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[bookmark: _Hlk11225799]Abstract
In this study, we developed an integrated cellular automata and thermal lattice Boltzmann model to investigate the effects of different temperatures and velocities in a microbioreactor. Compared with previous studies this model accounted for the direct effects of transient temperature on biofilm growth and indirect effects caused by changes of properties. In addition, the algorithms on variations in solid boundary conditions, detachment and extra mass transport have been improved. Results showed that temperature affected both the maximum biofilm concentration and growth speed. Roughly a 10-75% increase in biofilm concentration was observed, while in some cases the time needed to reach maximum concentration decreased from 30 days to 5 days. Despite of geometrical symmetry, changes in the upper inlet characteristics were more effective on biofilm growth. This demonstrates the capability of the present model to simulate biofilm behaviour in the microbioreactor and its potential industrial and clinical applications.
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1. Introduction
Biofilms are a complex and heterogeneous aggregation of microorganisms linked together by their excreting extracellular polymer substances (EPS). Although they can cause many serious problems, such as chronic infections, food contamination and equipment corrosion, they can be useful for constructive purposes, such as wastewater treatment, heavy metal removal from hazardous waste sites, biofuel production, power generation through microbial fuel cells, and microbial enhanced oil recovery. With such a wide range of biofilm applications, much effort has been devoted to understanding the mechanism of biofilm growth and their interaction with the surrounding environment.  
[bookmark: _Hlk18942779]Many models have been developed to investigate biofilm growth, clogging and detachment. These models can be categorized into discrete or particle-based, and continuum models (Mattei et al., 2018; Tian and Wang, 2019). Particle-based models are generally bottom-up models, which are suitable for tracing the dynamics and properties of individual bacterial cell, such as cell growth, division and shoving, while continuum models do not take into account the behavior of an individual cell directly as they treat biomass by the volume-averaged or mass-averaged behaviors of different functional groups. However, biofilm growth and evolution are very complex interactions among physicochemical and biological processes. Comparable challenges exist in microbial processes where mesoscopic dynamics of nutrient transport must be coupled with microscopic bacteria growth and their elementary biochemical reactions at reactive or enzymatic interfaces, in addition to the microbiological and/or ecological aspects of the “micro” organisms involved in biofilms. For such complex modelling, any single method is insufficient to simulate such multiscale interactions between nutrient transport and biofilm growth and expansion. It is necessary to integrate multiple approaches and disciplines, such as microbiology, biogeochemistry, and fluid mechanics through scale-bridging models for establishing a relationship between physical, chemical and biological processes, including its structure, transport mechanisms, shear forces, mechanical strength, and interface properties, that reflect their reality (Horn and Lackner, 2014). Only a few theoretic frameworks exist that can couple particle-based and continuum-based models with seamless transitions: (1) an integrated macro reactive transport equations and individual-based model (IbM) (Picioreanu et al., 2004; Yan et al., 2017); (2) an integrated lattice Boltzmann model (LBM) and IbM (Graf von der Schulenburg et al., 2009; Tian and Wang, 2019); and (3) integrated LBM and cellular Automata (CA) (Tang et al., 2013; Knutson et al., 2005; Benioug et al., 2017; Benioug et al. 2019; Delavar and Wang, 2020). 
Picioreanu et al. (2004) presented a spatially multidimensional approach for modelling the dynamics of multispecies biofilms growing on multiple substrates. Their model was based on reactive transport mass balances for chemical species coupled with microbial growth and spreading of biomass. The IbM proposed by Kreft et al. (1998) is embedded into the reactive transport equation to simulate the growth and behavior of bacteria. This approach has difficulty in resolving complex geometries, such as porous media and membrane filtration, with complex non-equilibrium thermodynamic interfaces and heterogeneous distributions of physicochemical properties in biofilm. It has been found that the heterogeneous distributions of physicochemical properties, such as porosity, nutrients and water, can cause decreases by several orders of magnitude in geochemical reaction rates from laboratory scale to field scale (Bao et al., 2014; Liu et al., 2013, Yan et al. 2017). Furthermore, due to computational efficiency factors, a variable and self-adjusting number of sub steps per time-step for coupled diffusion and uptake subroutines was used by Kreft et al. (1998). As a consequence, the 2-D and 3-D models could show the same results if only the average flux of nutrients needed to be known. 
