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1. Introduction

Technological process runners in a tank reactor equipped with 
mechanical stirrer are widely used in unit operations, such as crystal-
lization, dissolution or conduct of chemical reaction in a three-phase 
system (with the suspended catalyst). In the chemical industry, these 
are mainly reactions such as methanol synthesis, Fischer-Tropsch, 
oxidation of p-xylene to terephthalic acid,  production of polymers or 
using suspension polymerization [2,3,5].

The advantage of the suspension system is that the resulting move-
ment of all the particles dispersed throughout the volume of the slurry 
reactor, as well as the effective elimination thermal or concentration 
gradients. This results in a high yield of carried out reactions [4].

The hydrodynamics of the slurry reactor with a stirrer can be char-
acterized by experimental measurements or numerical simulations. 
However, at present it is difficult to measure the concentration profile 
in the whole volume of the slurry reactor, in particular in the regions 
of high dissipation of energy [6]. Mathematical description hydrody-
namics of slurry preparation is difficult due to interaction between 
the flow around a rotating agitator and stationary baffle [8]. In other 
cases the situation may be complicated by additional reactions taking 
place in the liquid phase presence of a solid catalyst. It also affects 
other parameters such as size, type and frequency of stirrer speed. An 
important aspect is to control of slurry temperature, because it allows 
to maintain strictly isothermal reaction medium. 

In the case, where the rate of heat release exceeds the amount of 
heat that can be removed by cooling the reactor, there is a significant 
decrease of the reactions productivity and selectivity [4].

One approach to solve problems related to the optimization of 
the suspension in the tank reactor is a “Computer Fluid Dynamics” 
(CFD). It allows for a better understanding of the process, its reli-
ability and safety [3]. Hydrodynamics of the two-phase liquid-solid 
in a tank reactor is still not sufficiently investigated and quantified 
described [1]. H.Zhang  and N.Qi studied phenomenon and hydrody-
namics in the slurry reactor with Smith and Rushton turbine [6]. In 
available literature there is a lack of data describe impact of two blade 
impeller on hydrodynamics of the suspension. 

The aim of the study was to determine the velocity and concentra-
tion fields of the suspension in the reactor for different particle diam-
eter and bed density. Also the effect of dynamic pressure on the blades 
of the stirrer was analyzed. It plays an important role in the analysis of 
the mixer efficiency in carrying out calculations in structural strength 
of the blades. The results can be used in a methanol synthesis process 
to optimize production costs,  problems of the catalyst deactivation or 
in structural-strength calculations for agitator blades.

2. Methodology and modelling object

In this paper to describe the hydrodynamics of two-phase system 
was used Eulerian–Eulerian model along with a standard of k-ε turbu-
lence model. This model is based on the transport equations for turbu-
lence kinetic energy (k) and its dissipation rate (ε). Phases: liquid and 
solid are treated as mutually interpenetrating continua, which provide 
momentum, energy or mass of the component.  The continuity equa-
tion (1) and momentum (2) for the analyzed system is given below:
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where: ,i ipα , iu  means the volume fraction, density, velocity vector, 
respectively, by an index i a solid or liquid phase.
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where: p, μ, g is the pressure, viscosity and gravitational acceleration, 
Fc- centrifugal Corolis force (Ochieng & Onyango, 2008), and Fi is 
interfacial force of interaction of the liquid to solid phase.

The interfacial resistance of component i in solid-liquid system is 
calculated from the following equation [3]:
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where CDis- drag coefficient calculated from the classical Schiller-
Naumann model

The turbulent dispersion force T
isF
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where: CTD – means the ratio of momentum to penetrate interfacial re-
sistance forces, vtl – turbulent viscosity, σ – turbulent Schmidt number, 
αi means the volume fraction respectively to liquid and solid phases. 
The standard of turbulence k-ε model is described by the equations:
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where: Cε1, Cε2, σk , σε  are the parameters of the standard model k-ε 
and are as follows: Cε1=1.44, Cε2=1.9, σk =1.0, σε=1.3 [3].

The turbulence of the liquid phase was calculated based on the 
Sato turbulence model [7].

The turbulence of the solid phase is modelled using a zero-order 
equation model, where the viscosity of the solid phase turbulence is 
proportional to the viscosity of the liquid phase:
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where: σt is the turbulent Prandtl number binding kinematic viscosity 
of solid phase μts to the kinematic viscosity of the liquid phase μtl.

The object of the study was the geometry of flat bottomed tank re-
actor with an own construction two paddle mixer shown in Figure  1, 
along with the various dimensions in Table 1. Mixer is located at a 
height h = 0.14D from the bottom of the tank. The liquid phase was a 
paraffin oil suspension and the solid phase of the CuO / ZnO catalyst 
particles, whose physicochemical properties are shown in Table  2. 
Numerical grids were generated using the MixSim 2.1.10 module 
preparatory with multiple system reference MRF (moving reference 
frame). To determine the unsteady flow during modeling was used 

Ansys CFX-12.1 package. The simulation was carried out to time t = 
387 s with time step=0,001 s.

The calculation area of the mixing tank was divided into two 
parts: the inner rotating zone and non-rotating outer zone. In order to 
improve the consistency and accuracy of the calculation model was 
made for different mesh densities. 

