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[bookmark: _Hlk495475023][bookmark: _GoBack]The paper deals with the possibility of using flue gas as a nutrient source for microalgae cultivation in a bubble column photobioreactor. The experiments performed on a vertical tubular photobioreactor determined the concentrations of the flue gas species that pass from the flue gas into the cultivation medium. The flue gas used for experiments was a gas mixture of different pollutants, e.g. SOx, NOx, or CO2, with a composition typical for waste-to-energy facilities. The paper is supplementary to the laboratory experiments. The objective of the multiphase CFD analysis is to develop the numerical model for mass transfer predictions in photobioreactors. The model employs the Henry’s law for interphase equilibrium and the penetration model for the mass transfer coefficient.
Introduction
Microalgae cultivation may be one of the possible ways to meet environmental challenges. Cultivation of microalgae creates biomass that can be processed into other products such as proteins, lipids, carbohydrates, vitamins or pigments that can be turned into biofuels or other substances with potential use in cosmetics, agriculture or medicine (Vassilev and Vassileva, 2016). The microalgae species diversity allows their use in various areas as each specie has different requirements for living conditions.
Microalgae can effectively remove some substances from waste streams. Examples of these substances are gaseous pollutants, e.g. CO2, NOx, SOx, heavy metals or other substances like phosphates, sodium, magnesium or calcium. Ideally, appropriate cultivation of microalgae could, therefore, capture various pollutants that would negatively affect the environment and, at the same time, transform waste products into valuable raw materials and biomass production. Waste products can consequently become a cheap source of nutrients for microalgae that could be used to produce other products. The use of waste products may subsequently reduce the impact of human activities on the environment and obtain a sustainable way of dealing with them. However, it is necessary to maximize photobioreactor efficiency for such processes to be economical and feasible.
The mass transfer in the gas-liquid environment often becomes the rate-limiting step for the overall reaction because of the low solubility of most gases (Kraakman et al., 2011). As a result, a photobioreactor for gas treatment can reach the mass-transfer-limited conditions. The purpose of the presented work is to develop a CFD model that is supplementary to mass transfer experiments in photobioreactors under CO2-enriched conditions.
Experimental photobioreactor
All experiments described in this paper were performed on the pilot experimental photobioreactor. The photobioreactor is a bubble-column type with three vertical tubes. The photobioreactor schematic is in Figure 1. The cultivation medium was aerated from the bottom of the tubes through the perforated inlet membrane. The aeration gas mixture was pumped from the gas tanks, with the oxygen being stored in one tank and the mixture of flue gases in the other tank. This disposition prevented the oxidation of flue gases and allowed the preparation of the desired gas mixture for the aeration. The aeration gas mixture was then pumped into the buffer tank and fed into the reactor’s tubes. The aeration gas that had passed through the cultivation medium was then collected and returned to the buffer tank. However, before entering the buffer tank, the gas composition was analysed.
In addition to that, the photobioreactor loop is equipped with a peristaltic pump to extract any produced biomass.
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[bookmark: _Ref94349101]Figure 1 Schematic of the pilot experimental photobioreactor
Aeration gas mixture
The reactor was filled with 4.34 L of water (1.447 L in each tube), and the experiments took place at an ambient temperature of 22°C. In total, 105 L of the aeration gas was fed to the reactor from storage tanks with composition presented in Table 1. To measure real-time changes in the composition of the aeration gas after passing through the cultivation medium, the ABB EL3020 continuous flue gas analyser was used. The experiment took 1 h 40 min with the constant airflow rate of 2 L/min at 165 mbar.
[bookmark: _Ref94352383]Table 1 Aeration gas composition
	Substance
	Amount
	

	SO2
	50
	mg mN-3

	CO
	50
	mg mN-3

	NO
	200
	mg mN-3

	O2
	9
	%vol.

	CO2
	10
	%vol.

	N2
	81
	%vol.


Numerical model
Geometry and computational mesh
To simplify the numerical model only one tube with a height reduced to 1 m was modelled. The bottom of the modelled domain was set above the perforated inlet membrane as bubbles were found to occupy the tube cross-sectional area almost immediately. Therefore, the model geometry follows the plain inner volume of the tube with a rectangular cross-section of dimensions 44x20 mm and rounded corners with 10 mm radius. The computational mesh was made in the ANSYS SpaceClaim 2021 R2 (ANSYS Inc., 2021) with 39,288 polyhedral cells. Regarding the mesh quality, the minimum orthogonal quality is 0.5, max. cell size is 3.77 mm. Furthermore, the geometry was divided into two cell zones, the inlet zone and the domain zone. The inlet cell zone grows from the bottom surface up to the height of one cell, and the domain cell zone fills the rest of the tube volume. This modification allowed to neglect the geometry of the perforated inlet membrane and to model the inlet boundary condition as a mass source term. The top surface was defined with the degassing boundary condition, i.e. a free-slip wall for the liquid phase and an outlet for the gaseous phase. Other walls were treated as the no-slip wall for all phases.
Numerical model
The numerical model is based on the Eulerian-Eulerian multiphase framework in the ANSYS Fluent 2021 R2 (ANSYS Inc., 2021). The framework uses two phases, the primary phase with liquid water and liquid CO2, and the secondary phase with the aeration gas. However, to further simplify the numerical model, the modelled composition of the aeration gas neglected the three least frequent components. Individual mass diffusion coefficients are listed in Table 2.
[bookmark: _Ref94360717]Table 2 Diffusion coefficients (Cussler, 2009)
	Species pair
	Diffusion coefficient, cm2/sec