[bookmark: _Hlk41920676]The LBM is suitable for simulating non-equilibrium thermodynamic interfaces and multiphase flows in porous media. Therefore, Graf von der Schulenburg et al. (2009) coupled a conventional Bhatnagar-Gross-Krook model (LBGK) with the IbM for simulation of biofilm growth in porous media. They used the coupled IbM-LBM model to simulate the consumption of a single substrate by the biofilm using Monod kinetics. Tian and Wang (2019) used IbM and a multicomponent lattice Boltzmann method (LBM) with dual Monod kinetics to study interactions of oxygen, bio-clogging, COD removal, and their influence on growth and permeability of microbial biofilms and unresolved solid matrix. They found a biofilm porosity threshold. Beyond that, the porosity of biofilm has no apparent impact on the flow rate and COD removal. They also investigated the influence of initial cell populations, bulk oxygen concentration, and biofilm permeability on the flow rate and COD removal. 
In study by Knutson et al. (2005), the LBM was used to simulate hydrodynamics. A finite volume scheme modelled the transport and reaction of the solutes. In their model, the biomass growth and spread were simulated by using a CA algorithm. As the secondary flows are important in many natural and artificial systems, Kumar et al. (2013) investigated the impact of these flow structures on biofilm. They determined that microscale confinement features could result in noticeable changes in biofilm dynamics as a function of the Reynolds number. Tang et al. (2013) coupled LBM with CA for simulating pore-scale biofilm growth. The concentration of species and biofilm development were solved using the finite difference method and the cellular automaton method, respectively. They demonstrated that the significant features of the experiment can be captured with a two-dimensional numerical model. This approach used the same grid system for both bacteria cell growth and substrate transports. This can save computational cost by using easy-code programs.
[bookmark: _Hlk18942701][bookmark: _Hlk18942623][bookmark: _Hlk41929940][bookmark: _Hlk18945921]Despite the considerable progress in biofilm modelling in the past decade, all the above models do not account for the effects of environmental temperature and heat transfer on biofilm growth. Temperature and heat transfer are two of the most dominant factors in operating conditions, which can significantly influence the biofilm development and microbial metabolic activity (Han et al. 2016, Jeong et al. 2017, Mei et al. 2017, de Castro et al. 2017, Baragi et al. 2016, Li et al. 2018). Firstly, bacteria metabolic activity has a range of favoured temperature. Abdallah et al. (2015) stated that the temperature not only significantly influenced the biofilm resistance to disinfectants, but also has a significant effect on the biofilm structure. Davidson et al. (2012) indicated that temperature and substrate are two of the most dominated drivers and microorganism activities should be described using the Dual Arrhenius and Michaelis–Menten kinetics (DAMM). Patil et al. (2010) reported that elevated temperatures during initial biofilm growth accelerated the biofilm formation and affected the bioelectric catalytic processes. Biofilms outstanding physiological properties can allow certain species to endure some harsh environments, where temperature ranges from below −10oC to more than 80 oC while hosting thermophilic microorganisms. Boulêtreau et al. (2012) suggested that temperature change due to global warming can unbalance natural community metabolisms in phototrophic river biofilms and affect their biogeochemical budget. Other researchers also showed that temperature is an important parameter affecting biofilm growth (Donnie et al., 2001; Jeong et al., 2014; Han et al.,2016; Nevot et. al., 2017; Song et al., 2017; Bian et al., 2017). The effects of temperature and light on the development and function of periphytic biofilms were investigated experimentally (Zhao et al., 2018). Their results showed the thicker periphytic biofilm growths under higher temperature. Secondly, the physical properties of fluids are often temperature dependent. For example, the diffusion coefficient of nutrients and the exchange of nutrients are significantly affected by temperature change. As a result, several important issues remain to be addressed in existing LBM models, such as the coupled LBM-CA models (Tang et al., 2013; Delavar and Wang, 2020) and the coupled LBM-IbM model (Graf von der Schulenburg et al., 2009; Tian and Wang, 2019): (1) effect of temperature and heat transfer on bacteria activities, (2) temperature-dependent variation in fluid properties, and (3) the stability of coupling thermal LBM-CA associated with effect of coupling temperature and biofilm growth. 
[bookmark: _Hlk19015004]The purpose of this work is to develop the modelling framework of coupling water, nutrients, biofilms, heat transfer and temperature in porous media. This work makes unique contributions to the study of biofilm modelling in four  aspects: (1) it is the first pore-scale model that account for the effect of temperature and heat transfer on biofilm growth and fluid property variations in non-isothermal domains; (2) the Dual Arrhenius and Michaelis–Menten kinetics (DAMM) replaces the dual Monod kinetics to account for microorganism growth; (3) the effect of a range of temperature scenarios on biofilm growths are examined; and (4) the effects of biofilm growth patterns on pore connectivity, flow and heat transfer are investigated, including detachment, clogging, and degradation, 5) the coupled LBM-CA model stability is improved through considering variations in shear stress and detachment process, and fluid-solid boundary conditions inside the domain due to effects of temperature and biofilm growth. Results from this work contribute to a fundamental understanding of how different thermal conditions affect the biofilm growth rate and structure to help engineers and scientist with designs of biological treatment processes, bioreactors and bio-fluidics under changing environmental conditions. 

