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Abstract

A predictive model was introduced to describe the dissolution of stably trapped bubbles in corner cavities. Numerical simulations
were executed to obtain the Sherwood number, which describes the gas transfer in the liquid phase. Experiments were executed to
validate the predictive model and numerically obtained Sherwood numbers. It is concluded that the most accurate way to describe
the air-water interface is with a no-slip boundary condition due to the presence of surfactants which renders the interface to be
immobile. It was experimentally and numerically demonstrated that the Sherwood number is constant for a constant Schmidt
number, bulk Reynolds number and aspect ratios. The influence of the vertical aspect ratio (0.5-3.5), bulk Reynolds number
(10,000-30,000) and horizontal aspect ratio (0-6) on the Sherwood number was investigated. A correlation between the bulk
Reynolds number, vertical aspect ratio and Sherwood number was found on the analysed range. The influence of the system
pressure, geometry scale and Sherwood number on the mass transfer rate over the air-water interface was discussed. Special
attention was given to the geometry scale and the resulting time needed for complete dissolution of the bubble. It was found that
the time taken for complete dissolution is a quadratic function of the geometry scale.

Keywords: corner cavity flow, trapped bubbles, gas dissolution, Sherwood number, surfactants

1. Introduction

The presence of stably trapped bubbles in water infrastruc-
tures is an issue observed in many fluid circuits, for example
cooling infrastructures of lithography machines and in the au-
tomotive. In these sectors, it is a common feature in designs
to have corner cavities where bubbles are likely to get trapped.
The presence of stably trapped bubbles result in unpredictable
flow induced vibrations, which are undesirable as discussed by
Kottapalli et al. (2020). Dissolving of trapped air bubbles using
a liquid is a widely used non-intrusive way to purge air out of a
closed fluid system. In this situation, transport of gases across
the air-water interface is critically important. The gas disso-
lution of a stagnant spherical bubble was described by Epstein
and Plesset (1950) and Plesset and Prosperetti (1977). These
studies are clearly recapitulated by Brennen (1995). The water
flow around an air bubble was taken into account by Holocher
et al. (2003), which presents a kinetic model for dissolved gas
transport over an interface.
The exchange of gases between air and water is dominated by
the liquid-side resistance, as shown by Cussler (2011). For this
reason, studies describing mass transfer over a solid-liquid in-
terface could be useful as well. The Noyes-Whitney equation
(Smith (2016)) describes the mass transfer over a solid-liquid
interface due to diffusion only. This equation is commonly
used by the pharmaceutical industry. To account for convective
mass transfer, the liquid flow field is of importance. The flow
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field in lid-driven cavities is a widely studied phenomenon, both
numerically and experimentally. Two-dimensional rectangu-
lar cavities (Cheng and Hung (2006), Cheng (2011), Moallemi
and Jang (1992) and Lin et al. (2011)) and three-dimensional
cylindrical cavities (Shankar (1997) and Marsden et al. (2012))
were numerically studied for a wide range of aspect ratios. The
steady vortex structures inside the cavity and formation of a
new vortex in case the aspect ratio increases or Reynolds num-
ber decreases were studied in detail in these studies. Further-
more, a lid-driven rectangular cavity was experimentally inves-
tigated by Prasad and Koseff (1996), with special attention for
the combined forced and natural convection heat transfer pro-
cesses in the cavity. These studies describing a lid-driven cavity
flow give a decent indication of the flow field in cavities posi-
tioned at straight pipe sections. No studies were found on the
flow in cavities positioned at 90-degree-corners.
Besides the different geometry, the end wall is different if a bub-
ble is trapped in the cavity. All studies were for a single-phase
fluid. In case a bubble is trapped in a cavity, water will be in
contact with air instead of a solid wall. The influence of slip on
the end wall of the cavity was studied by Ismael et al. (2014).
However, the measure of slip between the air and water in a rel-
ative small circular cavity is, by the best of the author’s knowl-
edge, not studied before.
In this paper, a predictive model describing the dissolution of
stably trapped bubbles in corner cavities is discussed. The pre-
dictive model is an analytical model describing mass transfer
from the gas to the liquid phase. The only parameter in this an-
alytical model that is dependent on the cavity flow is the Sher-
wood number, which describes the ratio between the total mass
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Nomenclature

Aint area of the air-water interface in the vertical cavity
[m2]

C constant indicating saturation limit at atmospheric
conditions and atmospheric pressure, xsat patm [Pa]

c concentration dissolved gas [mol/m3]
csat saturated concentration dissolved gas [mol/m3]
∆c concentration difference dissolved gas [mol/m3]
D diffusion coefficient [m2/s]
d diameter of tube [mm]
g gravitational acceleration [m/s2]
H Henry’s law volatility constant, Hi = pi/csat,i

[mol/(m3 Pa)]
hwc water column height vertical cavity [m]
HAR horizontal aspect ratio, LD/d
i species type
J mass flux [mol/(m2 s)]
kc liquid mass transfer coefficient [m/s]
L characteristic length scale [m]
LD length of horizontal cavity [m]
Li length of inlet section numerical model [m]
Lo length of outlet section numerical model [m]
N number of moles [mol]
Ṅ mass transfer over the air-water interface [mol/s]
n counting integer
p absolute pressure [Pa]
patm atmospheric pressure [Pa]
pi partial pressure of species i [Pa]

R universal gas constant [J/(K mol)]
r radial coordinate [m]
Rebulk bulk Reynolds number, ρUd/µ
R̄e normalised Reynolds number, Re/Red=10mm

Sh Sherwood number based on the water column height,
kchwc/D

Shd Sherwood number based on the diameter, kcd/D
S̄h normalised Sherwood number, Sh/Shd=10mm

T absolute temperature [K]
t time [s]
∆t integration time step [s]
U bulk velocity magnitude [m/s]
u′ r.m.s. of the turbulent velocity fluctuations [m/s]
V Volume [m3]
v local velocity magnitude [m/s]
VAR vertical aspect ratio, hwc/d
x, y horizontal and vertical coordinate [m]
xi molar fraction of species i

Greek letters
µ dynamic viscosity [Pa s]
µt turbulent dynamic viscosity [Pa s]
ρ density [kg/m3]

Special symbols
∞ bulk flow condition

transport and the mass transport by diffusion. Because of the
complex geometry, no analytical expression for the Sherwood
number is known. The Sherwood number is numerically ob-
tained by 3D computational fluid dynamics (CFD) simulations.
Experiments were executed to validate the analytical model and
the Sherwood numbers obtained by numerical simulations. The
boundary condition at the air-water interface was studied in par-
ticular. Numerical models with different boundary conditions at
the interface were compared with the experiments. In this way,
the effect of having a water-air interface instead of a water-wall
interface is studied. Afterwards, a non-dimensional relation for
the Sherwood number was numerically and experimentally val-
idated. Then, the Sherwood numbers for a wide range of verti-
cal aspect ratios (0.5-3.5) and bulk Reynolds numbers (10,000-
30,000) were investigated. The influence of the horizontal cav-
ity depth is also discussed. Based on this data, a correlation
between the vertical aspect ratio, bulk Reynolds number and
Sherwood number is given. Finally, a parametric study on the
mass transfer rate is executed, describing the influence of the
fluid type, system pressure and geometry scale.
The outline of this study is as follows. The analytical model
and the geometry covered in this study are described in Sec. 2.

The experimental test setup and experimental methods are de-
scribed in Sec. 3. The numerical model is described in Sec.
4. The experimental and numerical results are presented and
analysed in Sec. 5. Conclusions are formulated in Sec. 6.

2. Analytical model

2.1. General form

An analytical model was created to predict the gas dissolu-
tion across an air-water interface for a certain geometry. The
mass transfer across an air-water interface is commonly con-
trolled by the liquid phase, as shown by Cussler (2011). The
standard equation for convective mass transfer J between two
points is shown by Eq. 1. In here, ∆c is the concentration dif-
ference and kc the overall mass transfer coefficient. The con-
centration difference can be written as function of the partial
pressure of the gas pi and Henry’s law volatility constant H by
assuming saturated conditions at the air-water interface. The
conditions of the bulk flow are denoted by∞. In Eq. 1, the anal-
ogy between heat and mass transfer can be recognised, which
is discussed in App. A. The driving force for mass transfer is
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the concentration difference, while the temperature difference
is the driving force in case of a heat transfer problem.

