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Abstract

The Euler-Euler numerical method was used to investigate the effects of contraction ratio on two-
phase flow mixing with mass transfer in the flow injection nozzle. The geometric shape of the noz-
zle was modified to improve carbonation efficiency. A gas inlet hole was created to increase the
flow mixing of CO, with water. A nozzle throat was also introduced to increase the gas dissolution
by increasing flow rates. Various contraction ratios of nozzle throat, inlet gas and liquid velocities,
and gas bubble sizes were employed to determine their effects on gas hold-up, gas concentration,
and mass transfer coefficient. Results revealed that the flow injection nozzle with high contraction
ratios improved carbonation because of high gas hold-up. Gas concentration was directly related
to contraction ratio and gas flow velocities. Carbonation reduced when high liquid velocities and
large gas bubbles were employed because of inefficient flow mixing. This study indicated that flow
injection nozzle with large contraction ratios were suitable for carbonation because of their abili-
ty to increase gas hold-up, gas concentration, and mass transfer coefficient.
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1. Introduction

Carbonated beverages are prepared by dissolving CO, in water with minimum amount of gas bubbles produced.
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Carbonating machines generally employ a flow injection nozzle to supply water during continuous carbonation.
Carbonation efficiency can be increased by improving the dissolution of CO, in water. However, CO, is not
completely dissolved in the carbonating tank because of high gas and water flow rates. Therefore, a small open-
ing is created in the flow injection nozzle to allow CO, to enter into the nozzle and mix effectively with water.
The aforementioned geometrical modification helps to increase gas dissolution by increasing the interaction time
of gas with water. The gas bubbles tend to rise vertically and gather in the center of the nozzle at high gas flow
rates, thereby leading to liquid circulation. Radial gas accumulation causes flow recirculation in the nozzle.
Flow recirculation is essential for carbonation because it facilitates gas dissolution [1] [2].

Carbonation significantly depends on the solubility of CO, in water. As such, mass transfer in these systems
must be assessed for design optimization. The mass transfer coefficient of CO, must be estimated in the flow
injection nozzle to quantify mass transfer rate between the gas and liquid interface boundary [3]. Deckwer et al.
[4] reported that mass transfer coefficient depends on the geometric shape of the sparger or nozzle used for flow
injection. The mass transfer coefficient increases with increasing gas flow rates but decreases when gas and lig-
uid are mixed together with a mechanical agitation device [5]. Several numerical studies were conducted on
various industrial applications of two-phase flow by using the famous Euler-Euler two-fluid model because of
the complexity and immense cost involved in the experimental work. Chakraborty et al. [6] used the Euler-Euler
model to examine the influence of gas flow velocity, reactor geometry, and sparger arrangement on the hydro-
dynamic properties of the reactor. The results suggested the use of low gas flow rates and uniformly distributed
gas spargers to improve the performance of the two-phase reactor [6]. Therefore, the design of the gas sparger or
injecting nozzle is of considerable importance for increasing mass transfer coefficient and gas hold-up to en-
hance carbonation. Moreover, the throat of the flow injection nozzle is considerably important, and the throat
area (contraction ratio) can be varied to enhance carbonation by increasing gas dissolution in water. Alves et al.
[7] investigated the effect of contraction ratio on the overall features of different flow types; they reported that
liquid recirculation strongly depended on contraction ratio and increased with decreasing contraction ratio [7].
Evan and Walters [8] studied the effect of three different contraction ratios. Liquid recirculation is formed and
dominated in the case of high contraction ratios [8]. Therefore, contraction ratio is an important parameter in the
design of flow injection nozzles and can be used to enhance carbonation. We previously investigated flow mix-
ing in the carbonating tank to improve carbonation with the use of the same Euler-Euler methodology [9].
However, flow mixing in the injecting nozzle and the effect of contraction ratio on hydrodynamic properties
were not considered in our previous work.

The study investigates the effect of contraction ratio on gas-liquid turbulent flow with mass transfer in the
flow injection nozzle. An inlet hole for CO, gas was constructed in the nozzle to increase the interaction time of
gas with water. The shape of the water nozzle was further modified by introducing a nozzle throat to enhance
gas dissolution. The throat area of the nozzle was varied to examine the effect of contraction ratio on the flow
mixing phenomenon. Various contraction ratios of nozzle throat, inlet gas and liquid velocities, and gas bubble
sizes were employed to determine their effects on gas hold-up, liquid velocity, gas concentration, and mass
transfer coefficient.