2. Mathematical Model
2.1. Hydrodynamics
[bookmark: _Hlk19093950]The domain as illustrated in Fig. 1 contains three subsections including the solid substratum, the biofilm growing on these solid particles, and the liquid in the pore space. The solid phase is assumed to not be affected by the flow field and biofilm growth since it is not permeable to the transported solutes and liquid. Consequently, the model has been used to calculate the flow and temperature fields, and mass transfer of different solute nutrients in the liquid and biofilm subsections to investigate subsequent biofilm growth. The flow field containing velocity vectors and pressure values, species concentration and temperature fields are calculated using in-house developed LBM codes. These fields were coupled with biofilm growth using a cellular automata scheme. 
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Figure 1. Three types of subsections

As fluid is considered as an incompressible Newtonian fluid, to capture the flow field in the domain, continuity and the Navier-Stokes equations should be applied and solved, equations 1 and 2, respectively:
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where is velocity vector,  represents the density,   is pressure, and  denotes dynamic viscosity. To include temperature effects on the viscosity of water as the base fluid of flow, the below equation is applied, which is accurate to within 2.5% from 0 °C to 370 °C (Al-Shemmeri, 2012):
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where T is temperature (oC). Besides, the effects of temperature on the density are applied by (Jones et al., 1992): 
	ρ(T)= 999.84847+6.337563×10-2×T−8.523829×10-3×T2
+6.943248×10-5×T3-3.821216×10-7×T4
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2.2. Temperature and Heat Transfer
In this study, in order to investigate the effects of temperature change, in addition to changes in simulation parameters due to temperature variation, heat transfer equation as below is included in the governing equations:
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where α is thermal diffusion coefficient. 

2.3. Nutrient Transport and Biofilm Growth 
The species conservation equations for each nutrient were applied to capture nutrients transport and reaction:
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where  is the number of nutrients,  is the concentration of species ,  is the mass generation source due to reaction for species , represents the effective diffusion coefficient of the lth species that reduces to 80% of its normal value in grids completely occupied by biofilm.
If there are two species then (Knutson et al., 2005; Tang et al. 2013) the source term, , can be calculated by dual Monod equations:
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[bookmark: _Hlk19014824][bookmark: _Hlk19015091][bookmark: _Hlk19015118] is Half-maximum-rate concentration of species l, and  is maximum specific utilization rate of species i. 
[bookmark: _Hlk19211575]It should be noted that the  was constant in the LBM-CA model by Tang et al. (2013) and the diffusion coefficients are temperature-independent. Since temperature is one of the most important factors for biofilm growth, we used the Dual Arrhenius and Michaelis–Menten kinetics (DAMM) to replace the dual Monod kinetics to account for the effect of temperature on microorganism growth. Thus, the maximum specific utilization rate of species models,  , is a temperature dependent exponential function (Hellinga et al., 1999; Boulêtreau et al., 2012; Davidson et al., 2012; Zhang et al., 2014; Myrstener, et al., 2016; Bian et al., 2017), and is formulized as follows (Myrstener et al., 2016):
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where is maximum specific utilization rate at temperature equal to . 
     Other important parameters affected by temperature are the diffusion coefficient of species. Stokes–Einstein equation is used to account for temperature-dependent changes as: 
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where μ is the dynamic viscosity of the solvent and 
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The DAMM is used to calculate the net growth rate in each grid. The biomass concentration in the grid is updated at the new time step according to the net growth rate, which is calculated by (Knutson et al., 2005; Tang et al., 2013):
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where  is the biomass yield in reaction,  is in activation coefficient. 
      If the new biomass concentration in a grid exceeds Mmax, then the code will search for the fluid grids closest to this grid. Note that all grids with a biomass concentration of less than Mmax are considered as fluid grids. In the new approach, we made some changes in this step compared to one used by Tang et al. (2013) as below:
If the new biomass concentration in a grid exceeds Mmax, then the code searches for fluid grids closest to this grid referencing local flow direction and higher values of nutrients concentration. In practice, these two items make a fluid grid more prone for biofilm growth. The downstream direction was selected because of the fact that, as seen in Eq. 3, the nutrient transport is affected by the velocity field. In the code, cells with higher values of nutrient in the flow direction are found and the extra biomass is transferred to one of these grids. Due to this change in current study, the extra biofilm mass is transferred to grids with higher nutrient concentrations in the fluid flow direction. In this way, it is likely to increase model accuracy compared of real practical situations. In order to do this, if extra mass in a grid is distinguished, first, all fluid grids located in the fluid flow direction are recognized to examine their nutrient concentrations in order to identify grids with higher concentrations for extra mass transfer. The number of grids with extra biomass is related to nutrient concentration and consequently biofilm formation rates, which are directly related to the time step and, as a consequence, the grid size. If the grid size increases, the number of grids with extra biofilm rises. In each simulation, the grid size is uniform. If this size in different simulations increases due to LBM simulation nature, the time step increases. Increases in the time step leads to an increase in the number of cells of higher biofilm concentration greater than the threshold.

