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A B S T R A C T

We are in danger of losing our current standards of living due to the depletion of natural resources. It is
essential to decrease the amount of waste produced. In reactor engineering, the waste production is caused
by the formation of byproducts. To increase the selectivity of the reactor, the fluid dynamics should benefit
the intrinsic reaction kinetics, which can only be done when each molecule has exactly the same experience.
The mass transfer from a bubble is generally assessed solely by the overall mass transfer coefficient from
the bubble. However, the concentration profile is far from uniform when the mass is transferred from the
bubble. The obtained concentration profile seems to be confined by the hydrodynamic wake of the bubble. The
obtained structures are quite stable and not easily disturbed by other bubbles. This leads to large concentration
gradients in the bulk, which prevents the molecules in the liquid to have the same or a similar experience
in the reactor. As this will have a large impact on the selectivity when consecutive reactors are considered.
It would be essential in the future to study these local mixing profiles in bubbly flows in particular and in
multi-phase flows in general.
To ensure that future generations can also have the current stan-
dards of living, we have the responsibility to decrease our environmen-
tal impact. As the consumption of natural resources, e.g. fossil fuels
and minerals, has increased drastically since the industrial revolution.
The depletion of some of these resources has been predicted in the next
decades [1]. The most prominent case is the consumption of fossil fuels.
Besides the depletion of this resources, the usage also increased the CO2
emissions drastically leading to the greenhouse effects. The reason for
the depletion is that the deposition of the minerals is slower than our
current consumption rates.

To reduce the depletion of our natural resources, it is essential to
ensure that the cycles for all natural resources are closed. This would
imply that all materials need to be recycled or reused, leading to a
circular economy. However, this can only be obtained when the pro-
duction processes are selective to the desired products and suppress the
formation of any side-products. This high selectivity is also one of the
goals of process intensification [2–4]. Therefore, process intensification
can be considered as an important tool for the circular economy and by
that a more sustainable chemical industry.

The highest environmental impact of process intensification is ex-
pected to be in the development of reactor designs as these determine
the amount of byproduct formation, i.e. lets ensure every molecule
counts. To improve the reactor performance, the reactor design should
ensure that the fluid dynamics inside the reactor exploit the intrinsic
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reaction kinetics [3,5]. This can only be the case if every molecule has
exactly the same experience in the reactor [4].

These improvements are generally created by either process inten-
sification methods or process intensification equipment. First of all,
the process intensification methods focus among others on improving
the processes by combining functionalities, e.g. multifunctional reactors
and hybrid separations, or the use of alternative energy sources, e.g. so-
lar energy or ultrasound. [4]. In the process intensification equipment
category, the current unit operations are changed to improve mass
transfer or heat transfer.

Bubbly flows are often encountered in mineral processing, chemical
and food processing industries [6]. Therefore, this paper will specifi-
cally focus on bubbly flows. In bubble columns, the bubbles are either
used for mixing the liquid phase, or they are used to contact the gaseous
reactant with the liquid reactants. In this second type, the mass transfer
from the bubble to its environment is essential for the performance of
the reactor. The current process intensification options for gas–liquid
flows focuses on the creation of a large interfacial area and the creation
of a plug flow like behavior in the reactor.

For example, Taylor bubbles are created in tubular microreactors.
The confinement of the bubble elongates the bubble in the flow direc-
tion, which increases the interfacial area. In addition, the bubble and its
vailable online 20 March 2023
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Table 1
Sherwood (𝑆ℎ = 𝑘𝑑𝑏∕𝐷) correlations for spherical bubbles with their applicability. 𝑅𝑒 is the Reynolds number (𝑅𝑒 = 𝜌𝑙𝑣𝑏𝑑𝑏

𝜇𝑙
),

𝑆𝑐 the Schmidt number (𝑆𝑐 = 𝜇𝑙

𝐷𝜌𝑙
), 𝑃𝑒 the Peclet number (𝑃𝑒 = 𝑅𝑒𝑆𝑐), 𝜌𝑙 the liquid density, 𝜇𝑙 the liquid viscosity, 𝑣𝑏 the

bubble rise velocity, 𝑑𝑏 the bubble diameter and 𝐷 the diffusion coefficient.
Reference Correlation Validity