2. Mathematical Modeling

A 2D model of the flow injection nozzle with a length (L) of 0.055 m and a diameter (D) of 0.006 m is presented
in Figure 1. The inlet for CO, gas possesses a length of 0.003 m. A nozzle throat with a length (1) of 0.009 m
and a diameter (d) of 0.0023 m was introduced to enhance gas dissolution. Figure 1 demonstrates the nozzle
bend with the inner (r) and outer (R) radii of curvatures of 0.0078 and 0.0015 m, respectively. The geometrical
effects of nozzle were studied using a dimensionless number, namely, contraction ratio (CR), which is given
below:

Contraction ratio(CR)— Nozzle inletdiameter(m) D @
" Nozzle throat diameter(m) d

The study considered three CRs (i.e., 2, 3, and 4) with different gas and water flow rates and gas bubble sizes
to examine the effect of CRs on the flow mixing process of CO, gas with water in the flow injection nozzle.

2.1. Gas-Liquid Flow Modeling

The study used the Euler-Euler methodology to model two-phase flow in the flow injection nozzle because of
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Figure 1. Computational models of the flow injection nozzle.

the ability to track average phase concentration [10] [11]. The governing equations of continuity and momentum
transport are as follows:
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where ¢ represents the hold-up (m*m®), p is the density (kg/m®), u is the velocity (m/s), p is the pres-
sure (Pa), u is the dynamic viscosity (Pas), g is the gravity vector (9.81 m/s?), subscripts | and g are the liquid
and gas phases, respectively, and m, is the mass transfer rate from gas to liquid (kg/m®-s).

Ideal gas law was used to calculate gas density [12].

(p+ pref )M

where M denotes the molecular weight of CO, (44.01 kg/kmol), R is the ideal gas constant (0.1889 kJ/kg-K),
P, IS the reference pressure (1 x 10° Pa), and T is the CO, temperature (298 K).
The k-¢ turbulence model with additional source terms was used to model turbulence between gas bubbles and
the liquid. The governing equations for the turbulent kinetic energy k and the dissipation rate ¢ are respective-
ly given as follows:
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where g, represents the dynamic viscosity (Pas), o, and o, are the turbulent Prandtl numbers, and C,,
and C,, are the first and second experimental model constants, respectively. These constants are set as fol-
lows: o, =1.0,0,=1.3,C,, =144,C_,=1.92,C, =1.46,and C, =0.09.

The source term S, for the bubble-induced turbulence (W/m?) is presented as:

Sk =—Cy, VP - Uy, 9)

where ¢, denotes the gas hold-up (m*m®) and Uy, Is the slip velocity (m/s). The bubble-induced turbulence
parameter (C, ) was set as 0.505.
The relation for gas velocity is as follows:

U, =Uu, +u (10)

slip

where u , u,,and ug, arethe gas, liquid, and slip velocities (m/s), respectively.

slip
2.2. Gas Dissolution

Two-film theory was used to model mass transfer across gas and liquid interfaces during gas dissolution in the
flow injection nozzle [10] [13]. This film theory uses Henry’s law to model the mass transfer rate (my) in Equa-
tion (3) during CO, dissolution in water.

my =k, [ P +Hpref — CJ Ma. (11)

The interfacial area (a) between the two phases is modeled by Euler-Euler method [14].
a=(4nn)" (39,)" (12)

where k_ represents the mass transfer coefficient (m/s), H is the Henry’s constant (2980 Pa-m*mol), ¢ denotes
the gas concentration in liquid (mol/m®), M is the molecular weight (44.01 kg/kmol), a shows the interfacial area
per volume (1/m), n represents the bubbles per volume (1/m®), and ¢, is the gas hold-up (m*m?).

Higbie’s theory was used to model the mass transfer coefficient (k.,) and is presented as follows [3] [9] [10]:

_ Duinp
=2 |t (13)
nd,

where k_ represents the mass transfer coefficient (m/s), D is the diffusion coefficient (m?s), u,, shows the
relative velocity between gas and liquid (m/s), and d, is the gas bubble diameter (m).
The growth of gas bubbles in the flow injection nozzle was modeled by using the population balance equation.

The governing equation for gas bubbles population balance is as follows:

slip

%+V-(nug):0 (14)

where n is the number of bubbles per volume (1/m®), and u, represents gas velocity (m/s).
The transport equation for gas concentration is shown below:

m
%+Vc~u, =V~(DVC)+VQ' (15)

where D shows the diffusion coefficient (m?s), and c represents the dissolved gas concentration in liquid
(mol/m®). The diffusion coefficient is estimated using the following equation:

D=4 (16)
P

where 4, is the turbulent viscosity (Pa-s), and p, is the liquid density (kg/m°).

3. Numerical Method and Implementation

Commercial code COMSOL-Multiphysics (V 4.3) was used to model two-phase flow mixing with mass trans-
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port in the flow injection nozzle. Three CRs were simultaneously solved using the k-¢ turbulence model and
mass transport equations for dissolved gas. A time-dependent solver was used to simulate the two-phase flow
with mass transfer for 40 s and at a time step of 0.001 s. Geometric models were discretized using a free trian-
gular mesh type with 3472 domain and 275 boundary elements. All computations were performed on an Intel
Core i7-3370 3.90 GHz processor with a 16 GB RAM operating system.