2.4. Shear Stress, Detachment and Shrinkage
Biofilm development was implemented in two steps: biofilm expansion and detachment, and biofilm shrinkage. The detachment of biomass is assumed to be caused by internal stress when the fluid moves above the biofilm (Picioreanu et al., 2001; Horn and Lackner, 2014). The procedures used to capture biofilm expansion and shrinkage were similar to ones presented in Tang et al. (2013), but extra biomass management, shear stress calculation, detachment and biofilm-fluid boundary conditions were modified. Here The biofilm was assumed as a homogeneous and isotropic elastic material. The shear stress was calculated in a local grid. The biomass in the grid is sheared off and removed from the system if the local shear stress for potential biomass spreading is larger than max (Knutson et al., 2005; Tang et al. 2013):
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Figure 2. a) Different grid positions for velocity component gradient calculations, black grids: solid grids, white and blue grids: fluid grids, b) Central grid (lattice) and its adjacent grids.
It should be noted that the variations in shear stress and species gradients in interfaces could be significant due to the effect of coupled temperature, fluid property change and biofilm growth. This can lead to instability of the LBM-CA framework. To improve the stability of the LBM-CA code, Eqs. 13-18 have been used for velocity components gradient calculations in for different directions. In this way, we can examine velocity gradients in all possible directions rather than a single direction in the model proposed by Tang et al. (2013) to find the correct value of shear stress:
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For a typical fluid grid, such as grid “a” in the figure 2a all the above equations were used to compute shear stress regarding equations 15-18, but some exceptions exist in the domain. As an example, for grid “b,” both the equations 17 and 18 were used to compute, but as the lower boundary of the grid is solid, only equation 15 was used to compute , and  assumed to be equal to zero. Similar processes have been carried out for other grids neighbouring solid grids, for example, for grid c: , for grid d:  and in grid e: . 
Another main issue in shear stress calculating is in non-dimensioning considerations, particularly in thermal LBM-CA because of coupling various variables for setting simulation inputs. Some important exact relationships are needed among real and LBM parameters in Equations 15 to 18 and these non-dimensional parameters are presented in Section 4.1. We find the algorithm implement better detachment processes and the code is more stable than that by Tang et al. (2013).
In addition, it is assumed small displacements in the elastic limit of the biofilm do not affect the liquid flow. So, the flow profile is solved by taking only the nondeformed biofilm geometry, while the biofilm deformations are ignored (Picioreanu et al., 2001).
The algorithm for biofilm shrinkage consists of the following three sub-steps, similar to one presented by Tang et al. (2013):
1. Code finds a fluid grid surrounded by biomass grids or in a narrow fluid path, at least 6 of its 8 neighbors are biomass grids.
2. Code identifies grids on the exterior biofilm surface closest to this fluid grid.
3. The code selects one of these grids randomly and the biomass in this surface grid is used to fill the fluid grid to Mmax.

