data

Langewisch & Buongiorno (2015) data for Re = 2, 10, 20, 40, 60, 100

For higher values of Re, only few DNS data in small range of Ca
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Model for finite inertia (Re  100)
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Model performance vs. DNS data
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 D.R. Langewisch, J. Buongiorno, Int. J. Heat Fluid 

Flow 54 (2015) 250-257 

 G. Balestra, L. Zhu, F. Gallaire, Microfluidics and

Nanofluidics 22 (2018) 67

 R. Kurimoto, K. Nakazawa, H. Minagawa, 

T. Yasuda, Exp. Therm. Fluid Sci. 88 (2017) 124-133

Additional DNS data of 

Kurimoto et al. (2017) 

included for comparison

Excellent agreement

over entire range of Ca

Re  2     dev. < 1%

Re  100  dev. < 2%

Re  800  dev. < 5%
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Model performance vs. exp. data
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 R. Kurimoto, K. Nakazawa, H. Minagawa, T. Yasuda, Exp. Therm. Fluid Sci. 88 (2017) 124-133

Exp. by Kurimoto et al. (2017)

Pipe diameters

D = 200, 320, 500, 700 µm

Liquids 

Glycerol-water mixture 

(52 and 64 wt% glycerol)

Water

Reasonable agreement

With exception of case 

GW52%200µm all exp. data 

are underestimated by model

Deviation mostly within 10% 

but up to 18% for some cases
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Unknown parameter Relation with  and  Condition

Void fraction  =  / 

Bubble velocity ub / jT = 

Mean liquid velocity uL / jT = (1   ) / (1   /)

Slip ratio ub / uL = (   ) / (1  )

Relative drift velocity m = 1  1

Bubble radius Rb / R = 1/2 Stagnant liquid film

Liquid film thickness  / R = 1  1/2 “

Wetting fraction w = 1  1 “
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Predicting Taylor flow hydrodynamics
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Unknown parameter Relation with 

Condition for complete bypass flow  > 2

Condition for recirculation region to occur  < 2

 Radius of dividing streamline Rds / R = (2  )1/2

 Radius zero velocity in moving reference frame R0 / R = (1   /2)1/2

 Non-dimensional recirculation time  = (1  0.5) 1
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Streamline patterns in liquid slug

jT
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Conclusions and outlook

The ratio between bubble velocity (ub) and total superficial velocity 

of the two-phase flow (jT) is a key parameter in Taylor flow

Correlations for this characteristic velocity ratio () being valid over 

the entire range of capillary numbers have been missing so far

Proposal of a new correlation for 

Based on asymmetric sigmoidal curve (5 parameter logistic function)

Approaches theoretical relation of Bretherton for low capillary number

Correlation relies on prior known parameters only (jT as velocity scale)

Correlation is accurate to about 5% and 18% in comparison with 

numerical (DNS) and experimental data, respectively

Should be useful to estimate/predict various hydrodynamic features of 

Taylor flow such as bubble velocity, liquid film thickness, ...

Developed 2PL may serve as prototype for similar correlations with

larger and/or non-circular channels and liquid-liquid Taylor flow
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Thank you  for your attention

 M. Wörner, Theoretical Foundations of Chemical Engineering, accepted
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of interfacial two-phase flows

 D.R. Langewisch, J. Buongiorno, Int. J. Heat Fluid Flow 54 (2015) 250-257  
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Sigmoid curve = a monotonic function y(x) that is 

constrained by a pair of horizontal asymptotes as x   

Four parameter logistic function (4PL)

 a = lower asymptote

 d = upper asymptote (d > a)

 b = slope factor (b > 0)

 c = mid-range abscissa (inflection point, c > 0)
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Master curve for correlation

https://www.biolegend.com/newsdetail/5468
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