Colombet et al. [11] 𝑆ℎ = 1 +
(

1 +
(

8
3𝜋
𝑃𝑒𝑚𝑎𝑥

)2∕3
)3∕4

with 𝑃𝑒𝑚𝑎𝑥 = 𝑃𝑒
2

16+3.315
√

𝑅𝑒+3𝑅𝑒
16+3.315

√

𝑅𝑒+𝑅𝑒

All 𝑅𝑒 and 𝑃𝑒

Leclair and Hamielec [12] 𝑆ℎ =
(

0.65 + 0.06
√

𝑅𝑒
)
√

𝑃𝑒 𝑅𝑒 < 10

Feng and Michaelides [13] 𝑆ℎ = 0.651
√

𝑃𝑒
(

1.032 + 0.61𝑅𝑒
𝑅𝑒+21

)

+
(

1.60 − 0.61𝑅𝑒
𝑅𝑒+21

)

𝑅𝑒 > 1

Takemura and Yabe [14] 𝑆ℎ = 2
√

𝜋

(

1 − 2
3

1

(1+0.09𝑅𝑒2∕3)3∕4
)1∕2

(

2.5 +
√

𝑃𝑒
)

𝑅𝑒 < 100, 𝑃𝑒 > 1

Winnikow [15] 𝑆ℎ = 2
√

𝜋

√

𝑃𝑒
(

1 − 2.89
𝑅𝑒1∕2

)1∕2
𝑅𝑒 > 50

Potential flow [16] 𝑆ℎ = 2
√

𝜋

√

𝑃𝑒 𝑅𝑒 → ∞
Fig. 1. A selection of the available Sherwood correlations for spherical bubbles found
in Table 1 [11–16].

surrounding liquid move as a single plug through the reactor. Although
this improves the similarity between several bubbles in the reactor, it
does not imply that the experience of each molecule in the reactor
is similar, which is clearly visible in the wake structures reported by
Kexel et al. [7,8]. However, these local effects of the mass transfer
and its interaction with the wake are poorly understood, while these
are essential for the further intensification of reactors using bubbly
flows. Therefore, this paper will discuss the current missing links in our
understanding of mass transfer from bubbles. This effort will be split
into two main parts: the overall mass transfer coefficients for bubbly
flows and the micro-mixing in the fluid. Besides a small discussion on
the effects for process intensification operations will be discussed.

1. Mass transfer coefficients

If we want improve the mass transfer rate from the gas-phase to
the liquid, it is essential that we can determine the mass transfer
coefficient from a bubble to its environment. As bubbly flows are
often encountered, one might expect that for the most simple case,
an unconfined single rising bubble in a clean liquid, the mass transfer
is readily available. In literature, several correlations can be found,
which are based on either experimental results, theoretical derivations,
simulations or a combination of these. For all of these correlations, it
should be noted that they have a limited range of applicability [9,10].
2

For spherical bubbles, a selection of the available correlations is
shown in Fig. 1. The figure clearly shows that the Sherwood numbers
predicted by the correlations are within 10%, which is the error margin
of most of the correlations. From this it could be concluded that the
mass transfer from a single spherical bubble is known. However, the
spherical bubbles are generally small and therefore not that relevant in
the current process industry. If the bubble size is increased, the bubble
path instabilities occur and the bubble shape changes to wobbling,
spherical cap or skirted. For these bubbles, mass transfer correlations
are also created, but comparing these might result in differences up to
100% [10]. Concluding for a single bubble the Sherwood number can
be predicted as long as the bubbles are relatively small, while for larger
bubbles it is difficult to predict the overall mass transfer coefficients.

In addition, it would be essential to understand how the current
mass transfer correlations are obtained. First of all, some correla-
tions are based upon theoretical derivations in either potential flow
or creeping flow, which is generally not the case for rising bubbles.
The other correlations are based on experimental results. To determine
the amount of mass that is transferred two methods are used: bubble
shrinking or interaction with a dye. Both methods have problems in
accurately determining the mass transfer coefficient.