[bookmark: _Hlk19208850]2-5. The Lattice Boltzmann Model
The lattice Boltzmann method (LBM) is a numerical method, which uses a mesoscopic simulation model based on kinetic theory for the simulation of fluid flows. In contrast to the conventional CFD approaches, LBM has some advantages, such as a simple process, simple and efficient implementations for parallel computation, easy and robust handling of complex geometries. In this method, the domain is mainly discretized to uniform Cartesian grids holding a fixed number of distribution functions that are calculated by solving the Lattice Boltzmann Equation. After introducing BGK (Bhatnagar–Gross–Krook) approximation, the Boltzmann equation without external force can be written as:
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where  is lattice time step, denotes the lattice relaxation time which is explained later, is the equilibrium distribution function. 
where  is the weighting factor depending on the LB model used,  is the lattice fluid density. For D2Q9 model: 
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To consider flow, temperature and species concentration fields, the LBM utilizes multi distribution functions ,  and , for the flow, temperature, and lth species concentration field, respectively. The distribution function is the same as discussed above; the  and  distribution are as Eq. 17. Because temperature and species concentration are scalar, the corresponding equilibrium distribution functions was defined as below (Delavar et al., 2009; 2010):
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where  is the source term of the lth specie. 
The flow properties are defined as:
	

	23

	

	24

	

	25

	

	26


where sub-index i denotes the component of the Cartesian coordinates. 




The relaxation times,  and , for flow and species LB equations given in Eq. (19) (21) and (22) can then be determined by ,  and . α and  are thermal diffusion and mass transfer diffusion coefficients of the lth species, respectively. Both of these parameters change with temperature, so the relaxation times change in the simulation domain.
As the solution proceeds, because of the increase in biofilm concentration, some cells are occupied with biofilm that are considered solid regions, so the boundaries of solid-fluid flow changes. These changes should be included in the code and as biofilm formation is complex phenomenon a heterogenous creation of biofilm grids (grids with biofilm concentration more than Mmax, that ate considered as solid grids) occurs that makes a complex shape of biofilm boundaries than need special attention to avoid errors and instabilities during the solution. This is done by using a subroutine developed for this purpose that contains some improvements. In each time step, if a grid is distinguished as solid, it will be included in the boundary limits of fluid flow. Depending on the adjacent cells’ fluid/solid condition, the proper boundary condition is applied to this grid. For example, if the grid (lattice) “C” in the Fig. 2b and grids “W”, “SW”, and “S” are solid, then the boundary conditions will apply to f1, f2, and f5. In another example, if “C”, “W”, “NW” and “SW” are solid, then bounce-back will be applied to f1, f5 and f8.

4. Dimensionless Number Transformation and Solution procedure
4.1.  Dimensionless Number
In the current numerical simulations, we require an analysis of the relationship between the physical quantities of LBM and those of real parameters, such as velocity or temperature, for tracking their dimensions and hydraulic and thermal similarity as calculations or comparisons are conducted. Therefore, dimensionless numbers are often used to build such relationships according the Buckingham π theorem in the dimensional analysis. In order to correct simulation, governing dimensionless numbers, such as Reynold and Schmidt, should be equal in LBM simulation and real situations based on Navier-Stocks equations. 
In Eq. 22, the source term (Sl) is multiplied by , so it is very important to have a correct calculation for the time step in LBM that should be accurately related to real time. If  is a characteristic length,  is diffusion coefficient of species, and t as time, then (Anwar and Sukop, 2009; Delavar et al., 2010):
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where  is the number of lattices used for  in the LBM model. Consequently, for each species, the relevant proper time step must be used.
The Reynolds number is the dimensionless number for hydrodynamics. For a given Reynolds number (Delavar et al., 2010):
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where  is the number of grids used for meshing  as the characteristic height in LBM simulations.  The Schmidt number is another important dimensionless number that is defined as the ratio of momentum diffusivity (viscosity), ν, and mass diffusivity, Dl. This number characterizes fluid flows in which there are simultaneous momentum and mass transport processes  as:
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Therefore, for transport of each species, the related Schmidt number must be calculated and used unchanged in real and numerical simulations. In addition, the diffusion coefficient of species is 80% decreased in cells occupied with biofilm. These changes will affect the Schmidt number. 
Prandtl numbers for water at different temperatures are as shown in Table 1. The equation below is assumed for Prandtl number changes with temperature in the code
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Table 1. Water Prandtl as a function of temperature (Bergman et al. 2011)
	T(K)
	273.15
	275
	280
	285
	290
	295
	300
	305
	310
	315

