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@ Correlations for
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Relevance of Taylor flow AT
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® Taylor flow is a special kind of slug flow in small
channels, where the liquid plugs which separate the
elongated bullet-shaped bubbles (Taylor bubbles)
are free from gas entrainment
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Advantages of Taylor flow AT
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B Large specific interfacial area
B efficient heat and mass transfer

B Segmentation of the liquid
B reduced axial dispersion

® Good mixing in gas and liquid due to recirculation

Channel cross-section:
400 pm x 280 pm

Movie from von Gunther et al.
Langmuir 21 (2005) 1547-1555
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Objective AT
® Many features of Taylor flow such as the liquid film
thickness depend on the capillary number Cag

14, Ug
O

® The capillary number is not known a priory for given gas and
liquid flow rates, but adjusts accordingly

® Objective:

B propose the use of correlations for global and local quantities
in Taylor flow in terms of “a priori” known flow parameters

® propose a unified consistent approach, which relates many
global and local features of Taylor flow to a single functional
dependence

Ca, =

where Ug = bubble velocity

Dr. Martin Wérner Institute for Nuclear and Energy Technologies



6

Similitude analysis for a T

® Physical properties (6)
® Gas and liquid density (og, o) and viscosity (g, 14)
® Coefficient of surface tension (o), gravity constant (g)

® Flow specific quantities (3)
B Gas and liquid flow rates (Qg,Q,), pressure drop (Apy.)

® Geometrical quantities for a rectangular channel (5)
® Angle of channel orientation (@) with respect to g
® Channel height (H) and width (B)
® Length of unit cell (L,.)
® Bubble volume in the unit cell (Vg)
® Basic dimensions: kg, m, s (3)

® Pi-theorem: there are 14 — 3 = 11 independent
non-dimensional groups
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Pi-theorem AT
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® A priori unknown groups
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® Functional relationships

&= Fg (Euuc A, /O,’ ,Ll', ﬂ! CaJ , La, EO, e @) unknown parameter
Eu,, =F., (s, A, p', i/, B,Cay, La, ED, 7, ¢) known parameter

7 03.06.2010 Dr. Martin Wérner Institute for Nuclear and Energy Technologies



8

Further non-dimensional groups IT

® Some dependent non-dimensional groups

D, J 2
Re, = ! uh < = LaCa, We, = Ay =Ca,Re, = LaCa’
L O
J La
Fr, = to =Ca,, /— U B
_ EO Ca, =—2{Ca, =~|Ca
\/gDh pr Pe ’ ‘]tot J & J
L
® The key parameter
_P_Ys
& Jtot
l//zﬁ = F,/,(EUUC,A,,O’,ILl',ﬂ,CaJ, La’ EO,}(,(D)

w1
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Quantities and their relation to AT

® Bubble velocity Ug =y dy
. . y _ 1B |

® Mean liquid velocity 1 51,0

® Gas hold-up in unit cell g=§

®m Relative bubble velocity ~— w=Y2"Ju 4 1
Ug 4

7 = UB _‘Jtot —W_l

‘]tot

B Capillary number Ca, =y Ca,

® Bubble Reynolds number Re; =yRe, =yLaCa,
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Liguid mass balance AT
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® A mass balance for the liquid phase in a frame of reference
moving with the bubble at an arbitrary axial position y yields

B ~Ua)An = U (¥)-Ug |A(Y)

SO that
A (y) Ay (y) o.(y) A,

AY) _ -1 \\ // /

Ach W_UL,cs(y) / ‘Jtot [] Jtot
S - —B 5 M s

AB(y) _ 1_UL,cs(y)/‘]tot

—-U [J
'Abh '7” L,cs (y) tot UL__CS (y)
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Bubble diameter / film thickness IT

® For a stagnant liquid film the mass balance yields

AB:].
An v

® For a circular channel with diameter D it follows for the
bubble diameter Dg and the liquid film thickness &

D, _ 1 é_lil_ij
Dy D 2|7 Yy

® For a rectangular channel with an axisymmetric bubble
and a stagnant liquid film it follows

X Dy 1+y

ad H \/ D, i 774’4
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Recirculation flow and bypass flow A\‘(IT

region with

bypass flow recirculation flow complete bypass tlow

DTB \ \ UL,max
___________ _%____________
\
U g < U L max dividing streamline U B >U L max
Fully developed laminar flow: U, . =CU _ .~ (C, =2, C,=2.096)
In Taylor flow it is: U ean = oo
Condition for recirculation flow is Condition for bypass flow is
W:UB/UL,mean<C W:UB/UL,meanZC

(sketches in moving frame of reference after Taylor 1961)
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Recirculation area and recirculation time S‘(IT

® Relations for a circular pipe of radius R
Thulasidas, Abraham, Cerro, Chem. Eng. Sci. 52 (1997) 2947

bypass flow recirculation flow

\
s \ L
L"'TB ) ULma}; J R 2
_________ _%____________ }____.__ —_——— e == s

L [o_

/ R g
7 NESE

dividing streamline £e w2

For dependence of Ay/A,,, Ai/A,, and ¢ on wand y in rectangular channels see
Kececi, Worner, Onea, Soyhan, Catalysis Today 147S (2009) S125
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Collection of literature data (AT
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® Thulasidas, Abraham, Cerro (1995) (Experiments, circular and square channel)
® Liu, Vandu, Krishna (2005) (Experiments, circular and square channel)

w=— 2| for 0.0002<Ca, <039 Many relations between
1-0.61Ca; w and Ca; are implicit in y
® Fairbrother and Stubbs (1935) (Experiments, circular tube) _
J— ! !
Yo —Ju _ Ca)® for 7.5x10°<Ca, <0.014 = i -1 w°Cay”® |
Ug LSS i
@ Bretherton (1961) (Theoretical, circular tube)
U= _ 2.68Cas° for Ca, <0.001 = -1 2.68y°°Ca?"®
Ug 4
® Aussilious and Quere (2000) (Theoretical, circular pipe) g
213 | 213~ 2/3
% __0.06Ca, — for 0.001<Ca; <14 = wy~= 1+3'33V2//3 CS; '
D 1+3.33Ca; | 1+ 2y “°Ca,

® Kreutzer, Kapteijn, Moulijn, Heiszwolf (2005) (Square channel)

DB,sq

-2
=0.7+0.5exp(-2.25Ca**) for Ca,>004 = iy =f[o.7+o.5exp(—2.25W°-445Ca;>-445)]
T

h
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Comparison of literature data  XIT

Liu et al.

3.0 7 + Thulasidas et al. (1995) Fairbrother&Stubbs
Eq. (45) —--—-- EqQ. (47)
) Eq. (49) ----- Eq. (34) Aussilious&Quere
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Conclusions -\\-‘(“'

® The ratio w between bubble velocity and total superficial velocity
IS a key parameter in Taylor flow

® Quantities that are related to  are
® the mean liquid velocity, the mean relative velocity, the gas holdup
® the local thickness of the liquid film (and the bubble diameter)

® y determines if complete bypass flow or recirculation flow occurs

B The cross-sectional recirculation area and the non-dimensional recirculation
time are unique functions of  (and in rectangular channels of the aspect
ratio y)

® Literature data show a clear trend for the dependence of  on Ca,

v =F, (Bu.A o\, B,Ca,La,EOC y,90) —|w=F/(8,Ca,La ES, x,¢)

® If this functional relation is known, then the hydrodynamics of
Taylor flow is almost fully determined

16 Dr. Martin Worner Institute for Nuclear and Energy Technologies