Ji = kc,i∆ci = kc,i
pi − pi,∞

Hi
(1)

The definition of the Sherwood number (Eq. 2) can be sub-
stituted in kc. In Eq. 2, D is the diffusion coefficient and L the
characteristic length. The partial pressures can be written as a
function of the total pressure p and the molar fraction of the
species xi. By multiplying both sides with the interfacial area
Aint, an analytical expression describing the mass transfer rate
Ṅ across an interface is found (Eq. 3). Assuming pure diffu-
sion (Sh = 1), the Noyes-Whitney equation described by Smith
(2016) can be recognised.

Sh =
kcL
D

(2)

Ṅ = Shi
Di

L
xi p − xi,∞p∞

Hi
Aint (3)

2.2. Predictive model for a corner cavity

Fig. 1 shows the geometry of interest during this study,
including the definition of the dimensions. The flow is entering
the section at the left and leaving at the bottom. This geometry
contains two corner cavities, a horizontal and a vertical cavity.
Once the flow is initiated, the horizontal cavity typically gets
filled with water, while the air gets trapped in the vertical cavity.
Hence, the focus will be on the vertical cavity.

Figure 1: Definition of geometry used in the analytical and numerical model.
Water is indicated in gray and air in white. The vertical aspect ratio (VAR) is
defined as hwc/d and the horizontal aspect ratio (HAR) is defined as LD/d.

Eq. 3 could be specified for the geometry of interest. The
bulk partial pressure term can be simplified by constant Ci =

xi,sat patm, indicating the saturation limit at atmospheric condi-
tions and the atmospheric pressure. These conditions are as-
sumed since a continuous flow comes from a water reservoir at
atmospheric pressure at location∞ in Fig. 1. The characteristic
length is taken as the water column height hwc since this is the
distance the dissolved air has to cover to reach the bulk flow.

The mass transfer rate over the air-water interface in corner cav-
ities can be described by Eq. 4. The mass transfer rate, Sher-
wood number, vertical water column height and molar fraction
are dependent on time.

Ṅ = Shi(t)
Di

hwc(t)
xi(t)p −Ci

Hi
Aint (4)

To determine the water column height over time, Eq. 4 is
numerically integrated over time by means of a forward Euler
method. The updated number of moles N of species i is found
by Eq. 5. In here, ∆t is the integration time step and dNi

dt the rate
of change of moles in the gas bubble. The mass transfer over
the air-water interface equals the rate of change of moles in the
gas bubble since this process is relatively slow, meaning it is
a quasi-static process. The total amount of moles Ntot in the
gas bubble is found by the sum of all individual species (Eq.
6). When considering water vapor, the total amount of moles
would slightly increase. Since this increase is in the order of
1-2%, water vapor is neglected in the analytical model.

Nn+1
i = Nn

i +
dNi

dt

∣∣∣∣
n
∆t (5)

Nn+1
tot =

∑
i∈air

Nn+1
i (6)

The updated molar fractions can be found by Eq. 7. The
total volume of the bubble V is determined using the ideal gas
law (Eq. 8). As a last step, the updated water column height is
found by adding up the decrease in bubble length by the water
column height of the previous time step.

xn+1
i = Nn+1

i /Nn+1
tot (7)

Vn+1 =
RT
p

Nn+1
tot (8)

hn+1
wc = hn

wc +
Vn − Vn+1

Aint
(9)

Numerical simulations have been performed to evaluate the
Sherwood number over a range of water column heights and
bulk Reynolds numbers, as described later in this study. The
gathered data is used to come up with a Sh-correlation which
can directly be used in the dissolution model described above.
By knowing the water column height and bulk Reynolds num-
ber, the Sherwood number can be determined with this correla-
tion for every time step.

3. Experimental approach

3.1. Experimental setup
The experimental setup used in this study is shown in Fig. 2.

The main components of the experimental setup are the reser-
voir, pump and test section. Additionally, a flow meter, a set of
flow control valves and a bypass are incorporated in the setup
to achieve a wide range of flows and pressures. The reservoir
keeps the fluid at a constant temperature of 293 Kelvin by an
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active control loop. Demineralised water is used as the fluid in
the experimental setup.

Figure 2: A schematic representation (left) and photo (right) of the experimental
setup used to measure the dissolution of air over time.

Two different test sections with different internal diameters
(10 and 20 mm) are used in this study. Both test sections con-
tain the same geometry and are made out of PMMA (plexiglas)
providing optical access for a camera to make pictures. An ex-
ample of the small test section can be seen in Fig. 3. Four plugs
are mounted into the test section using threads at the end of the
drilled holes. The height of the plugs can vary, making it pos-
sible to obtain a wide range of cavity heights. A check valve
is attached to the plugs to prevent the water and air from leav-
ing the test section, while water and air can be injected from
the outside. To monitor the flow conditions, static and dynamic
pressure sensors can be mounted on the test section using the
different sensor positions. There is also provision for injecting
ink into the flow to view the flow structures.

Figure 3: The small test section containing channels with 10 mm used during
the experiments. All dimensions are in millimeters.

3.2. Monitoring of the gas dissolution
Air was trapped in the top right cavity of the test section.

During the experiment, the trapped air slowly dissolves into the

fluid flow increasing the water column height in that particular
cavity. This water column height was evaluated over time to
monitor the dissolution of trapped air in the cavity. A camera in
combination with a light source and a diffuse screen is used to
indicate the air and water regions. Every few minutes, the cam-
era took an image of the cavity of interest. An image processing
technique is then used to obtain the water column height for ev-
ery time step. As a last step, the mass transfer rate of gas per
unit time is obtained using the dimensions of the cavity.

3.3. Extracting the Sherwood number
The mass transfer rate is used to back-calculate the Sher-

wood number. The Sherwood number typically differs slightly
for different species. However, given the experimental setup, it
is impossible to determine the mass transfer rate over the air-
water interface for the individual species. Therefore, the Sher-
wood number of all species together, i.e., is analysed.
The overall Sherwood number of air is derived from the ex-
perimental results with some assumptions. The experimentally
obtained mass transfer rate is used combined with the analyti-
cal expression (Eq. 4) to back-calculate the Sherwood number.
The analytical model expresses the mass transfer rate for one
species. By rewriting the analytical model, an expression for
the Sherwood number of one specific species is found (Eq. 10).
To simplify the problem, air was considered to be a composition
of nitrogen and oxygen only (Eq. 11):

Shi(t) =
dNi

dt
·

hwc(t)
AintDi

·
Hi

xi(t)p −Ci
(10)

dNair

dt
=

dNN2

dt
(t) +

dNO2

dt
(t) (11)

The mass transfer rate per species is substituted in Eq. 11,
giving the total mass transfer rate as function of the Sherwood
number of nitrogen and oxygen. Assuming that the Sherwood
number of nitrogen and oxygen is similar, the Sherwood num-
ber can be taken out of the summation sign. As a last step, the
expression is rewritten to find the definition of the Sherwood
number of air (Eq. 12):

Shair(t) =
dNair

dt
·

hwc(t)
Aint

∑
i=N2,O2

Hi

Di(xi(t)p −Ci)
(12)

Since it is found by numerical simulations that the differ-
ence between the Sherwood numbers of oxygen and nitrogen is
less than 10%, the assumption of a similar Sherwood number is
reasonable. The molar fractions used in the back-calculation are
estimated using the analytical model. As can be seen in App.
B, the molar fractions slightly change with respect to its initial
values during the first hours and reach an asymptotic value af-
terwards.
Using Eq. 12, the back-calculated Sherwood numbers of air
were obtained. A typical result is shown in Fig. 4, showing the
average Sherwood number over a range of the vertical aspect
ratios. To account for variation, multiple experiments were per-
formed and analysed. The thick black line in the figure indicates
the average of four measurements. The shaded area visualises
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the entire range of Sherwood numbers as a result of four dif-
ferent measurements. The relation between the vertical aspect
ratio and the Sherwood number is discussed in Sec. 5.4.1.

Figure 4: Average Sherwood number back-calculated from experimental data
using four data sets. The shaded area represents the total range of all four data
sets. The results are for Rebulk = 20,000, d = 10 mm and HAR = 2.