	Pr
	12.99
	12.22
	10.26
	8.81
	7.56
	6.62
	5.83
	5.20
	4.62
	4.16



4.2.  Solution Procedure
To solve for species transport, heat transfer, biofilm growth, and biofilm detachment, the solution procedure is as follows:
(1) Generate the solid and the fluid patterns in the domain and update boundary conditions (from initial condition or previous time step) 
(2) Solve the hydrodynamic equation to capture the velocity field using the LBM coupled with the biofilm pattern, which will be used to simulate multicomponent transport 
(3) Solve energy/temperature equation using thermal LBM and update fluid and species properties
(4) Solve the mass transport of species, and determine species consumption by biofilm through calculations of the local temperature and concentrations of chemical components consumed or produced by bacteria (using the DAMM kinetics model) 
(5) Calculate net biomass concentration growth, biofilm detachment, and shrinkage in each grid and determine the direction of biofilm growth and spread using an CA algorithm 
(6) Update biofilm pattern and flow connection channels affected by the morphology of the reduced pore space available for the next time step
(7) Return to Step (1) for the next time step calculations up to convergence.  

5. Model Description and Validation 
5.1. Model Domain and Parameters
The schematic of considered geometry is shown in Fig. 3. As illustrated, there are two inlet ports for species 1 and 2 in the left side. The left boundary is divided into two equal inlet ports, each with a developed parabolic velocity profile and fixed temperature and species concentrations. The upper and bottom boundaries are considered as solid walls with a constant temperature of the adjacent inlet boundary condition (inlet 1 for upper wall, and inlet 2 for bottom wall). All boundaries of circles are considered as solid bounce-back boundaries for the velocity field, and normal gradient equal zero for temperature and species concentration fields. The right-side boundary is assumed as an open boundary condition for all quantities. The height and width of channels are equal to 4mm. The diameter of circles is 300µm and pore space is 180 µm. Other lengths are as illustrated in Fig. 3. All simulation parameters are presented in Table 2. The initial biomass concentration in domain was assumed to be equal to 1mol/m3.
[image: ]
Figure 3. Computational domain and dimensions  





Table 2. Simulation Parameters (Longmir, 1954; Westendorf et al., 2003; Muller and Babel, 2004; Knutson et al., 2005; Tang et al.,2013; Delavar and Wang, 2020);
	Parameter
	Description
	Value

	-
	Bacteria
	Delftia acidovorans MC1

	-
	Specie #1
	R-2, 4-DP

	-
	Specie #2
	DO (Dissolved Oxygen)

	-
	Electron Donor
	R-2, 4-DP

	-
	Electron Acceptor
	DO

	-
	Stoichiometric ratio (R-2,4-DP:DO)
	1:6 (Tang et al., 2013)

	
	Time Step (day)
	0.0025

	
	Lattice Size (μm)
	5 

	A
	Temperature difference coefficient in (Eq. 33)
	0.02, 0.05

	
	Temperature in the inlet (oC)
	Tinlet1=5, 15, 25, 35 Assumed
Tinlet2=5, 15, 25, 35 Assumed

	
	Average velocity in the inlet (Velocity profile is parabolic) (m/d)
	10.0 Assumed

	
	Mass diffusion coefficient for species l in water (m2/d)
	D1=5.5
D2= 

	
	Concentration of species l in the inlet (mol/m3)
	C1=0.085 
C2=0.15 

	
	Half-maximum-rate concentration of chemical species l (mol/m3)
	 ( (

	
	Maximum specific utilization rate of chemical species l ((mol/mol C5H7O2N-d))
	  Stoichiometry

	Y
	Biomass yield in reaction (mol C5H7O2N/mol R-2,4-DP)
	0.35 

	
	Inactivation coefficient (1/d)
	0.05 

	
	Maximum biomass density in a grid (mol/m3)
	354 

	[bookmark: _Hlk18069652]τmax
	Maximum shear stress (N/m2)
	0.02 Fitted regarding to lattice sizes



5.2. Validation and Grid Check
In order to verify the simulation procedure, the results of the current model compare well with results of Zhang et al. (2010) and Tang et al. (2013), Figure 4a. Simulation domain and other parameters used for validation were the same as those in Tang et al. (2013) (0.7cmx0.4cm), which was different from those used in Zhang et al. (2010), (2cmx1cm).  The observed difference between our results and one of Tang et al. (2013) is related to differences made in this study to increase the accuracy of LBM-CA platform, such as changes in bounce back boundary condition implementation, shear stress and detachment, and extras biomass transport.  
Simulations at different grid sizes of 2.5µm, 5.0 µm and 10.0 µm were carried out for the grid independency check to select proper grid size. As illustrated in figure 4b, there is a little difference between results for 2.5µ and 5.0µ. Consequently, due to PC time restraints, a mesh size equal to 5µm was selected for all simulations such as previously done in Knutsen et al. (2005) and Tang et al. (2013).
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Figure 4.  Nondimensional concentration variation with time: a) Comparison of current results and previous data (Zhang et al., 2010; Tang et. al., 2013), b) Nondimensional concentration variation with time for different grid sizes.

