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Abstract 

With the advances in computational power, it becomes increasingly feasible to model systems closer to their real conditions. 

Simplifications like constant physical properties or dilute systems are no longer a necessity. Instead, multicomponent modeling 

approaches are arising. One topic of interest is the diffusion model in multicomponent mixtures. A simplified diffusion 

mechanism can be assumed that takes the flux of component i just as a function of the gradient in mass/mole fraction of 

component i. But more advanced diffusion models could also be considered where the flux of component i depends on the 

gradient of all components. This latter case is more computationally expensive as it results in a coupled system. In this work, we 

investigate when a simplified model (Fick Wilke) suffices and when a more rigorous model (Maxwell-Stefan) is strictly required 

to obtain accurate results. The considered systems are single catalytic particles as well as full packed bed systems, where also 

hydrodynamics play an important role. 

 

 

 
Introduction 

Packed bed reactors are a commonly found reactor type in 

the chemical industry, pharmaceutical and biotechnological 

industry. To model these systems accurately we require a 

multicomponent modeling approach that describes the time 

evolution of mixture composition. A changing mixture 

composition does not only affect the local physical properties 

but also the diffusive fluxes. Simplified diffusion models, e.g. 

Fick’s law, assume the only driving force for the flux is the 

component’s mass or molar gradient. More rigorous models, 

e.g. the Maxwell-Stefan equations, also take into the gradient 

of the other components by considering the molar friction 

between all components. The latter is significantly more 

computationally expensive as it leads to a strongly coupled 

set of species conservation equations. 

In this work, the simplified diffusion models will be 

compared with the more rigorous models to examine in 

which case a simplified model might be accurate enough and 

hence favorable with respect to computational power. This 

comparison will be done on the scale of a single particle and 

on the scale of a packed bed for various reactive systems. 

Numerical Methods 

The generic fluid and solid phase governing equation for the 

mass fraction of species 𝑖 (𝜔𝑖) is: 

 

𝜕

𝜕𝑡
(𝜌𝜔𝑖) + ∇ ⋅ (𝜌𝑣⃗𝜔𝑖) − ∇ ⋅ (∑ Γ𝑖𝑗∇𝜔𝑖

j

) = 𝑟𝑖 (1) 

In the fluid phase the reaction term (𝑟𝑖) is zero, whereas in 

the solid phase the velocity in the convective term ( ∇ ⋅
(𝜌𝑣⃗𝜔𝑖)) is zero or follows from Darcy’s law. The diffusive 

term is given in a generic way. In the case of Fick diffusion, 

the Γ matrix is diagonal as given in Eq. 2. 

 

Γij = {
𝜌𝐷𝑖𝑚 if 𝑖 = 𝑗

0 if 𝑖 ≠ 𝑗
 (2) 

  

𝐷𝑖𝑚  is the mixture diffusivity of component 𝑖  which is a 

function of composition, molar masses and binary diffusion 

coefficients according to the Wilke formula (Solsvik & 

Jakobsen, 2013). 

For Maxwell-Stefan diffusion, the Γ matrix contains off-

diagonal items. In this work the formulation of Peerenboom 

et al. (2011) is used. 

Between the two phases a continuity of fluxes as given in 

Eq. 3, is assumed and enforced using the immersed boundary 

method implementation as presented by Chandra et al. 

(2020) and Deen et al. (2012) but extended to be applicable 

to multicomponent diffusion models.  

 

(𝜌𝑣⃗𝜔𝑖 − ∑ Γ𝑖𝑗∇𝜔𝑖j )
𝑠

⋅ 𝑛⃗⃗ = (𝜌𝑣⃗𝜔𝑖 − ∑ Γ𝑖𝑗∇𝜔𝑖j )
𝑓

⋅ 𝑛⃗⃗  (3) 
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Results and Discussion 

The different diffusion models are first compared in a 

simplified system where we only consider a single catalytic 

particle without convection, but with constant bulk 

conditions. Next to that we consider pseudo kinetics, i.e. not 

a real chemical reactive system. The pseudo reactions that are 

considered are a decomposition reaction that produces two 

isomers and a dehydrogenation reaction.  

For the decomposition reaction five different diffusion 

models are considered. Model 1 is a traditional Fick Wilke as 

given in equation (2) which is solved for all three 

components. Model 2 and 3 are similar but only resolve 2 

components. Model 4 uses a flux correction to ensure the 

diffusive fluxes sum to zero as proposed by Sutton & Gnoffo 

(1998). Finally model 5 uses the Maxwell-Stefan model. 

Model 4 and 5 are solved for all components.  

The resulting steady state profiles inside a single particle 

are given in Fig. 1. Model 1 proves to be inaccurate as a close 

look reveals it to have an almost 25% mass loss in the particle 

center. Model 2 and 3 also seem to be unreliable as the 

resulting profiles are highly dependent on which component 

is not resolved. Model 4 and 5 both treat all components 

symmetrically and are both inherently mass conservative. 

The resulting profiles are comparable. Due to the flux 

correction the Γ  matrix of model 4 is no longer a purely 

diagonal matrix and hence the computational favorability of 

Fick over Maxwell-Stefan is only marginal. 

Fig. 2 shows the steady state results of the 

dehydrogenation reaction for model 2, 4 and 5. In this case 

all models result in matching profiles which would mean 

model 2 is favorable since it takes only 40% of the time that 

model 4 and 5 require. 

How these differences between models affect the 

transport on packed bed level will be reported during the 

conference; as well as applications to real reactive systems.  

Conclusion 

In this study different multicomponent diffusion models have 

been compared on particle scale. It is shown that for certain 

systems the conventional Fick Wilke model does not yield 

trustworthy results whereas for others it performs 

comparable to more detailed diffusion models but using only 

a fraction of the computational cost. For packed bed 

simulations this reduced computational cost can be 

significant. 
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(a) Model 1 (b) Model 2 (c) Model 3 (d) Model 4 (e) Model 5 

Figure 1: Mass fraction profiles for the decomposition reaction. If in the legend a species has “, that species is not resolved 

but follows from 𝝎𝒊 = 𝟏 − ∑ 𝝎𝒋𝒊≠𝒋 . 

Figure 2: Mass fraction profiles for the dehydrogenation 

reaction. ∘ model 2, + model 4, – model 5. 

 