4. Numerical model

4.1. Model description

In order to calculate the mass transfer of the dissolved gases
in the liquid, 3D Reynolds-Averaged Navier-Stokes simulations
have been carried out using the STAR-CCM+ version 2020.1
CFD code. The effects of turbulence have been represented us-
ing the realisable k-ε-model. To limit the computation time,
only a small part of the fluid section around the corner cavity
of interest was modelled, see Fig. 1. App. C shows the need
to model the inlet and outlet section around the cavity since a
lid-driven cavity approach is not accurate enough. The inlet and
outlet lengths were set at respectively Li = 3d and Lo = 5d. At
the inlet, the profiles of the axial velocity and turbulence quan-
tities are specified, Fig. 5, extracted from a larger CFD model
which includes also the upstream corner, see Fig. 3. At the out-
let a uniform relative static pressure is specified and the outlet
section length has been chosen long enough to avoid reversed
flow at the outlet face. The treatment of the solid walls is con-
sidered in Sec. 4.2 and the modelling approach for the air-water
interface in Sec. 5.1.
The horizontal cavity depth LD and vertical cavity depth hwc

vary during this study. A no-slip boundary condition is applied
at all walls, including the end wall of the vertical cavity, which
is the air-water interface. This particular choice of boundary
condition will be further discussed in Sec. 5.1.

Figure 5: The relative velocity (left), turbulent viscosity ratio (middle) and tur-
bulence intensity (right) used as inlet profiles during the numerical simulations.
The graphs show the quantities over the non-dimensional vertical oriented ra-
dius of the channel. These inlet profiles were extracted from a simulation con-
taining the same geometry as the experiments used for validation (Fig. 3).

To determine the Sherwood number, passive scalars are used
within the CFD-model. A passive scalar can be used to repre-
sent species that are only found in small amounts, less than 1%
of the volume average, so it does not influence the flow behav-
ior. Xu et al. (2020) demonstrated that the passive scalar model
can be used to model dissolved gases since the simulation re-
sults from passive scalar transport equation demonstrate good
agreement with experimental data. The correctness of the Pas-
sive scalar model in this study is validated by using the heat
and mass transfer analogy, see App. A. Two passive scalars are
defined in the model, one for nitrogen and one for oxygen. The
corresponding Schmidt numbers for nitrogen and oxygen are
respectively 572 and 501, based on the density and viscosity of
water at 293 Kelvin and the diffusion coefficients specified by
Ferrell and Himmelblau (1967). A constant turbulent Schmidt
number of 0.9 is used in all cases, based on the typical value
for the turbulent Prandtl number in the logarithmic region of a
boundary layer (Kays and Crawford (1993) and Steiner et al.
(2019)). This is a reasonable assumption since mass transfer
rate is found to be relative insensitive for the turbulent Schmidt
number.
In Eq. 2, the liquid mass transfer coefficient kc has to be ob-
tained from the simulation to obtain the Sherwood number. By
specifying different concentrations at the inlet and the air-water
interface, a flux arises at the air-water interface. Dividing this
flux by the concentration difference between the inlet and air-
water interface, the liquid mass transfer coefficient kc is found:

kc =
Ṅ

∆c Aint
(13)

An implicit unsteady time-marching approach is used to ob-
tain a converged steady-state solution. The liquid density is
taken to be constant and the effect of gravity is neglected since
the Richardson number is significantly smaller than one, indi-
cating that the flow in the cavity is dominated by forced con-
vection. A discussion on this assumption can be found in App.
D.
The Sherwood number for nitrogen and oxygen is determined
independently. The Sherwood number of air is then found by
multiplying the Sherwood number of nitrogen and oxygen by
its molar fractions, assumed to be respectively 79% and 21%.
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4.2. Meshing and wall treatment

To accurately predict the flow field and Sherwood number, a
suitable mesh is essential. A polyhedral mesh is used, as can be
seen in Fig. 6. The spatial resolution of the mesh is chosen to be
large enough to be resolved sufficiently to achieve grid indepen-
dence. Next to the general volume mesh, a prism layer mesh is
introduced to capture the boundary layer accurately. The total
prism layer thickness and the thickness of the first cell depends
on the non-dimensional wall distance y+ and the corresponding
wall treatment model. A universal y+ wall treatment model is
used, which automatically decides whether a low-y+ wall treat-
ment or a high-y+ wall treatment is most suited for the mesh
and model at hand. The first cell thickness is kept at y+ < 1
and the y+ value based on the total prism layer thickness is kept
larger than 40.
To find the optimal mesh, a grid convergence study was exe-
cuted. The accuracy of the simulation was evaluated by ob-
serving the Sherwood number for several meshes. Since the
Schmidt numbers for nitrogen and oxygen are relatively high, a
thin boundary layer with a steep gradient is expected. The mass
transfer boundary layer thickness depends on the concentration
gradients and fluid velocity near the air-water interface. The
grid convergence study was executed for a geometry with one
vortex and a geometry with two vortices since the fluid veloc-
ity significantly reduces by the introduction of a second vortex.
It was found that a mesh with 20 cells over centerline AA and
a prism layer containing 24 prism layer cells gave an accurate
enough result for the Sherwood number in case of one vortex.
See Fig. 6 for the definition of centerline AA and a cut-out
of the optimal mesh structure. For cavities with two or more
vortices, the mesh needed to contain at least 30 cells over cen-
terline AA and a prism layer containing 18 prism layers cells.
See App. E for an in depth discussion on the grid convergence
including figures showing the convergence.

Figure 6: Visualisation of the optimal mesh for VAR = 1 with the vertical
cavity (left) and a cut-through of the channel (right)

4.3. Validation of the numerical simulation

To validate the numerical simulation, it was compared with
literature. Fig. 7 shows the streamlines for the widely docu-
mented 2D lid-driven cavity using the found optimal grid. The
flow field of cavities with different aspect ratios are compared
with data from different papers, giving both a good match.

Figure 7: The streamlines of a 2D lid-driven cavity with an aspect ratio of
2.4 (left) and 1.5 (right). Re = 1000 based on the velocity applied at the top
lid. The left and right cavity are respectively compared with Cheng and Hung
(2006) and Lin et al. (2011).

5. Results and discussion

The numerical and experimental results are compared to
each other by means of the Sherwood number and the mass
transfer rate directly. To complete the numerical model, the
most representative boundary condition of the air-water inter-
face in the numerical simulations is investigated. Then, the
flow field in experiments and numerical simulations are com-
pared with each other. A non-dimensional relation for the Sher-
wood number is validated experimentally and numerically. Af-
terwards, a parametric study of the Sherwood number is exe-
cuted, showing the influence of the vertical aspect ratio, bulk
Reynolds number and horizontal aspect ratio on the Sherwood
number. A Sh-correlation is presented for the bulk Reynolds
numbers and vertical aspect ratios analysed in this study. Fi-
nally, a parametric study on the mass transfer rate is done. The
influence of the gas and liquid, system pressure and geometry
scale on the mass transfer rate are discussed.

5.1. Boundary condition of the air-water interface

The end wall of the vertical cavity is not a physical wall,
meaning a no-slip condition should not be the perfect condition
by definition. To obtain the optimal boundary condition at the
air-water interface, numerical models with different boundary
conditions are compared with experiments. Slip and no-slip
boundary conditions are applied at the top of the water column.

5.1.1. Effect of the boundary condition at the air-water inter-
face

A comparison of Sherwood numbers obtained from simu-
lations with a slip and no-slip end wall boundary condition has
been shown in Fig. 8. It is observed that the Sherwood num-
ber estimations from a slip boundary condition are two orders
of magnitude higher than a no-slip boundary condition. This
difference is a result of the significant lower velocities in the
boundary layer using a no-slip boundary condition. The lower
fluid velocity significantly reduces the dominance of convec-
tion over that of diffusion. Fig. 9 shows the vortex structure
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and dissolved gas concentrations of a cavity with a slip and no-
slip boundary condition. Despite the lower velocity near the
air-water interface, the macro vortex structure is similar. How-
ever, the mass transfer boundary layer is significantly reduced
by the introduction of a no-slip boundary condition at the air-
water interface.

0.5 1 1.5 2 2.5 3 3.5 4

VAR (h
wc

/d)

0

10,000

20,000

30,000

40,000

50,000

60,000

S
h

Numerical model, slip

Numerical model, no-slip

Figure 8: Sherwood number results for a corner cavity with a slip and no-slip
end wall boundary condition. The other simulation parameters are Rebulk =

20,000, d = 10 mm and HAR = 2.

