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Hydrodynamic regimes of gas—liquid flow in a microreactor channel
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Abstract

The hydrodynamic regimes of gas—liquid flow in a microreactor channel have been investigated, using water and ethanol (liquids with different
contact angle and surface tension values) and nitrogen as an inert gas. The microreactor was Y-shaped. Experiments were carried out to determine
the character of gas and liquid flow (“regime map”). Four main flow types were observed: bubble, slug, slug/annular and annular, the slug regime
occupying most of the region investigated. In the second part of the work a criterion for the effectiveness of the gas—liquid interfacial area has been
proposed. This criterion determines the mass transfer activity of the interfacial area in the slug regime. Methods of estimation of the parameters

necessary to apply the criterion have been outlined.
© 2007 Elsevier B.V. All rights reserved.
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1. Influence of the interfacial parameters on the regime
map

The aim of this part was to compare the flow regime maps
for the microreactor gas—liquid flow, obtained using liquids with
different contact angle and surface tension values. According
to the literature suggestion [1], in a small diameter channel
an influence of the above-mentioned parameters on the flow
character should be observed. Barajas and Panton [1] have inves-
tigated the influence of the contact angle on the character of flow
in a microchannel, however, they used a channel with rather
large diameter (over 1 mm). They found significant differences
between flow maps obtained for liquids with contact angle below
and above 90°, but below 90° the influence of the actual value
of the contact angle was only slight.

In this paper a channel with a few 100 wm diameter was
investigated. Water and ethanol were used, with nitrogen as an
inert gas. The flow regime was determined on the basis of films
taken with a high-speed camera. The influence of the gas and
liquid velocities were investigated for both liquids. The observed
regimes have been classified as belonging to one of four kinds:
bubble, slug, annular and slug/annular. The results have been
compared with the “universal map” proposed by Vaillancourt et
al. [2].
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1.1. Experiments

The microreactor was designed for visual investigations of
the hydrodynamic regime in two-phase gas—liquid system. The
microreactor was Y-shaped with the following main channel
dimensions:

Width 0.2mm
Height 0.55 mm
Length 55 mm

The microreactor was made of PETg—polyethylene tereph-
thalate modified by glycol. The experimental set-up is shown in
Fig. 1. The gas nitrogen was supplied from a cylinder through
a reducing valve and the needle valve. The gas flow has been
split into two parts. One part led to the microreactor via flowme-
ter (“soap film meter”), the second one enabled monitoring gas
pressure. The liquid flowed from the Mariotte’s bottle by grav-
ity. At the outlet from the microreactor the flow of liquid was
measured by volumetric method.

Two liquids, water and ethanol, were used for the investiga-
tions. Those liquids have different values of surface tension and
contact angle (Table 1).

The flow regime in the microreactor channel was recorded
by CCD high-speed camera (PCI 8000S).

1.2. Results and discussion

In microreactor channel four main flow regimes were
observed, as widely presented in the literature [3,4]: bubble, slug,
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Nomenclature
b stoichiometric coefficient
c concentration (mol m—3)

Ca=pu/o capillary number

diffusivity (m2s~ 1
enhancement factor

bubble length (m)

rate of absorption (molm~2s~1)
absorbed quantity (mol m~2)
channel radius (m)

channel cross-section area (m2)
time (s)

velocity (m s

volumetric flow rate (m3s~!)
linear coordinate (m)

oS uxOZTNmT

Greek letters

B solution of Eq. (17), parameter in Egs. (13)—(16)
depth of liquid layer (m)

A position of the reaction plane (m)

o surface tension (Nm~!)

TC contact time (s)

TR minimal saturation/exhaustion time (s)

Subscripts

gaseous component
liquid component
gas

value at the interface
liquid

initial value

Y

Fig. 1. The experimental set-up: (1) Mariotte’s bottle; (2) gas flowmeter; (3) gas
cylinder with the needle valve; (4) manometer “pipe in the pipe”; (5) microre-
actor.

Table 1
The properties of water and ethanol at 20 °C

Liquid Contact angle (°) Surface tension (x 10~3 N/m)
Water 69 72.9
Ethanol 0 23.5

@)

(©)

Fig. 2. Different flow characters for water—nitrogen set (a) bubble, (b) slug, (c)
annular.

annular and slug/annular. Exemplary observed flow regimes for
water—nitrogen system are shown in Fig. 2.

Observe different regime regions are shown in Figs. 3 and 4.
The character of those maps is in qualitative agreement with the
existing regime maps (lines) proposed by Vaillancourt et al. [2]
and other authors [5-7] for channels with different diameters.