4. Results and Discussion
4.1. Gas Hold-Up

The effect of CR on the average gas hold-up with variation in inlet gas velocities is presented in Figure 2. These
results were estimated using an inlet liquid velocity of 0.0001 m/s and a gas bubble size of 0.002 m. Gas hold-up
showed a direct relationship to the gas flow rates, that is, the gas hold-up increased with increasing inlet gas ve-
locity. Higher gas flow rates enhanced the accumulation of gas bubbles in the nozzle, thereby increasing liquid
circulation. This condition implies that carbonation is more effective at high gas flow rates because of high gas
dissolution caused by improved liquid recirculation. The gas hold-up significantly increased when the nozzle
throat area was reduced. The flow injection nozzle with the CR value of 4 considerably improved the liquid re-
circulation because of high amount of gas hold-up. Hence, the carbonation process in nozzles with larger CRs
and inlet gas velocities increased because of the high volume of gas in liquid [1] [9]. Gas hold-up reduced with
increasing liquid flow rates because of decreased liquid recirculation (Figure 3). The results were estimated us-
ing an inlet gas velocity of 0.0005 m/s and a gas bubble size of 0.002 m. Increasing liquid velocity decreased the
gas dissolution process because of less effective flow mixing of gas with liquid. Therefore, nozzles with larger
CRs values and less liquid velocities are suitable for preparing carbonated water because of the larger volume of
gas accumulation and improved liquid recirculation [9].

4.2. Gas Concentration

The effect of inlet gas velocities with different CRs on average gas concentration is presented in Figure 4. The
results were evaluated at an inlet liquid velocity of 0.0001 m/s and a constant gas bubble size of 0.002 m. Gas
concentration showed an increasing slope with respect to gas flow rates because of improved liquid circulation
in the nozzle. The maximum gas concentration in the liquid was observed at high gas velocities, showing that
carbonation increased at high gas velocities because of increasing gas concentration in the liquid. Gas concen-
tration also exhibited a direct relationship to nozzle CRs. The reduction in the nozzle throat increased gas disso-
lution by improving liquid recirculation, which in turn increased the gas concentration level in water. The nozzle
with a CR of 4 exhibited the highest gas concentration magnitude and enhanced carbonation. These findings
imply that the nozzle throat with high CRs and gas flow rates would increase carbonation because of high gas
concentrations caused by effective liquid recirculation [5] [9] [15].
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Figure 2. Gas hold-up (1) with variations in inlet gas velocity (m/s).
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Figure 3. Gas hold-up (1) with variations in inlet liquid velocity (m/s).
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Figure 4. Gas concentration (mol/m®) with variations in gas velocity (m/s).

Figure 5 shows the average gas concentration with the effect of different CR values and liquid velocities at an
inlet gas velocity of 0.0005 m/s and bubble size of 0.002 m. The results showed that increasing the water flow
rates decreased gas concentration because of less effective liquid recirculation in the nozzle. The slope of gas
concentration significantly decreased because of less effective flow mixing caused by increasing liquid flow ve-
locities. Carbonation was significantly reduced in the nozzles with smaller CR because of low liquid recircula-
tion, which is due to high liquid flow rates. Flow mixing in the nozzle can be increased by increasing gas flow
rates to improve liquid recirculation. The results suggest that larger CRs and low liquid velocities are necessary
to increase carbonation efficiency by increasing the gas concentration magnitude in the liquid [5] [15]. Gas bub-
ble size is an important parameter in the study of the two-phase flow system because this parameter can affect
gas dissolution [15]. Therefore, the effect of gas bubble size on the average gas concentration with different CRs
is illustrated in Figure 6. The results are evaluated with an inlet gas velocity of 0.0005 m/s, water velocity of
0.0001 m/s, and gas bubble size of 0.002 m. Gas concentration significantly decreased with the use of larger gas
bubbles because of reduction in gas dissolution. The results depict the difficulty in dissolving larger gas bubbles
in the liquid. Therefore, gas concentration level in the nozzle was reduced at larger gas bubble diameters. The
nozzle with a CR of 4 showed high gas concentration magnitudes at different gas bubble sizes than the other
models. Therefore, small gas bubbles and larger CR are suitable for carbonation because of high gas concentra-

tion in the nozzle [9] [15].
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Figure 5. Gas concentration (mol/m®) with variations in liquid velocity (m/s).
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Figure 6. Gas concentration (mol/m?) with variations in gas bubble size (m).