6. Results and Discussion
In this study as mentioned before in simulation procedure some important changes have been implemented in the biofilm growth simulation procedure rather than in related previous studies in the literature. Because of temperature and heat transfer, these changes, have been applied in shear stress calculation, detachment, extra mass transformation steps, variable properties bounce back boundary condition, and simulations of temperature field, and its effects on biofilm growth. After applying these changes to the code, the effects of different temperature and velocity profiles on biofilm formation were investigated. In the following text and figures, these models are addressed with two numbers: inlet port 1 and inlet port 2 temperatures, respectively. 

6-1. Effects of Different Temperatures on Biofilm Growth
Figure 5 provides normalized concentration variations with time for different temperatures of inlet streams. As illustrated, increasing temperature enhances biofilm growth. Temperature rise increases not only the value of the highest concentration of biofilm in the domain, but also the speed of biofilm growth. So, biofilm concentration achieves its highest value in a relatively shorter time. For example, the highest concentration for the model 35 ͦC-5 ͦC is about 70% more than one for the isotherm model. Additionally, the model 35 ͦC-5 ͦC achieves to 60% of its highest concentration after about 3 days, while this time for the isotherm model is more than 8 days.
The t* is defined as the amount of time for each model to reach the maximum biofilm concentration of the base model (normalized concentration equal to 1). Changing temperature has a major effect on the t*, for example t* is equal to 30, 12.5, 5 and 3 days for isotherm, 5 ͦC-15 ͦC, 25 ͦC-5 ͦC and 35 ͦC-5 ͦC models, respectively. 
[image: ]
Figure 5. Nondimensional concentration variation with time for different temperatures of inlet streams, A=0.05
The same factors are seen in Figs. 6a and 6b, where normalized concentration variations with time are presented for different temperatures of inlet streams and A, for streams, with the highest temperature equal to 15 ͦC and 25 ͦC, respectively. Regarding to these figures, it is evident that the temperature of stream 1 has greater effects on the biofilm growth. For instance, in Fig. 6b, the highest concentration for model 25 ͦC-5 ͦC is 25% more than of the highest concentration for model 5 ͦC-25 ͦC. This difference increases to about 35% for models 35 ͦC-5 ͦC and 5 ͦC-35 ͦC in Figure 5. On the other hand, regarding Eq. 33, increasing A increases both the biofilm growth rate and the highest concentration of it, as in Figs 6a and 6b. For example, in Fig. 6a for model 5 ͦC-15 ͦC, t* is equal to 12.5 and 16.7 days for A equals to 0.02 and 0.05, respectively. In Fig. 6b, t* equals to 5 and 7.6 days for model 25 ͦC-5 ͦC, for A equals to 0.02 and 0.05, respectively. 
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Figure 6. Nondimensional concentration variation with time for different temperature of inlet streams and A,
Figure 7 shows biofilms contours in the domain for different temperature profiles. In Fig. 8, temperature contours are illustrated for similar models in Fig.7. As shown in Fig. 7, the concentration field is more developed toward the upper section of the domain (y/H>0.5), it illustrates the better diffusion of species 2. Species 1 diffuses toward down and species 2 toward up, but as species 2 has a greater diffusion coefficient (Table 2), diffusion of this species toward up will be greater than the downward diffusion of species 1, so more nutrients are present at the upper section and more reactions take place there. As a consequence, as can be seen in Fig. 7, more biofilms have grown in the upper part of the computational domain. Consequently, as more reactions take place in the upper part, where temperature is more affected by the temperature of the stream from inlet 1, increasing the inlet 1 temperature shows greater effects than increasing inlet 2 temperature, as mentioned earlier in discussions on Figs. 5 and 6. In Fig. 7, for each row, the maximum and minimum temperatures are fixed, but their reaction changes. For example, in the upper row of Figure 7, the maximum and minimum temperatures are 15 ͦC and 5 ͦC, respectively; on the left hand, the temperature of inlet 2 is equal to 15 ͦC while, in the right hand, the temperature of inlet 1 is set at equal to 15 ͦC. Accordingly, as in the right column of this figure, inlet 1 is warmer than inlet 2. The upper section of the domain is warmer (Fig. 8) and, consequently more biofilm is formed in that part. 
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[bookmark: _Hlk18070232]Figure 7. Nondimensional concentration contours and velocity vectors for different inlet temperatures at the end of simulation (day 30).
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Figure 8. Temperature contours for different inlet temperatures at the end of simulation (day 30).