The influence of the contact angle and surface tension is evi-
dent, but not too large. For higher values of those parameters the
line dividing the slug region and the annular region is displaced
to the left towards lower values of apparent gas velocity. This
effect was also observed by Barajas and Panton [1]. However,
it should be pointed out that for contact angle values close and
higher than 90° the flow becomes unstable and obtaining the
regular slug regime becomes impossible.
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Fig. 3. The regime map for water—nitrogen system.
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Fig. 4. The regime map for ethanol-nitrogen system.
2. Interfacial area in the slug regime [17]

As can be seen from the regime maps, the most common
regime is the slug regime. In this regime slugs of one phase
flow through the microchannel alternately with slugs of the
other phase (gas bubbles in the case of a gas-liquid system).
In what follows, the case of gas—liquid system shall be consid-
ered, although the conclusions apply also to the liquid-liquid
system. If the liquid exhibits good wettability of the channel
wall (i.e. low contact angle), then the wall is covered by a thin
liquid layer, and the gas bubbles are sliding over this “lubricat-
ing” layer [8,9]. The interfacial gas—liquid area is then composed
of two parts: the lateral part (i.e. that of the “lubricating” layer),
and the perpendicular part (between the bubble and the adja-
cent liquid plug). As the length of the gas bubble is often many
times greater than the channel diameter, the “lateral” part on the
interfacial area may be many times greater than the “perpendic-
ular” part (the lateral part contributes often more then 90% of
the total interfacial area). The lubricating layer is usually very
thin (its depth is of the order of 10~%m [10]), and can there-
fore get saturated with the absorbed component or exhausted of
the liquid-phase reactant. In such a case, the lateral part of the
interfacial area will become inactive. As interfacial area is the
main parameter governing the mass transfer/reaction rate (the
mass transfer coefficients are usually less variable), it is of vital
importance for the design of a microreactor to determine condi-
tions of activity of this part of interface. In this paper an attempt
shall be made to establish a criterion for the activity of the lateral
part of the interfacial area.

2.1. Simplifying assumptions

Let us consider a gas bubble between two liquids plugs, as
shown in Fig. 5. The bubble is moving with linear velocity u, its
length is L, and the thickness of the lubricating layer is §.

We shall assume that the liquid forming the lubricating layer
is immobile or in laminar flow, and its contact time with the gas
is

ey

L
c = —
u

O

Fig. 5. Schematic view of gas-liquid flow in microchannel.

During this time the liquid absorbs a gaseous components
which may (or may not) react with the liquid component. After
that time the liquid is very quickly (“instantaneously”) mixed
with the content of the subsequent liquid plug (this, of course,
is a serious simplification). We shall determine the conditions
necessary to avoid saturation/exhaustion of the liquid forming
the lubricating layer during the time span tc. To this end the
exposition (contact) time, tc, should be much shorter than the
saturation/exhaustion time 7R (tc < TR)

2.2. Physical absorption

Physical absorption of a gas in an infinitely deep layer of
quiescent liquid is described by the following equation:

320A 3CA
- 4 2
Ao T @
with the boundary conditions
x=0 t>0 caA=ca
x>0 t=0 caA=ca, (3)
x—>00 t>0 ca=ca,

A solution of this problem is known to be [11]

cA — cay = (ca; — CAy) (1 — eﬁzJ)CD_M> @)

The rate of transfer, following from this solution, is

D
N = (ca, — cAon/?f (5)

and the amount absorbed by unit area of surface in time ¢ is

! Dt
0 = [ Nadt = 2en, = a2 ©
0 M4

In the case of the liquid layer of a finite depth, the boundary
conditions should be modified by replacing the condition for
x — oo by the conditions dca/dx=0 at x=4§. The solution takes
then the form of a cosine series [12]. The initial absorption rate
is, of course, identical as given by Eq. (5). For any finite period
of time, the absorption rate into a layer of finite depth must
be lower than that into an infinite layer. The shortest possible
saturation time, TR, may therefore be estimated comparing the
total absorbing capacity of the liquid layer, dca; (Where ca, is
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the saturation concentration of the gaseous component) with the
amount absorbed into an infinitely deep layer

D
Sca, = Q(R) = 2ea;/ ‘;’R %)

(assuming that at t=0, cp, = 0). From Eq. (7) it follows that

TR= 57—~ ®)

2.3. Absorption with an instantaneous chemical reaction

For the case of absorption with an instantaneous irreversible
chemical reaction

A + bB — products )

the following equations hold

326A oca
_ dea 10
A2 T or (10)
82613 3CB
_ %8 11
B2 T o (1D

with the boundary conditions (for an infinitely deep liquid layer)

x=0 1>0, ca=ca
X=A t>0, cA=0
X=X t>0, cg=0
(12)
x—o00 t>0, cp=cp,
x>0 t=0, ca=0, cB=cg,
X=X bNa = Np

A solution to the above equation system has been given by
Danckwerts [13] in the form

CA erfc(x/2+/ Dat) — erfc(B//Da)

= 13
CA; erf(B/+/Da) (13
B _ erf(x/2+/Dgt) — erf(8/+/Dg) (14)
cBy erfc(B/</Ds)
where

_ CAi [ Da
Na = erf(By/Da) V mt (1)
O 2cp,; Dt (16)

~ ef(B/Dy)V T

where S is given by

£?/Ds ( P ) _ SBo ﬁ B2/ Da ( B )
e erfc = e erf a7
' Dg bea; \| Da v Da

Introducing the enhancement factor E;