4.3. Mass Transfer Coefficient

The effect of various gas velocities on the average mass transfer coefficient with a CR of 3, liquid velocity of
0.0001 m/s, and gas bubble size of 0.002 m is shown in Figure 7. The mass transfer coefficient showed higher
magnitude in the lower part of the nozzle, particularly at low gas velocities, because of the presence of gas inlet
in this section. Gas dissolution in liquid was higher in the lower region of the flow injection nozzle because of
the higher magnitude of mass transfer coefficient in the area. Mass transfer between the two fluids was lower in
the upper part and throat of the nozzle because of higher liquid velocity in these areas. High liquid velocity re-
sulted in low carbonation because of less effective flow mixing. Increasing the gas velocities enhanced the mass
transfer mechanism in the entire nozzle geometry. Mass transfer was observed in the upper and lower sections of
the nozzle at a maximum gas velocity of 0.001 m/s. These findings show that carbonation is strong in the lower
portion but weak in the throat and upper part of the flow injection nozzle [4] [5]. The average mass transfer co-
efficient was also estimated by determining the effect of different CRs and gas velocities at an inlet liquid veloc-
ity of 0.0001 m/s and a constant gas bubble size 0.002 m (Figure 8). The mass transfer coefficient almost line-
arly increased with increasing inlet gas velocities for all cases of CRs. The nozzle with high CR values yielded
higher magnitudes of the mass transfer coefficient, indicating that mass transfer between gas and liquid is high
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Figure 7. Mass transfer coefficient (m/s) in the nozzle with CR = 3 at inlet
gas and liquid velocities of 0.0005 and 0.0001 m/s, respectively.
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Figure 8. Mass transfer coefficient (m/s) with variations in gas velocity (m/s).

in nozzles with smaller CR. This result suggests the dependence of mass transfer coefficient on gas flow rates
and nozzle geometry (CR). Therefore, higher gas velocities and CR are recommended to increase carbonation
efficiency [3] [15].

Figure 9 shows the average mass transfer coefficient with the effect of different CRs and liquid velocities at
an inlet gas velocity of 0.0005 m/s and a bubble size of 0.002 m. Mass transfer coefficient significantly de-
creased with increasing liquid flow velocities because of less effective flow mixing. Mass transfer between the
two fluids reduced linearly in the nozzle of small CRs because high liquid velocities caused a reduction in liquid
recirculation. Nozzles with larger CRs increased carbonation because of increased mass transfer coefficient.
Therefore, larger CRs and lower water flow rates must be selected to enhance carbonation by improving the
mass transfer mechanism between gas and liquid [3] [9]. The effect of gas bubble size on mass transfer coeffi-
cient with different CRs is presented in Figure 10. The results were evaluated at an inlet gas velocity of 0.0005
m/s, water velocity of 0.0001 m/s, and gas bubble size of 0.002 m. The mass transfer coefficient decreased line-
arly with increasing gas bubble size because mass transfer between the gas and liquid phases with larger gas
bubbles is difficult. Moreover, the nozzle with a CR of 4 yielded higher mass transfer coefficient magnitudes
than other CR cases. These results suggest that larger CRs and an appropriate gas bubble size must be selected
to enhance carbonation by improving the mass transfer mechanism in the flow injection nozzle [4] [5].
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Figure 9. Mass transfer coefficient (m/s) with variations in liquid velocity
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5. Conclusion

This study investigated the effects of contraction ratio on gas-liquid flow mixing with mass transfer in the flow
injection nozzle. Euler-Euler two-fluid method was used to model the two-phase flow in the flow injection noz-
zle. The nozzle geometry was modified with the addition of a gas inlet hole and throat to enhance gas dissolu-
tion. Various contraction ratios of nozzle throat, inlet gas and liquid velocities, and gas bubble sizes were used to
determine their effects on gas hold-up, gas concentration, and mass transfer coefficient.

The flow injection nozzle with the maximum CR improved liquid recirculation, which is caused by larger gas
hold-up volume. Carbonation was enhanced at higher gas flow velocities because of enhanced gas dissolution.
Gas hold-up decreased with increasing liquid flow velocities because of less liquid recirculation. Gas concentra-
tion increased linearly with increasing CRs and gas flow velocities. By contrast, gas concentration was reduced
with increasing liquid velocities because of less effective flow mixing. Gas bubbles with larger size decreased
gas concentration by reducing gas dissolution in liquid. The mass transfer coefficient was high in the lower part
of the flow injection nozzle. High CR values resulted in higher magnitudes of the mass transfer coefficient,
which showed inverse relationships to liquid flow rates and gas bubble sizes. High CRs of the flow injection
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nozzle with higher gas flow velocities, lower liquid velocities, and small gas bubbles are suitable for effective
carbonation.
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