To understand the problems with the problems regarding the ex-
perimental measurements, the species transport in the liquid can be
described using an advection diffusion equation:
𝜕𝑐
𝜕𝑡

+ (𝐮 ⋅ ∇) 𝑐 = 𝐷∇2𝑐 + 𝜙𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑅 (1)

where 𝑐 is the concentration, 𝑡 the time, 𝐮 the velocity, 𝐷 the diffusion
coefficient, 𝜙𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑 the flux of the transferred component from the
gas to the liquid and 𝑅 the amount of the component consumed by a
reaction. The mass transfer from the gas phase to the liquid phase is
generally located in the liquid phase and can be expressed by:

𝜙𝑔𝑎𝑠→𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑘(𝐻𝑐𝑔𝑎𝑠 − 𝑐)𝐴𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 (2)

where 𝐴𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the gas–liquid interfacial area and 𝐻 the Henry
coefficient. 𝑘 is the mass transfer coefficient, which is also used in the
Sherwood numbers (𝑆ℎ = 𝑘𝑑𝑏

𝐷 ) in the correlations of Table 1.
When using the bubble size for the determination of the mass trans-

fer, the amount of mass transferred from the bubble is measured by the
decrease in the bubble size. However, the problem with this method is
that the measurements of bubble size assume that the bubble size is
only changed due to the mass transfer from the gas phase to the liquid
phase, which might be the case for the component in the gas phase
initially. However, any dissolved gas in the liquid phase also behaves
according to Eq. (1). When the concentration in the liquid is higher than
the concentration in the gas phase times the Henry coefficient, it should
be noted that the flux is negative (i.e. from the liquid phase to the gas
phase) as given in Eq. (2). As it is generally difficult to ensure that
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the liquid phase is free of any dissolved gas components, this counter-
diffusion can never be fully prevented in experiments resulting in large
uncertainties. In addition, the determination of the size of the bubble
is difficult when non-axi-symmetric bubbles are measured.

When using dyes to determine the mass transfer, the dye changes
color due to a reaction with the transferred molecules. This leads to two
problems with this method. First of all, the coloring of the dye depends
on the local concentration, which means that the color intensity has to
be calibrated. In addition, the local concentration in the liquid of the
transferred component will decrease due to the reaction in the liquid.
This will result in a relatively larger driving force in the flux (Eq. (2))
compared to the visualized concentration in the liquid. Therefore, the
obtained mass transfer rates are higher than the gas to liquid mass
transfer rates, which are not representative of the pure gas to liquid
mass transfer.

To further improve our reactors, it is essential to predict the mass
transfer from a bubble accurately. As the discussion above shows, the
current knowledge on mass transfer from single bubbles is limited.
If bubble swarms or clusters are considered, there is only a limited
understanding of the effects on the mass transfer, as they are obtained
by simplified experiments of interacting bubbles [17] or simulations at
low Schmidt numbers [18]. Therefore, the mass transfer across the gas–
liquid interface should be of key interest. However, even if this mass
transfer could be predicted, the same route for every molecule can only
be ensured if we have perfect micro-mixing in the liquid phase.

2. Micro-mixing in the fluid

Generally, it is assumed that as soon as mass is transferred from
the bubble to the liquid phase the molecules are equally distributed in
the liquid surrounding the bubble especially for bubbles in a bubble
swarm. In this section, this distribution of the concentration in the
liquid is discussed in more detail for both single bubbles and interacting
bubbles.

A contour plot for the mass transfer from a spherical bubble and
a wobbling bubble is shown in Fig. 2 . The figure shows that most
of the mass transfer occurs at the nose of the bubble, because the
local concentration gradient is relatively high at the nose. However
the obtained concentration profile in the wake is clearly different for
both types of bubbles [7,8,10,17]. As the main transport mechanism
for the component is convective transport, the difference occurs due
to the different wake structure, i.e. spherical bubbles have a closed
wake while larger bubbles generally show unsteady wakes with vortex
shedding [19,20].