	CO2 – O2 (g)
	0.156

	CO2 – N2 (g)
	0.165

	N2 – O2 (g)
	0.220

	H2O – CO2 (l)
	1.92e-5



The uniform bubbly flow had developed shortly after the air injection, see Figure 2, and the equivalent bubble diameter was found with the image processing of the projected bubble area. The mean bubble diameter was determined to be 4.5 mm and it was considered as the diameter of a sphere with the same projected area as the measured bubble. Therefore, in the numerical model, the secondary phase was modelled with the formulation of spherical bubbles with the mean diameter of 4.5 mm. The interphase interaction force only included the Ishii-Zuber drag model.
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[bookmark: _Ref94512414]Figure 2 Bubble size and distribution: mid-height (left) and inlet (right)
The interphase equilibrium model for the interphase species mass transfer employed the Henry’s law formulation. The molar concentration was 3,030,300 (Pa m3)/kmol (Sander, 2015). Next, the penetration model (Higbie, 1935) was used to determine the mass transfer coefficient. The penetration model was found to be suitable for weakly turbulent flows (Gao et al., 2015), Eq (1).
	
	(1)


where the mass-transfer-coefficient is based on the phase diffusivity, , slip velocity, , and the characteristic length, , e.g. bubble diameter. This yields the mass transfer coefficient of 8.5 10-5 m/s. The respective rising velocity in water for bubbles 4.5 mm large in diameter is around 0.35 m/s. Therefore, it can be concluded that the hydrodynamic phenomenon defines the time scale of the numerical model. Considering 4 mm cell size, the time step size 0.005 s yields the Courant number of 0.5.
Equations for momentum, continuity, volume fraction, energy and interphase species mass transfer were solved with the pressure-based phase-coupled algorithm. The second-order spatial discretization was employed for momentum equations and PRESTO! for the pressure discretization. The numerical model was initialized with the domain filled with quiescent liquid water only.
Results
The duration of the experiment and numerical analysis took 30 min of flow time. Figure 3 shows the CO2 volume fraction in the aeration gas at the outlet of the tube. At the beginning of the aeration, the water did not contain any CO2, resulting in the highest concentration gradient yielding the max mass transfer rate of 2 g/(m3 s). Considering the superficial velocity of 13.3 mm/s, it can be assumed that the mass transfer rate was the dominant phenomenon at the beginning of aeration, rendering the drop below 8 %vol. CO2. In the case of the laboratory experiment, the combination with a pressure drop in the aeration gas loop could have caused an even lower concentration drop. However, the time to reach the saturated state is approximately 15 min in the CFD prediction and laboratory experiment. After this time, the flow can be considered developed and stabilized.
Figure 2 shows that bubbles in the inlet region grow in their size until they are uniform in their size and shape. Considering the constant bubble diameter in the Higbie’s formulation of the mass transfer coefficient, the mass transfer rate might be under-predicted for the beginning of the simulation as larger bubbles provide less interfacial area and experience more drag, i.e. move with lower velocity. Therefore, smaller bubbles in combination with the largest concentration gradient between water and CO2-rich gas could yield a higher mass transfer rate (Geng Shigang and Meng Weidong, 2018) rendering a lower drop in the first 5 minutes of the flow in Figure 3.
Due to the relatively small cross-sectional area and high air velocity, the concentration of CO2 in both phases is uniform. As a result of a uniform concentration gradient, the mass transfer rate is uniform as well, see Figure 4. A noticeable difference in the region close to the inlet is observable only in the first 6 minutes. After this point, it is diminished and the liquid phase saturation becomes the limiting factor and the mass transfer is not affected by the concentration gradient to such extent. After 30 min, the CO2 concentration in the liquid phase is between 0.160 to 0.165 kg/m3 and the mass transfer rate is in the order of 2.0 10-5 kg/(m3 s).
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[bookmark: _Ref94445100]Figure 3 Volume fraction of CO2 and mass transfer rate in the aeration gas
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	
	3 min
	6 min
	9 min
	12 min
	15 min


[bookmark: _Ref94538082]Figure 4 Contours of instanteneuos mass transfer rate at 3 minute intervals. Displayed on the mid-plane. 




Conclusions
The following conclusions can be drawn from the study:
· Time evolution of CO2 concentration in flue gas shows a good qualitative agreement of the CFD model with experimental data.
· The time to reach saturated state is predicted correctly by the CFD model.
· Local minimum during the initial drop of CO2 in the gas phase is overestimated. The difference can be caused by the underestimated mass transfer in the bottom part, where turbulence is the most intensive. 
· Predicted mass transfer rate is sensitive to the estimate of the average bubble diameter and slip velocity of the bubbles through the penetration model and surface-to-volume ratio of the bubble.
· The concentration of CO2 in saturated liquid mixture is slightly underestimated, which can be caused by the simplified (binary) model. 
· The study reveals that the CO2 concentration field is homogeneous in the entire tube volume.
· The well-mixed reactor condition supports the sampling methodology during the experiments so that the samples taken from the bottom of the reactor are representative of its volume.
· The model may serve to supplement the real experiment in a preliminary analysis of mass transfer in the reactor. It offers relatively short turnaround times comparable to experiments.
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