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ABSTRACT 
 

We distinguish two approaches for the modeling of 

reactive flows in incompressible, multi-component, 

multi-phase systems. The standard approach requires a 

divergence free velocity field. It is used in most of the 

fields in computational fluid dynamics. However, it is 

only correct for one-component systems. For dilute 

solutions, in which the solvent is the dominant species, 

it is only approximately correct. ∇ ⋅ 𝒗 = 0 is no longer 

valid if the concentrations become larger, if the solvent 

takes part in reactions, or if solvent free electrolytes 

are modeled. For such cases, the partial molar volumes 

of all species have to be taken into account. This has a 

consequence for the convection velocity, which 

becomes dependent on the change of the fluid 

composition. It can change or even dominate the 

overall behavior of the modeled system. 

Our extended approach for concentrated solutions 

takes those effects into account. We consider the 

partial molar volumes of all constituents and the phase 

changes to determine the velocity field. It shows that 

the new set of equations is very stiff and can produce 

numerical instabilities. For that reason, the governing 

equations are no longer unconditionally stable. 

Conventional algorithms, such as implicit Runge-

Kutta, BDF, or the SIMPLE-algorithm fail to solve this 

issue. We analyse this behavior and show the 

limitations of a fully coupled implicit system. We 

develop a method, which can solve the system of 

equations, without limitations on the time step size. To 

this aim, we decouple the system of equations into two 

parts. Part one contains the concentrations and the 

electric potentials. Part two involves the volume 

fractions and the liquid pressure. We alternately solve 

both of them in a partially implicit manner within one 

time step until convergence. By that we introduce a 

controllable inaccuracy, but solve the system of 

equations fast. The error is constantly monitored to 

ensure reasonable results. The linearized systems of 

equations are solved with a preconditioned algebraic 

multigrid solver which utilizes BiCGSTAB as 

coarsest level solver. 

We apply this algorithm in  three-dimensional, meso-

scale simulations of zinc-air batteries with aqueous 

electrolytes. Such cells are attractive candidates for 

next-generation energy storage, because they offer 

high energy densities and are cheap to produce. Up to 

now, only primary cells have been commercialized 

and further research is required to enter the 

rechargeable battery market. A promising 

improvement is the change of an aqueous electrolyte 

to near neutral electrolytes or ionic liquids [1]. To 

model this type of fluids, we apply our new approach 

of an incompressible medium. We adopt a thermo-

dynamically consistent bulk theory [2, 3] and extend 

an already developed one dimensional model [4]. The 

phases are averaged over the whole domain by local 

volume averaging [5]. 

According to tomographies [6,7], zinc-air cells have 

a very inhomogeneous anode structure and a non-

uniform zinc utilization. One dimensional models can 

predict the cell voltage of such a battery type. 

However, they are not sufficient to describe the local 

effects of such inhomogeneities. Thus, we make use 

of three dimensional simulations to understand the 

intimate correlation between electrode structure, 

electrolyte composition, multi-phase coexistence, and 

zinc passivation. For that, we keep track of six 

species, incorporate passivation effects and consider 

shape changes of the electrodes. 

 

 

 

mailto:tobias.schmitt@dlr.de


ICCHMT 2018, Cracow, Poland, 21-24 May 2018 

   

 

 

This work is supported by the Federal Ministry of 

Education and Research (BMBF) via the project 

“Zinc/Air Battery with Advanced Materials for 

Storage of Renewable Energies and Grid Balancing” 

(LUZI).  
 

REFERENCES 
 

[1] Clark, S., Latz, A., & Horstmann, B. (2017). 

Rational Development of Neutral Aqueous 

Electrolytes for Zinc-Air Batteries. ChemSusChem, 

4735–4747. http://doi.org/10.1002/cssc.201701468 

[2] Latz, A., & Zausch, J. (2015). Multiscale 

modeling of lithium ion batteries: thermal aspects. 

Beilstein Journal of Nanotechnology, 6(1), 987–1007. 

http://doi.org/10.3762/bjnano.6.102 

[3] Latz, A., & Zausch, J. (2011). Thermodynamic 

consistent transport theory of Li-ion batteries. Journal 

of Power Sources, 196(6), 3296–3302. 

http://doi.org/10.1016/j.jpowsour.2010.11.088 

[4] Stamm, J., Varzi, A., Latz, A., & Horstmann, B. 

(2017). Modeling nucleation and growth of zinc oxide 

during discharge of primary zinc-air batteries. Journal 

of Power Sources, 360, 136–149. 

http://doi.org/10.1016/J.JPOWSOUR.2017.05.073 

[5] Whitaker, S. (1999). The Method of Volume 

Averaging. Dordrecht, NL: Kluwer Academic 

Publishers. 

[6] Arlt, T., Schröder, D., Krewer, U., & Manke, I. 

(2014). In operando monitoring of the state of charge 

and species distribution in zinc air batteries using X-

ray tomography and model-based simulations. Phys. 

Chem. Chem. Phys., 16(40), 22273–22280. 

http://doi.org/10.1039/C4CP02878C 

[7] Franke-Lang, R., Arlt, T., Manke, I., & Kowal, J. 

(2017). X-ray tomography as a powerful method for 

zinc-air battery research. Journal of Power Sources, 

370, 45–51. 

http://doi.org/10.1016/J.JPOWSOUR.2017.10.010 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1: Cross section of a zinc-air cell simulation. 

The volume fraction of zinc is plotted in color scale. 

The streamlines represent the fluid velocity with a 

color-coded speed. The anode current collector is 

displayed in gray. The plot in the top shows the cell 

voltage over the transferred charge. 
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