E — Q(instantaneOLils reaction) as)
QO(physical)

and noticing, that for an instantaneous reaction E; > 1, one can
write [11]

E; ~ & + By @ ~ By @ (19)
Dg bea; \| Da bea; \| Da

For a liquid layer of a finite depth one should modify the
boundary conditions by introducing an equation describing the
exhaustion of the liquid component B

)
/ Cde = 6305 — bQA (20)
A
5 des _ Q1)
X = s _——=
dx

There is no simple solution to such a problem. However, by
similar reasoning as for the case of physical absorption, one can
estimate the shortest possible time necessary for the exhaustion
of the liquid reactant comparing the total amount if this reactant
in the liquid with the maximum consumption of this reactant

Dat
Scg, = bOa = 2bEica,\| —— (22)
T
CBy D | Dat
Scpy = 2ben 2y | =2 [ A 23
“Bo CA; bCAl. N T (23)
52

n8?
TRmin = I = 4D ~ D (24)
B B

It is seen that in both cases, the physical absorption and the
instantaneous reaction, the criterion of total surface area activity
takes analogous form

L 8
Tc=—<KQR~X — (25)
u D
where D equals Dy for the physical absorption case, or Dp for
the instantaneous reaction case.

2.4. Absorption with slow, solid catalysed reaction

In the case of areaction catalysed by a solid catalyst deposited
on the surface of the channel walls, one is interested in an effect
opposite to the described above: one would strive to maintain
constant saturation of the liquid layer adjacent to the wall with
the gaseous components. Such a situation may occur, for exam-
ple, in solid catalysed hydrogenation reactions. It is obvious,
that to assure constant saturation of the liquid layer, the reverse
criterion should hold, namely

L &

; > B (26)
or

LD

W >1 27)
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Fig. 6. Water—nitrogen system, bubble length and frequency, apparent liquid
velocity: 0.28 m/s.

2.5. Estimation of parameters

To be able to apply the above criterion, one has to estimate
the values of the parameters involved.

Diffusivities can be estimated by standard methods.

The thickness of the lubricating layer, §, can by estimated
using an empirical correlation of the form [10]

s

— =1.0Cd'? (28)
R

or from the Bretherton theory [10]

$ 2/3

i 0.643 Ca (29)

where R is channel radius, and Ca is the capillary number

Ca="" (30)

o

The bubble velocity, u, can be estimated as

Vg + VL
S

12

u =ug +ur 31

This is a simplification, since if does not differentiate
between‘“dynamic” and “static” liquid holdup (by “dynamic” we
mean the liquid contained in slugs, by “static” that contained in
the lubricating layer and, in the case of channels with rectangular
cross-section, contained in the corner menisci). For estimation
purposes this, however, is usually used in the literature.

The bubble length, L, cannot easily be determined, as there is
no sufficient amount of experimental data. We measured bubble
length and bubble frequency for a range of ur, and ug values,
using two liquids (water and ethanol), and the experimental
set-up described above. The results are given in Figs. 6-9. Fur-
ther investigations are under way, to provide grounds for more
thorough discussion.
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Fig.7. Water—nitrogen system, bubble length and frequency, apparent gas veloc-
ity: 0.59 m/s.
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Fig. 8. Ethanol-nitrogen system, bubble length and frequency, apparent liquid
velocity: 0.22 m/s.
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Fig. 9. Ethanol-nitrogen system, bubble length and frequency, apparent gas
velocity: 0.16 m/s.



S190 R. Pohorecki et al. / Chemical Engineering Journal 135S (2008) S185-S190

2.6. Discussion

Let us examine the typical microchannel flow to see whether
the above-developed criteria may or may not be fulfilled. The
order-of-magnitude estimations of relevant parameters are as
follows

§~10"%m

Dp ~ 1072 m?/s

TRmin ~ 10735

L~10m

u~1lm/s

L

~~1073%s

u

It can be seen, that both t¢ and TR values are of the order

1073 5. It is therefore of vital importance to be able to determine
not only gas (or liquid) holdup and interfacial area, but also size
and frequency of gas bubbles flowing through a microchannel.
It may be noticed, that the proposed criteria may also be applied
to the annular regime case. For the annular regime the criterion
should be determined using the total length of the channel and

the thickness of the annular layer of liquid flowing along the
channel walls.

3. Conclusion

The hydrodynamic regimes of gas—liquid flow in a microre-
actor channel have been investigated, using water and ethanol
(liquids with different contact angle and surface tension values)
and nitrogen as an inert gas. The influence of the contact angle
and surface tension is evident, but not too large. For higher val-
ues of those parameters the line dividing the slug region and the
annular region is displaced to the left towards lower values of
apparent gas velocity. A criterion for effectiveness of the interfa-
cial area in gas-liquid microreactors is proposed. The criterion
takes the form
L > 32
<5 (32
where D is equal Dy in the case of physical absorption, or
Dg in the case of absorption accompanied by an instantaneous
reaction. If this criterion is not fulfilled, one can expect severe
decrease in the absorption/reaction rate. Methods of estimation
of the parameters necessary to apply the criterion have been
outlined.
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