Figure 9: The vector profiles and normalised dissolved gas concentrations
c/csat obtained by the numerical model using a slip boundary condition (left)
and no-slip boundary condition (right). VAR = 2, HAR = 2 and Rebulk =

20,000.

The experimental and numerical results with a no-slip bound-
ary condition for an identical cavity problem are shown in Fig.
10. The numerical estimation of the Sherwood number for a
corner cavity with a no-slip boundary condition applied on the
top of the water column agrees well with the range found by ex-
periments, which indicates that the no-slip boundary condition
at the top of the water column leads to a better representation
of the flow.
The numerical Sherwood number results fall within the mea-
sured range for small vertical aspect ratios. For vertical aspect

ratios of 2 and larger, the numerical results slightly underesti-
mate the Sherwood number. This matches with the vertical as-
pect ratios where two or more vortices are present in the cavity.
It is hypothesized that the numerical results underestimate the
experimental Sherwood number as a result of the introduction
of a second vortex in experiments. The dissolution rate sig-
nificantly decreases after the introduction of a second vortex.
Due to the lower dissolution rate, the water level in the verti-
cal cavity raises slower during an experiment. The numerical
simulations showed small oscillations in the flow field, which
are presumably larger in experiments due to irregularities in the
test section. The effect of the oscillating flow on the dissolu-
tion of air is likely to be larger when the dissolution of air is
low. This could result in a slightly larger Sherwood number in
experiments than found by numerical simulations.

Figure 10: Sherwood number results for a corner cavity with a no-slip end wall
boundary condition. Rebulk = 20,000 and HAR = 2. The shaded area represents
the total range of 4 data sets.

Fig. 10 is implemented in the analytical model to determine
the mass transfer rate and water column height over time. A
comparison between the analytical and experimental results is
shown in Fig. 11. Both the mass transfer rate and water column
height agree well with each other. The deviations in the water
column height are attributed to cumulative errors. The Sher-
wood number is consistently underestimated for the larger ver-
tical aspect ratios, resulting in a slightly underestimated mass
transfer rate. And since the water column height represents the
cumulative error of the mass transfer rate, the error gets larger
over time.
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Figure 11: Mass transfer rate and vertical aspect ratio over time for Rebulk =

20,000, HAR = 2 and p = 2.54 bara. To obtain the analytical results, the
Sherwood number estimation with a no-slip boundary condition (Fig. 10) is
used.

Multiple experiments and simulations at different conditions
are performed to validate the no-slip boundary condition. Figs.
12 and 13 represents the numerical and experimental Sherwood
numbers for a bulk Reynolds number of respectively 10,000 and
15,000, showing a decent match as well. Similar to Rebulk =

20,000, the numerical results slightly underestimate the Sher-
wood number for vertical cavities with two or more vortices.
Also the Sherwood number for VAR = 1.5 is underestimated in
numerical simulations with Rebulk = 10,000. A possible expla-
nation for this could be the overall lower dissolution rate due to
the lower bulk Reynolds number. Due to the overall lower dis-
solution rate, the oscillations in the flow field could play a more
dominant role even before the second vortex has appeared.

Figure 12: Sherwood number results for a corner cavity with a no-slip end wall
boundary condition. Rebulk = 10,000 and HAR = 2. The shaded area represents
the total range of 4 data sets.

Figure 13: Sherwood number results for a corner cavity with a no-slip end wall
boundary condition. Rebulk = 15,000 and HAR = 2. The shaded area represents
the total range of 4 data sets.

5.1.2. Justification of the no-slip boundary condition
The no-slip boundary condition is also used to model bound-

aries between air and water of bubbles in water. Manica et al.
(2014) compared the rising rate of bubbles with slip and no-
slip boundary condition to experiments, which is summarized
in Fig. 14. Rise rates of bubbles in ultrapure water obtained
by Duineveld (1995) are found to be relatively close to the nu-
merical rising rates using a slip boundary condition. However,
the rise rates of bubbles with a no-slip condition almost per-
fectly match with experiments using deionised water executed
by Hendrix et al. (2012). The presence of contamination in
water renders the interface to be immobile, obeying a no-slip
boundary condition. Exposure of water to the atmosphere is
enough for environmental impurities to contaminate the water
over time and change the boundary condition at the bubble sur-
face, as shown by Kelsall et al. (1996). A similar effect is shown
by Ponce-Torres and Vega (2016), who show the decrease of
surface tension over time due to the ambient impurities.
McKenna and McGillis (2004) and Wissink et al. (2017) show
the effect of surfactants at relatively low concentrations on the
free surface turbulence and air-water mass transfer. Turbulent
eddies near the free surface are of key importance to the air-
water gas exchange. The presence of surfactants at the free
surfaces significantly reduces the surface divergence and asso-
ciated up- and downwellings, as shown by Handler et al. (2003)
and Shen et al. (2004). Damping of this vertical motion close to
the surface results in a decrease in transfer velocity, which de-
creases the overall mass transfer. This is why a no-slip bound-
ary condition best describes the physics near the air-water inter-
face in case surfactants are present. Since demineralised water
is used during the experiments in this study, a similar surfactant
concentration is present as in deionised water. From this it is
concluded here that the no-slip boundary condition is the most
suitable to use in the numerical model.
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Figure 14: Simplified figure extracted from Manica et al. (2014) showing the
terminate velocities for CFD simulations of axisymmetric flow around a spheri-
cal bubble with different boundary conditions. Numerical results are compared
to experiments executed by Duineveld (1995) (ultrapure water) and Hendrix
et al. (2012) (deionised water).

5.2. Flow structures at corner cavities

The flow structures of the numerical model and experiments
are compared in Fig. 15. The left figure in Fig. 15 shows the
streamlines at the center plane of the corner cavity. During the
experiment, the vortex structure is qualitatively visualised by
injecting ink in the flow just before the corner. The distribu-
tion of the ink is filmed using a slow-motion camera. The three
snapshots at the right in Fig. 15 show the three main vortices
during the experiment. The first vortex is positioned in the hor-
izontal cavity. The first and second major vortex in the vertical
cavity are shown in respectively the second and third snapshot.
In the last snapshot, only the second major vortex is visible.
Due to its significantly lower velocity, it takes some time be-
fore the ink reaches the top of the cavity. In the meantime, the
ink is diluted in the other regions.
Comparing the numerical and experimental results, it can be
concluded that the general shape of the vortices in the corner
cavity is similar. The ink nicely visualises the three vortices in
the horizontal and vertical cavity. The numerical results also
show a smaller third vortex at the top right corner of the verti-
cal cavity. This vortex is not observed in the experiments with
ink. As the ink is significantly diluted in the second vortex,
more dilution results in a completely transparent medium. So
the smaller third vortex in the vertical cavity could be there in
the experiments, however, is not visual due to the excessively
diluted ink.

Figure 15: Streamlines at the center plane obtained using the CFD-model (left)
and the vortex structures during an experiment visualised qualitatively with
three snapshots after injecting ink (right). VAR = 3, HAR = 2 and Rebulk =

10,000 in both cases.

5.3. Validation of the non-dimensional relation of the Sherwood
number

The Sherwood number is expected to only depend on the
Schmidt number, bulk Reynolds number, VAR and HAR. This
dependence will be tested experimentally and numerically. Ad-
ditionally, it is experimentally shown that the Sherwood number
is independent of the system pressure.

5.3.1. Experimental
To experimentally test the expected dependencies of the Sher-

wood number, the results of two test sections with different di-
ameters, but similar geometries, are compared to each other.
The calculated Sherwood numbers for channel diameters of d =

10 mm and d = 20 mm are visualised in Fig. 16. The Sherwood
numbers are close to each other in case the aspect ratios, bulk
Reynolds number and Schmidt number are constant, indicating
the non-dimensional relation of the Sherwood number.
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Figure 16: Sherwood numbers back-calculated from experimental data using
the small test section (d = 10 mm) and the large test section (d = 20 mm) with
a similar geometry. Rebulk = 10,000 and HAR = 2 in all experiments. The bulk
Reynolds number is kept constant by changing the bulk velocity. The Schmidt
number is also constant since the same type of fluid is used in both experiments.