Upon closer examination, the concentration profiles both show that
the recirculation pattern in the wake of the bubble is confining the
transferred components, which is clearly visible in the comparison
of the velocity profile and the concentration profile in Fig. 3. It is
expected that the micro-mixing of the transferred component is less
for a spherical bubble. However, the concentration profile of the larger
bubble shows a far from uniform concentration distribution. If realistic
reaction mechanism are considered including consecutive reactions,
this non-uniform profile will lead to a lower selectivity. In general
this will be problematic in all cases in which the time scales for mass
transport are comparable to the time scales of the reaction or when the
mass transfer is considerably faster than the reaction [8,22].

In general a large scale circulation would be required to break
these structures in the wake of a single rising bubble [17,22]. These
large scale circulations can be obtained by adding more bubbles to
the system. However experiments with two interacting bubbles show
that the structures of the concentration wakes are maintained. When
the amount of interactions is increased in a bubble train, the same
structures are still visible, meaning that the trailing bubbles do not
sufficiently disturb the concentration profiles created by the preceding
bubbles [23]. Similar results are obtained numerically for a bubble
swarm by Roghair et al. [18].
3

Fig. 2. Visualizations of the concentration profile for a spherical bubble (Eötvos
number of 1, Morton number of 10−3 and Peclet number of 106) and a wobbling
bubble (Eötvos number of 10, Morton number of 10−11 and Peclet number of 9 ⋅ 105)
on the left and right, respectively. The concentration value increases from yellow to
orange and the blue contour is the bubble.
Source: Reproduced from Claassen et al. [10].

3. Intensification of the mass transfer

Although the mass transfer from a bubble to the liquid has been
studied in large detail, the local mixing surrounding a bubble is largely
unknown. As stated above the main research is focused on a single bub-
ble or a small cluster of bubbles. In dense bubbly flows, the available
information is limited to flows with low Schmidt numbers. The current
research efforts regarding the mass transfer in process intensification
are generally focused solely on increasing the mass transfer. However
this might not be sufficient to enable tuning the selectivity of the
reactor towards one single product.

For Taylor bubbles in a microreactor, there are some experimental
results for the local mixing behind a Taylor bubble [7,8]. These results
show that there are large local concentration gradients in the wake of
the Taylor bubble. When comparing experiments with only physical
absorption and a reaction, it is clear that the reaction in the bulk
enhanced the mass transfer from the bubble. In addition, they showed
that the in case of a consecutive reaction the time scale of mixing in the
bulk compared to the reactive times scale is important. Improving the
mixing in the vicinity of the bubbles will ensure that the selectivity
towards a certain product is only depended of the residence time,
enabling tuning the reactor to a certain product.

4. Conclusion

In process intensification, the goal is to reduce the amount of waste
create in products. An important way to decrease the amount of waste
is the improvement of the selectivity of the reactor, which is largely
depended on the hydrodynamics and the mass transfer in the reactor.
The discussion above shows that the mass transfer in simple gas–liquid
flows are not even fully understood. When increasing the complexity
of the system by path instabilities or interactions with other bubbles, it
is difficult to find a representative mass transfer coefficient.

In addition, the discussion also shows that the selectivity is also
largely depended on the mixing in the vicinity of the bubble. The
local wake structures largely determine the effective mixing of the
transferred components to the bulk of the liquid, i.e. the local re-
circulation patterns seem to confine the transferred components to the
wake of the bubble.
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Fig. 3. Visualizations of the velocity profile (right) and concentration profile (left) for a wobbling bubble (Eötvos number of 1, Morton number of 10−9 and Peclet number of
2.9 ⋅ 103). It should be noted that the concentration in the vicinity of the bubble cannot be captured with the current method, which uses the subgrid model near the gas–liquid
interface [21].
To proceed with a further intensification of bubbly flows, it is thus
essential to study the mass transfer coefficients from the bubble to the
liquid as well as the local mixing in the liquid. Only if the time scales
for mixing are lower then the time scales for the reaction, the selectivity
towards a certain product can be steered in any direction.

This work focused solely on the mass transfer from bubbles to their
environment and a reaction in the bulk. However, the same arguments
also hold for any mass transfer problem in a multiphase flow system. As
soon as the mixing time in a certain medium is larger than the reaction
time, the non-uniform distribution of a certain component will lead to
difficulties in stirring the selectivity towards a desired product.
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