6.2. Effects of Different Velocities on Biofilm Growth
Figure 9 illustrates normalized concentration variations with time for different velocity profiles implemented at the inlet ports. In addition, Fig. 10 shows normalized biofilms concentration contours for different inlet port temperatures at the end of simulation (day 30) for 15 ͦC-25 ͦC, A=0.02. The velocity at one of the inlet ports is increased up to 2.5 times the nominal velocity magnitude given in Table 2. The provided curves (Figure 9) indicate that, although the temperature profiles of models are different, the effects of velocity increment are similar for 25 ͦC-15 ͦC and 15 ͦC -25 ͦC. As mentioned in the aforementioned discussions, more biofilm is formed in the upper section of the domain. Consequently, increasing the velocity of inlet port 1 has greater effects on the biofilm growth rate in both presented velocity profiles in the figure. For example, increasing the inlet velocity of inlet port 1 to 2.5 times greater than nominal velocity, increases the biofilm concentration about 16%. This percentage is about 3% after 20 days, for 25 ͦC-15 ͦC and 15 ͦC-25 ͦC temperature profiles. an increase in velocity means that more mass flow rate and more nutrients are available for reactions, that leads to biofilm formation intensification. Although, a rise in mass flow rate increases the biofilm growth rate; besides, due to higher shear stress, it increases detachment, that decreases biofilm growth. Overall, it is shown that the effects of increases in biofilm growth are more effective than increases in detachment. Changes in velocity profiles have great effects on biofilm growth patterns in the domain, Fig. 10.
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Figure 9. Nondimensional concentration variation with time for different inlet ports velocity profiles, a) 25 ͦC-15 ͦC, b) 15 ͦC-25 ͦC, A=0.02
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Figure 10. Nondimensional concentration contours for different inlet velocities at the end of simulation (day 30), 15 ͦC-25 ͦC, A=0.02.
7. Conclusion
[bookmark: _Hlk9581174]In this study, we have developed an integrated LBM-CA modelling framework with the Dual Arrhenius and Michaelis–Menten kinetics (DAMM) for the simulation of interactions among nutrient, water, biofilm, and temperature. The temperature field and heat transfer has been represented explicitly in the integrated framework. Algorithms of shear stress, biofilm detachment, extra biofilm transport step, and interfaces of species were developed to improve stability of coupled thermal LBM-CA. The thermal LBM-CA codes were used to simulate flow and temperature fields, mass transport and biofilm growth in the domain to investigate the effects of different temperatures and velocity profiles at the inlet ports on the biofilm growth. It was found that temperature affected biofilm growth through its effects on viscosity, density, Pr number, diffusion coefficient, and chemical reaction rates. Numerical simulations revealed that:
· Effects of temperature: Temperature rise increases both the value of highest concentration of biofilm in the domain and the speed of biofilm growth. This means that biofilm concentration achieves its highest value in a relatively shorter time. In different simulations, up to a 75% increase in maximum biofilm concentration has been observed due to increases in temperature. Also, in some cases, the time needed to achieve maximum concentration of the base model, t*, decreased from 30 days to less than 5 days
· Effects of inlet velocity: Increasing the inlet velocity leads to a greater mass flow rate and more nutrients available for reactions. Consequently, the biofilm formation intensifies; however, it can rise detachment due to higher shear stress. 
· Diffusion coefficient: As species 2 has greater diffusion coefficient than species 1, more nutrients are available in the upper section of the domain, so more biofilm growth takes place in this part.
·  Effects of velocity ratio: Increasing the velocity and/or temperature of inlet 1 is more effective than applying these changes in inlet 2, because of the fact that more biofilm growth take place in the upper section of domain, as noted earlier.
· Effects of temperature ratio: increasing the temperature at inlet 1 has greater effects over the same increase at inlet 2.  Furthermore, the temperature increase is more effective than the velocity increase. For example, a temperature increase can enhance biofilm growth up to 75% (Fig. 5), while an incremental increase of the velocity increases the biofilm growth only up to about 20% (Fig. 9)
Our results showed that the thermal LBM-CA model has the capacity to investigate the effects of increasing temperature on biofilm growth in a microreactor with porous media. As temperature is one of the most important environmental factors (in biofilm growth), this implies that the present thermal LBM-CA model has major potential for a wide range of applications involving temperature and heat transfer.  
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