To test the independence of the system pressure, experi-
ments with similar flow conditions, but different pressures are
compared to each other, see Fig. 17. The Sherwood number
is observed to be independent of the system pressure since all
back-calculated Sherwood numbers are distributed randomly
around the average value. A similar variability is found for data
sets with equal system pressures, as shown in Fig. 18.
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Figure 17: Back-calculated Sherwood numbers of four data sets having a dif-
ferent system pressure. The results are for Rebulk = 20,000, d = 10 mm and
HAR = 2.
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Figure 18: Back-calculated Sherwood numbers of four data sets having a sim-
ilar system pressure. The results are for Rebulk = 10,000, d = 10 mm and
HAR = 2.

5.3.2. Numerical
Geometries with different diameters were numerically tested.

The Sherwood number versus the vertical aspect ratio for three
different diameters is shown in Fig. 19. The bulk Reynolds
number is kept constant by changing the bulk velocity. Fig. 19
shows that all Sherwood numbers are close to each other in case
all non-dimensional parameters are constant. However, slight
differences are observed at vertical aspect ratios of 2, 3 and 3.5.
These differences are probably due to the slightly larger turbu-
lence near the air-water interface.
Fig. 20 shows the normalised Sherwood number S̄h = Sh/Shd=10mm

and normalised Reynolds numbers R̄e = Re/Red=10mm, whereby
the Reynolds numbers are based on the average velocity mag-
nitude of the top vortex. The Sherwood number and Reynolds
number are normalised by its value for d = 10 mm. For vertical
aspect ratios of 2, 3 and 3.5, it is observed that the Reynolds
number based on the top vortex is larger for d = 5 mm and
d = 20 mm compared to d = 10 mm. This matches with the ver-
tical aspect ratios wherefore the Sherwood number was slightly
larger. The larger turbulence near the air-water interface could
be the reason for the slightly larger Sherwood number found.
This observation could also imply that the Reynolds number
based on the top vortex is a more accurate non-dimensional
number to use. Nevertheless, the bulk Reynolds number is used
since the velocities in the top vortex cannot be measured in the
experimental setup, making it impossible to compare with ex-
periments.
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Figure 19: Sherwood number results for different tube diameters for a corner
cavity with Rebulk = 20,000 and HAR = 2.
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Figure 20: The normalised Sherwood number S̄h = Sh/Shd=10mm and nor-
malised top-vortex Reynolds number R̄e = Re/Red=10mm versus the vertical
aspect ratio. The normalised top-vortex Reynolds number is based on the aver-
age velocity magnitude of the top-vortex. Rebulk = 20,000 and HAR = 2 in all
simulations.

5.4. Parametric study of Sherwood number
The Sherwood number is constant when the horizontal as-

pect ratio, vertical aspect ratio, Reynolds number and Schmidt
number are constant. The influence of these non-dimensional
numbers on the Sherwood number will be discussed below. The
Schmidt number is not covered since this is a property of the
medium, making it constant in case the gas and liquid proper-
ties stay constant.

5.4.1. Vertical aspect ratio
The vertical aspect ratios (VAR) covered during this study

are 0.5-3.5 since these geometries are most common in indus-
try. The two main factors influencing the change of the Sher-
wood number by increasing VAR are the characteristic length

and average velocity magnitude near the air-water interface.
The characteristic length increases for larger vertical aspect ra-
tios, increasing the Sherwood number. The velocity near the
air-water interface decreases for larger vertical aspect ratios,
reducing the Sherwood number. In the low VAR-region, the
increase of characteristic length is dominant, resulting in a pos-
itive slope. For VAR > 1.5, the reduction in velocity is getting
dominant over the characteristic length resulting in a decreas-
ing Sherwood number. This, due to the introduction of a second
vortex in the vertical cavity, which results in a significant drop
in velocity magnitude near the air-water interface. For this rea-
son, the highest Sherwood numbers are typically observed for
VAR = 1.5 since this is the deepest cavity with a single vortex.
In Fig. 21, it can be observed that the concentration gradient
gets thicker for larger cavity depths. This is due to the lower
velocity near the air-water interface, resulting in a flow less
dominated by convection rather than diffusion. Additionally,
small vortices can be observed in the top left and top right cor-
ner of the cavities in Fig. 21. These small vortices develop
into a new counter rotating major vortex for an increasing cav-
ity depth, as nicely shown by Cheng and Hung (2006) and Lin
et al. (2011). A visualisation of the vector profiles and cor-
responding dissolved gas concentrations for all vertical aspect
ratios covered in this study are shown in App. F.

Figure 21: The vector profiles and normalised dissolved gas concentrations
c/csat obtained by the numerical model for three vertical aspect ratios. HAR =

2 and Rebulk = 20,000. The colour scale of the normalised dissolved gas con-
centration is similar to Fig. 9.

5.4.2. Bulk Reynolds number
The bulk Reynolds number has a significant influence on

the Sherwood number. An increase of Reynolds number results
in a flow that is dominated more by convection rather than dif-
fusion, which results in an increased Sherwood number. The
flow structures are observed to be similar for all bulk Reynolds
numbers analysed (Rebulk = 10,000-30,000). Based on these
bulk Reynolds numbers, a correlation between the Sherwood
number and bulk Reynolds number is found, as shown in Fig.
22. The best fit is found for a Rebulk-exponent of 0.7.
The Rebulk-exponent is expected to be different for a widened
range of bulk Reynolds numbers. Cheng (2011) and Lin et al.
(2011) show that the vortex structure of classic 2D lid-driven
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rectangular cavities could change significantly by changing Reynolds
number. The introduction or disappearance of a new vortex re-
sults in a significantly different Sherwood number since the ve-
locities near the air-water interface will change. This probably
results in a different correlation.
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Figure 22: Sh /Re0.7
bulk versus the vertical aspect ratio for different Rebulk .

HAR = 2 for all simulations. The bulk velocity is adjusted to obtained the
different bulk Reynolds numbers.

5.4.3. Horizontal aspect ratio
The fluid first flows through the horizontal cavity and is

pushed towards the vertical cavity, as shown in Fig. 15. The
geometry of the horizontal cavity has a significant influence on
the flow pattern in the vertical cavity, which also influences the
Sherwood number.
Fig. 23 represents the Sherwood numbers for horizontal aspect
ratios varying from 0 to 3. The highest Sherwood numbers are
found for a horizontal aspect ratio of 0. The vortices in the
vertical cavity rotate in the opposite directions since the fluid is
directly pushed into the vertical cavity. For horizontal aspect ra-
tios of 1 or larger, the fluid first circulates within the horizontal
cavity. This results in a significantly lower Sherwood number
since first passing the horizontal cavity results in lower veloci-
ties in the vertical cavity.
It is observed that the Sherwood numbers approach an asymp-
totic value for increasing horizontal aspect ratios. Fig. 24 shows
the Sherwood number versus the horizontal aspect ratio. In this
figure, it is visible that the Sherwood number has reached its
asymptotic value for horizontal aspect ratios around 2-3. The
cause of this asymptotic value is the appearance of a second
vortex in the horizontal cavity. Whenever the aspect ratio of
the horizontal cavity exceeds the value 3, a second vortex ap-
pears in this region. This means the main vortex structure of the
first vortex in the horizontal cavity stays similar, resulting in a
similar Sherwood number. This asymptotic behavior is visually
shown by vector plots in App. G.
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Figure 23: Sherwood number results for a corner cavity with different vertical
and horizontal aspect ratios. Rebulk = 20,000 in all simulations.
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Figure 24: Sherwood number results for hwc/d = 1 and hwc/d = 2 versus HAR.
An asymptotic value is reached for HAR larger than 3. Rebulk = 20,000 in all
simulations.

5.4.4. Sh-correlation for a corner cavity
A generalised Sh-correlation for a corner cavity is obtained

by plotting the Sherwood number based on the diameter Shd in
stead of the water column height. Data points of different bulk
Reynolds numbers, tube diameters and horizontal aspect ratios
are plotted in Fig. 25. A fit through these data points with a
R-squared value 0.995 is found. This Shd-correlation can di-
rectly be used in the dissolution model after multiplying the
found fit by Re0.7

bulk and correcting for the usage of the diameter
in stead of water column height in the definition of the Sher-
wood number (Eq. 14). This correlation is valid for Rebulk =

10,000-30,000, VAR = 0.5-3.5 and HAR ≥ 2. The correlation
is valid for HAR ≥ 2 since the Sherwood number has reached
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an asymptotic value in this region.

Sh = Shd ·
hwc

d
=

2.65
7.07 + (hwc/d)3.65 Re0.7 ·

hwc

d
(14)

By using the heat and mass transfer analogy, the found Shd-
correlation can be compared with the Sieder-Tate correlation.
The Sieder-Tate correlation describes the Nusselt number for
forced convection in a turbulent pipe flow. The equivalent of
the Sieder-Tate correlation for mass transfer is given in Eq. 15.
The Sieder-Tate correlation has a Re-exponent of 0.8, which is
comparable to the Re-exponent found in this study. For the ex-
treme case hwc/d = 0, the Shd-correlation found in this study
has a similar form as the Sieder-Tate correlation; both contain a
constant multiplied by the Reynolds number to the power 0.7-
0.8. The Sieder-Tate equation also contains the Schmidt num-
ber. Further research is needed to investigate the influence of
the Schmidt number on the Sherwood number in corner cavi-
ties.

Shd = 0.027 Re0.8Sc0.33 (15)

Figure 25: Shd /Re0.7
bulk versus the vertical aspect ratio for different Rebulk , d and

HAR. A correlation with a R-squared value of 0.995 is fitted through the data
points.

5.5. Parametric study of the mass transfer rate

The mass transfer rate (Eq. 4) is dependent on several pa-
rameters. The first parameter is the Sherwood number, which
is extensively discussed earlier. Besides the Sherwood number,
the type of gas and liquid, system pressure and geometry are
the other remaining parameters that influence the mass transfer
rate.

5.5.1. System pressure
The system pressure directly influences the mass transfer

rate as can bee seen in the analytical model (Eq. 4). A doubling
of the mass transfer rate is expected when the relative system

pressure is doubled. Fig. 26 shows this trend for both the ana-
lytical model and experiments. Besides that, similar mass trans-
fer rate values are found by experiments and by the analytical
model.
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Figure 26: Mass transfer rate versus relative system pressure. The analytical
and experimental results are extracted from a system with Rebulk = 20,000,
VAR = 1 and HAR = 2.

5.5.2. Geometry
To discuss the influence of the geometry on the mass trans-

fer rate, the mass transfer rate is written as a function of the ver-
tical aspect ratio VAR and diameter d instead of water column
height and air-water interface, which results in Eq. 16. Here,
the diameter and vertical aspect ratio are the only two geometry
properties. The mass transfer rate scales with the same ratio as
the diameter, for the situations where the Sherwood number is
constant. So doubling the geometry scale results in a doubled
mass transfer rate.

Ṅ = Sh
D

VAR
xp −C

H
dπ
4

(16)

When observing the total time needed to dissolve a stably
trapped bubble in water completely, the volume of the bubble
has to be taken into account. For the same VAR, the volume
scales cubically with the diameter. So doubling the geometry
scale results in a volume increased by a factor 8, which means
it takes 4 times longer before the complete bubble is dissolved
in water. This factor 4 is also observed by experiments, see Fig.
27.
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Figure 27: Experimentally obtained vertical aspect ratio over time for two ge-
ometry scales with Rebulk = 10,000, HAR = 2 and p = 3.0 bara. The factor
4 found by the analytical expression to reach a certain vertical aspect ratio is
clearly visible in this experiment.

6. Conclusions and discussion

A predictive model was introduced to describe the mass
transfer rate over the air-water interface of stably trapped bub-
bles in corner cavities. Numerical simulations were executed
to obtain the Sherwood number, which was used as an input
variable in the analytical model. An experimental setup was
used to measure the mass transfer rate over time for different
test sections and system parameters. The predictive model and
numerically obtained Sherwood numbers were validated with
these experiments.
A numerical model was built to numerically obtain the Sher-
wood number for a broad range of vertical aspect ratios (0.5-
3.5). After comparing the experimental and numerical Sher-
wood number, it was concluded that the most accurate way
to describe the air-water interface was with a no-slip bound-
ary condition. Similar conclusions were drawn in the literature
where the optimal boundary condition of bubbles in water was
studied. The motion near the air-water interface was restricted
due to the presence of surfactants at the interface.
It was experimentally and numerically demonstrated that the
Sherwood number is constant in case the non-dimensional Schmidt
number, bulk Reynolds number and aspect ratios are all con-
stant. During this comparison, it was questioned if the bulk
Reynolds number is the optimal definition to use here. The
Reynolds number based on the average velocity magnitude in
the top vortex region might be a more accurate measure of the
Sherwood number. However, given the current experimental
setup, it was not possible to experimentally test this since the
local velocities could not be measured. Expanding the current
setup with a PIV installation would make this possible. Addi-
tionally, a PIV installation would make quantitative compari-
son possible between experiments and simulations. Especially
in the top of the vertical cavity where the velocity magnitudes
are small.
The influence of the vertical aspect ratio (0.5-3.5), bulk Reynolds
number (10,000-30,000) and horizontal aspect ratio (0-6) on the

Sherwood number were discussed afterwards. The Sherwood
number was dominated by the characteristic length scale and
velocities near the air-water interface for low VAR-regions and
high VAR-regions respectively. The highest Sherwood numbers
were found for a vertical aspect ratio of 1.5.
An increased Reynolds number resulted in a flow that is more
dominated by convection rather than diffusion, which results
in an increased Sherwood number. A correlation between the
Sherwood number and Reynolds number is found on the anal-
ysed range with an Rebulk-exponent of 0.7. However, it was
expected that this correlation does not hold when the range of
the bulk Reynolds number is enlarged. This, because the vortex
structure is expected to change significantly.
The influence of the horizontal aspect ratio was also discussed.
It was found that the Sherwood number is significantly larger
in the absence of a horizontal cavity since the fluid is directly
pushed into the vertical cavity. An asymptotic value for the
Sherwood number was reached for increasing horizontal aspect
ratios. This, because the first horizontal vortex has a maximum
length of 3d. If the horizontal cavity exceeds this dimension, a
second vortex appeared near the end wall.
A correlation between the Sherwood number, Reynolds number
and vertical aspect ratio is found on the analysed range. This
Sh-correlation can directly be used in the dissolution model.
The Sh-correlation found in this study is valid for Rebulk =

10,000-30,000, VAR = 0.5-3.5 and HAR ≥ 2. Further research
could be done on the dependency of the Schmidt number in or-
der to include the Schmidt number in the Sh-correlation.
The parameters influencing the mass transfer rate over the air-
water interface were also discussed. The system pressure, cav-
ity dimensions and Sherwood number are the only parameters
which influence the mass transfer rate over the air-water inter-
face. The mass transfer rate was shown to increase linearly
with an increase in system pressure. The same relation holds
for the length scales pertaining to the cavity. If the geometry
was scaled by a factor two, the mass transfer rate also doubles.
However, the gas volume scales cubically with the geometry
scale. As a consequence, dissolution of the trapped air bub-
bles takes 4 times as long when the diameter of the cavity is
increased by a factor 2.
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Appendices
The work done and conclusions drawn during the graduation project are written down above in a compact paper. Topics which were
not relevant enough for the paper, but add some extra insights or further explanation for the thesis are discussed below in several
appendices.

In App. A, the analogy between heat and mass transfer is discussed and used to strengthen the findings in the paper. The
composition of air and the mass transfer rate of the individual species of air are discussed in App. B. The explanation why a
complete corner needs to be modelled to accurately predict the Sherwood number is given in App. C. App. D shows that gravity
can be neglected in all situations covered in this study. The grid convergence study is worked out in App. E. App. F includes the
visualisation of the vector profiles and corresponding dissolved gas concentration plots for all vertical cavity depths covered in this
study. And the asymptotic behavior of the horizontal aspect ratio is visually shown in App. G.

Nomenclature Appendix

cp specific heat [J/(kg K)] Sc Schmidt number, µ/ρD
cs gas concentration top vertical cavity [mol/m3] Ts absolute temperature top vertical cavity [K]
c∞ gas concentration bulk flow [mol/m3] T∞ temperature bulk flow [K]
Grc Grashof number for mass transfer ∆T temperature difference in vertical cavity [K]
GrT Grashof number for heat transfer
h convective heat transfer coefficient [W/(m2 K)] Greek letters
Nu Nusselt number, hL/λ βc solutal volumetric expansion coefficient [m3/mol]
Pr Prandtl number, µcp/λ βT coefficient of thermal expansion [1/T]
q heat transfer flux [W/m2] λ thermal conductivity [W/(m K)]
Ri Richardson number, Gr/Re2 ν kinematic viscosity, µ/ρ [m2/s]
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A. Heat and mass transfer analogy

In this appendix, the analogy between convective heat and mass transfer will be discussed. Additionally, the similarity between
the heat and mass transfer approaches within STAR-CCM+ will be shown.

A.1. Theoretical background

The convective mass and heat transfer equation is build up similarly, see Eqs. 17 and 18. Both transfer equations consist out of
a driving force and transfer coefficient. The concentration difference ∆c is the driving force for mass transfer, and the temperature
difference ∆T for heat transfer. The transfer coefficient (kc or h) is dependent on the medium type and flow of the problem of interest.
For the problem in this study, the mass transfer coefficient is determined using numerical simulations within STAR-CCM+. The
heat transfer coefficient can be determined by a similar approach.

J = kc∆c (17)

q = h∆T (18)

The dimensionless numbers of interest for the mass transfer problem discussed in this study are the Reynolds number, Schmidt
number and Sherwood number. The matching dimensionless numbers for heat and mass transfer are summarised in Table 1. The
Reynolds number has to be used in the same way for heat and mass transfer. The Schmidt number will be replaced by the Prandtl
number in case of a heat transfer problem. The definition of the Grashof number, which is a measure of the natural convection,
is also mentioned in Table 1. However, the transfer problem is dominated by forced convection since the Richardson number is
significantly smaller than one, see App. D. For this reason, gravity is neglected in this study. The last dimensionless number is the
Sherwood number. The Sherwood number describes the ratio between the total mass transport and mass transport by diffusion. The
Nusselt number gives a similar relation, but for heat transport. If all matching dimensionless numbers are similar, the Sherwood
number and Nusselt number should also be equal.

Mass transfer Heat transfer

Reynolds number Re =
ρUd
µ

Re =
ρUd
µ

internal forces
viscous forces

Schmidt / Prandtl number Sc =
µ
ρD Pr =

µcp

λ
momentum
diffusivity

Grashof number Grc =
gβc(cs−c∞)L3

ν2 GrT =
gβT (Ts−T∞)L3

ν2
natural convection buoyancy force

viscous force
Sherwood / Nusselt number Sh = kcL

D Nu = hL
λ

lengthscale
boundary layer thickness

Table 1: Dimensionless numbers in heat and mass transfer analogy.

A.2. Numerical heat transfer approach

To test the similarity discussed above, a heat transfer problem is executed within STAR-CCM+. The exact same geometry is
analysed. However, the driving force will not be a difference in concentration, but a difference in temperature. The Passive scalar
model is replaced by the Segregated fluid temperature model. A constant temperature is applied at the inlet and at the air-water
interface. The temperature difference between these two faces is the driving force of the heat transfer. In a similar way in the mass
transfer approach, the convective heat transfer coefficient can be derived from the numerical simulation (Eq. 19). This transfer
coefficient can then directly be used to determine the Nusselt number.

h =
q

∆T
(19)

Since the geometry and bulk velocity are similar, the Reynolds number is similar in the heat and mass transfer problem. The
thermal conductivity of water is chosen in such a way that the corresponding Prandtl number is equal to the Schmidt number of
nitrogen in the mass transfer problem. The found Sherwood numbers and Nusselt numbers for this identical mass and heat transfer
problem are shown in Fig. 28. Similar values are found over the complete range of vertical aspect ratios. This strengthens the
correctness of the Passive scalar model used to simulate the concentration of dissolved gas.
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Figure 28: Numerical obtained Sherwood number for nitrogen and Nusselt number for identical Reynolds numbers, Schmidt number and Prandtl numbers. The
Prandtl number is adjusted by changing the thermal conductivity of water.
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B. Study on composition air

In this appendix, the composition of air over time will be discussed by analysing the result of the dissolution model. The Sh-
correlation presented in Sec. 5.4.2 is used in the dissolution model. During this study, it is assumed that air consist out of nitrogen
and oxygen only. The initial fractions of nitrogen and oxygen are assumed to be respectively 0.79 and 0.21. The development of
this molar fraction, together with the mass transfer rate and volume of nitrogen and oxygen will be discussed.
It is observed that the molar fractions of oxygen and nitrogen significantly change in the first hours. An asymptotic value is reached
afterwards. The change of molar fractions in the first hours is a consequence of the initial mass transfer rate values of nitrogen and
oxygen. By looking to the definition of the mass transfer rate (Eq. 4), the initial molar fractions of nitrogen and oxygen result in a
significant lower partial pressure term for oxygen. The partial pressure term for nitrogen is a factor four higher. However, the mass
transfer rate of nitrogen is less than twice the mass transfer rate of oxygen. The explanation for this is the Henry’s law constant. The
Henry’s law volatility constant for oxygen is significantly lower, resulting in a relative high mass transfer rate. Due to this relative
high mass transfer rate of oxygen, its molar fraction decreases during the first hours.
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Figure 29: Mass transfer rate (top), gas volume (middle) and molar fraction (bottom) of air, nitrogen and oxygen over time. The variables are obtained using the
analytical model (Eq. 4) in combination with the Sherwood number correlation defined in Eq. 14. This Sh-correlation is based on simulations in STAR-CCM+.
Rebulk = 20,000, p = 2.54 bara, HAR = 2 and d = 10 mm in this example. The gas bubble is completely dissolved in the water for this situation after 39.5 hours.
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C. Lid-driven cavity approach

Lid-driven cavities are widely studied before. The flow field in two-dimensional rectangular lid-driven cavities are studied by
Cheng and Hung (2006), Cheng (2011), Moallemi and Jang (1992), and Lin et al. (2011). Two-dimensional studies usually give
a good indication of three-dimensional problems, but never describe the three-dimensional flow field completely correct. Shankar
(1997) and Marsden et al. (2012) numerically studied the flow field in three-dimensional cylindrical lid-driven cavities.
To test whether the complete corner around the cavity needs to be modelled to accurately determine the Sherwood number, or a
lid-driven cavity would be accurate enough, the Sherwood number of both approaches will be compared with each other. The
similarities and differences will be addressed. In the end, the cause of the differences will be discussed. If it turns out that the
lid-driven cavity approach is accurate enough, it would result in a tremendous reduction of simulation time.

C.1. Complete corner around cavity versus lid-driven cavity

Fig. 30 compares the Sherwood number for a cavity including surrounding corner and the Sherwood number in case only the
cavity is modelled. In the lid-driven cavity approach, a constant velocity is applied at the lid. This constant velocity is chosen to
be similar to the average velocity magnitude of the lid-plane in the simulation with the complete corner. In this way, the Reynolds
number based on the lid velocity is similar in both approaches.
As can be seen in Fig. 30, the order of the Sherwood number for both approaches is similar. Also the general trend is similar; both
first increase and decrease for larger vertical aspect ratios. However, the exact values and position of the top differ significantly,
making the lid-driven cavity approach not accurate enough to use in the mass transfer equation.
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Figure 30: The Sherwood number in case the complete corner is modelled around the cavity, and in case only the cavity itself is modelled. The lid velocity applied
at the lid-driven cavity approach is the average velocity found at the lid when modelling the complete corner. This, to ensure the Reynolds number based on the lid
velocity is similar for both approaches. Rebulk = 20,000 and HAR = 2. For this situation, the average lid velocity is approximately 0.19 m/s.

The main cause of the differences between both approaches is the simplified velocity profile applied at the lid in the lid-driven
cavity approach. An average constant velocity is applied at this lid. However, the velocity will not be constant over the lid in reality.
The velocities at the lid-center are typically larger than the velocities near the wall. This results in a significant stronger center-plane
vortex. As a consequence, the vortex structure in the cavity is different. As can be seen in Fig. 30, the lid-driven cavity approach
underestimates the Sherwood number in the lower VAR-region. This is due to the weaker center-plane vortex. The lid-driven cavity
approach overestimates the Sherwood number in the higher VAR-region. The main reason is the difference in vortex structure.
Where multiple vortices appear for VAR ≥ 2 in the complete corner approach, the second vortex in the lid-driven cavity approach
appears only for VAR ≥ 3.5. And since the convective mass transfer is significantly more efficient when only one vortex is present
in the cavity, the Sherwood number is overestimated for these vertical aspect ratios.
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D. Forced and natural convection

In the flow problem discussed in this study, gravity is not taken into account. This, because the Richardson number is signif-
icantly smaller than one, indicating the flow is dominated by forced convection. In this appendix, the Richardson number will be
determined for an extreme case where natural convection is most dominant, showing natural convection can be neglected in all
situations covered in this study.

D.1. Richardson number

The Richardson number is a function of the Grashof number and Reynolds number (Eq. 20). The Grashof number for
mass transfer is shown by Eq. 21, where the solutal volumetric expansion coefficient is defined as βc = − 1

ρ

(
δρ
δc

)
T,p

. A value

of 1.78e-8 m3/mol is found for the solutal volumetric expension coefficient for nitrogen dissolved in water, based on data from
Watanabe and Iizuka (1985). The characteristic length scale L is the vertical cavity depth, defined as hwc in Fig. 1.

Ri =
Grc

Re2 (20)

Grc =
gβc(cs − c∞)L3

ν2 (21)

To test if natural convection is negligible in all cases, the case where natural convection is most dominant is analysed. The most
extreme case is the deepest cavity (VAR = 3.5) with the lowest bulk Reynolds number (Rebulk = 10,000). In case of a deep cavity,
the distance between the bulk flow and the air-water contact is the highest, resulting in the highest Grashof number. Additionally,
a high pressure (p = 4 bara) is assumed since this results in a high concentration difference between the bulk flow and air-water
interface. The average velocity in the cavity is used to calculate the local Reynolds number. This velocity is extracted from a
simulation within STAR-CCM+.
For the situation described above, Ri = 4.3e-4 is found. This is significantly lower than one, indicating the flow is dominated by
forced convection. Since natural convection plays a smaller role in all the other situations, the Richardson number will even be
smaller for those cases. So it can be concluded that gravity can be neglected in all situations covered in this study.
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E. Grid convergence study of the numerical model

To find the optimal mesh, a grid convergence study was executed. The accuracy of the simulation was evaluated by observing
the Sherwood number for several meshes. To check convergence of the simulation, the total boundary flux of the passive scalars
was monitored. It was ensured that the total boundary flux was smaller than 1% of the flux over the air-water interface.
Although the prism layer mesh was based on the y+ values, the number of prism layers at the air-water interface was evaluated by a
grid convergence study. Since the Schmidt numbers for nitrogen and oxygen are relatively high, a thin boundary layer with a steep
gradient was expected. The boundary layer thickness depends on the concentration gradients and fluid velocity near the air-water
interface, as shown in Fig. 31. The grid convergence study was executed for a geometry with one vortex and a geometry with two
vortices since the fluid velocity significantly reduces by the introduction of a second vortex.

Figure 31: Visualisation of the vector profiles and normalised velocity magnitudes v/U (left) and normalised dissolved gas concentrations c/csat (middle and right).
The contour plots on the right are zoomed in at the boundary layer, showing a thicker boundary layer for the bottom situation. The average boundary layer thickness
for one and two vortices is respectively 0.0073 d and 0.0146 d. Rebulk = 20,000 and HAR = 2.

E.1. Single vortex

A geometry with a vertical aspect ratio of 1 was used for the grid convergence study for a single vortex, see Fig. 32a. The
grid convergence study showed a minor role for the number of cells on centerline AA, while the number of prism layer cells had a
significant influence on the Sherwood number. This was a result of the thin boundary layer, meaning a steep concentration gradient
at the air-water interface. This study concluded that a mesh with 20 cells over centerline AA (Fig. 33) and a prism layer containing
24 prism layer cells gave an accurate enough result for the Sherwood number. See Fig. 33 for a cut-out of the optimal mesh
structure of the 90-degree corner cavity CFD-model.

E.2. Two vortices

A geometry with a vertical aspect ratio of 2 was used for the grid convergence study for a cavity containing two vortices, see
Fig. 32b. As 20 cells over centerline AA were sufficient for cavities with one vortex, at least 30 cells over centerline AA were
necessary for cavities with two vortices. However, only 18 prism layers were needed to obtain a converged result. The reason for
this difference was the lower velocity near the air-water interface, resulting in a thicker boundary layer. Besides that, the dissolved
concentration was significant near the left wall of the top vortex. The dissolved gas got more time to diffuse into the fluid since the
velocity is lower, meaning convection plays a smaller role. This means that the vertical cell size at the top boundary layer was less
important. On the other hand, the amount of cells over the centerline was of higher importance due to this thicker boundary layer.
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Figure 32: Grid convergence study of a 90-degree corner cavity for VAR = 1 and VAR = 2. The other simulation parameters are Rebulk = 20,000 m/s, d = 10 mm
and HAR = 2. The number of cells over centerline AA and the number of prism layers are both analysed. The prism layer stretching and total prism layer thickness
are kept constant at respectively 1.15 and 10% of the diameter. VAR = 1: the optimal mesh for with 20 cells over centerline AA and 24 prism layer cells contains
535,000 cells. VAR = 2: the optimal mesh with 30 cells over centerline AA and 18 prism layer cells contains 1,112,000 cells.

Figure 33: Visualisation of the optimal mesh for VAR = 1 with the vertical cavity (left) and a cut-through of the channel (right)
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F. Visualisation of vector profiles and dissolved gas concentration plots vertical cavities

In this appendix, the vector profiles, velocity magnitudes and dissolved gas concentration profiles for a wide range of vertical
aspect ratios will be shown and discussed. The development of new vortices will also be discussed.

F.1. Vortex structure
Fig. 34 shows the vortex structure of all cavities reaching from VAR = 0.5 to VAR = 3.5. For VAR ≤ 1.5, the cavity contains

one vortex. For VAR ≥ 2, a second vortex appears. A third vortex appears for VAR ≥ 3.5. In almost every cavity depth, small
vortices can be observed in the top left and top right corner. These small vortices typically develop into a new counter rotating
major vortex for an increasing cavity depth, as nicely shown by Cheng and Hung (2006) and Lin et al. (2011).
The velocity is significantly lower in every new vortex which appears since this vortex will be further away from the bulk flow.
This obviously results in a lower velocity near the air-water interface. The velocity near the air-water interface also decreases when
the vertical aspect ratio increases without appearance of a new vortex. However, this reduction is significantly smaller than when a
new vortex appears.

F.2. Dissolved gas concentration
The Sherwood number is mainly dependent on the mass transfer near the air-water interface. The dissolved gas concentration

near the air-water interface is a measure of the mass transfer in this region. As can be seen in Fig. 34, almost all the dissolved gas
is instantly distributed over the cavity. This results in a very steep gradient in the dissolved gas concentration near the air-water
interface. This gradient gets less steep when a second or third vortex appears since the velocity near the air-water interface is
decreased in the new vortex. Due to this lower velocity, the mixing is less efficient. This results in a thicker boundary layer, as can
be seen in Fig. 34.

Figure 34: Visualisation of the numerical obtained vector profiles and normalised velocity magnitudes v/U (left) and normalised dissolved gas concentrations c/csat
(right) for Lwc/d = 0.5 − 3.5 . Rebulk = 20,000 and HAR = 2 in all simulations.
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G. Asymptotic behavior horizontal aspect ratio

The Sherwood number reaches an asymptotic value for increasing horizontal aspect ratios. The reason for this is the appearance
of a second vortex in the horizontal cavity. Fig. 35 visually shows the velocity magnitudes and vortex structures of three geometries
with different horizontal aspect ratios. The first two geometries contain a single vortex in the horizontal cavity. The third geometry
has three vortices in the horizontal cavity. The first vortex in the horizontal cavity has a length of three diameters. Since the first
vortex mainly determines the flow profile in the vertical cavity, situation (b) and (c) give similar Sherwood numbers. Because of
this, an asymptotic value is reached when the horizontal aspect ratio exceeds the value three.

Figure 35: Visualisation of the vector profiles and normalised velocity magnitudes v/U for HAR = 2 (a), HAR = 3 (b) and HAR = 6 (c). Rebulk = 20,000 and
VAR = 2 in all simulations.
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