In studies, the following simplifying assumptions were made: 
the tank contains no restrictions of mass transport between the ––
solid and liquid phase
no slip at the stirring elements and the tank wall ––
initial conditions occurs uniformly dispersing the slurry on the ––
bottom tank, while the fluid remains stationary in the remaining 
part of the tank

Specific parameters of numerical simulation are presented in Ta-
ble 2.

Fig. 1.	 Stirrer tank model (left- without computing grid), schematic diagram 
of the impeller-driven stirrer tank (right)

Table 1.	 Selected dimensions of the reactor and the parameters of the com-
putational grid

Parameters Value

Stirrer diameter, mm 15

Height of blades, mm 6

Reactor volume, mm 300

Reactor diameter, mm 49,5 

Reactor high, mm 156

Parameters of the numerical grid

Number of computational cells, thousands 259; 649; 953

The number of cells in the mixer (sliding 
mesh), thousands

374,350

The maximum skew of grid cells 0,54

Table 2.	 Main parameters of numerical simulation and physicochemical 
properties of solid-liquid system

Parameters, unit Value

The rotational speed of the stirrer, rpm 350-1420

Mixer power, W 4,8-6,5

The density of the catalyst bed, kg/m3 2000; 4000

The viscosity of a suspension, Pa⋅s 0,001; 0,002

The size of the catalyst particles, μm 100; 300

The amount of paraffin oil, ml 150

Catalyst loading, (weight %) 0-15
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3. Results and discussion

The calculations of velocity field distribu-
tion is obtained in a slurry mixer for different 
stirrer speeds, presented in Fig. 2. Outlines vec-
tor of mixing with the visualization of the state 
of suspension for 47 seconds are shown in Fig. 
3. The most intense mixing occurs in the mixer 
zone, wherein the suspension circulating in the 
towards to free surface reaching the wall of the 
tank, next flows towards the bottom of the tank. 
At low speeds mixer,  the dead zones located near 
the walls of the tank was observed (Fig. 2a). As 
the increasing rotational speed of the stirrer (890 
rpm), followed by properly  aligned suspension 
concentration in the entire reactor volume. In the 
mixing zone occurs characteristic swirl pattern. 
Based on the simulation results shown in figures 
2 and 4, the hydrodynamics of the slurry in the 
reactor is mainly dependents on the rotational of 
the stirrer speed,  physicochemical properties of 
the slurry and loading of the solid phase in sus-
pension.

As a result, calculations of dynamic pressure 
distributions acting on the blades of the mixer 
were also carried out (Fig. 3b). The highest dy-
namic pressure is exerted by the suspension on 
the blades in their middle part. Also in connection 
of the rotor blades occur tensions, which must be 
considered when of the connection design.

Figure 4 shows a normalized distribution of 
solid concentration of the catalyst CuO / ZnO de-
pending on the density of the bed (Fig. 4a),  size 
of the particles (Fig. 4b). At a time of about 128 
sec. and stirrer speed of 890 rpm disperse par-
ticles collected from the bottom of the tank are 
uniformly suspended. Increasing the loading of 
solid catalyst requires much more mixing power 
(Fig. 5a). At low rotational speeds, a plurality of 
instability was observed in the system having 
a non-uniform dispersion throughout the entire 
volume of the slurry reactor. Figure 5b shows the 
distribution profiles of the axial velocity compo-
nent of the suspension at different loading of the 
solid phase (α = 2.5, 10 % vol. for μ = 1∙103 Pa⋅s, 

Fig. 4.	 Normalized distribution of the suspension concentration at the different densities (ρ = 2000, 4000) and the size of the catalyst 
particles (ds = 100 µm, 300 µm) for the dimensionless axial coordinate z/H

Fig. 3. Velocity vectors of slurry for an axial plane for the stirrer speed 770 rpm (3a), dynamic pressure 
distribution of the slurry affects on mixer blade, Pa (3b)

Fig. 2. Contours of velocity suspension in axial plane 
for selected speed of a stirrer a) 429 rpm, b) 890 rpm

a) b)
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ds = 100 microns). For the initial solid phase loading of 2.5%, there is 
a characteristic peak of the axial velocity at the end of the rotor (u0) 
where the maximum speed decreases from 0.4 u0 to 0.2 u0. Further-
more, the volume of solid phase loading of 10% occurs much greater 
decrease of the values 0.57u0 to 0.2u0, but maintained for a much 
longer time.

4. Summary and conclusions

In the article was studied the hydrodynamics model of suspension 
in a two blade stirred reactor. In this simulation Eulerian-Eulerian ap-
proach is adopted with a standard k-ε turbulence model. The research 
leading the following results:

Power unit number can be predicted for the suspension: liquid-––
solid through the introduction an average slurry density. For 
increase initial solid loading of the suspension more power unit 

number is required for the mixer, and for increased viscosity 
of 2⋅10−3 Pa·s, load range of the initial solid phase (0–10% ) is 
maintained at a constant level – Fig. 5a).
Increase of the suspension density and particle size of the of the ––
initial solid phase increases the descent rate, and also reduces the 
uniformity of distribution of the solid particles in suspension.
Higher initial loading of solid particles in the slurry corresponds ––
to the inhomogeneous distribution of the particulate matter in 
the whole volume of the suspension. Homogenity of the slurry 
may also be achieved by increasing the viscosity of the solvent.
Dynamic pressure exerted by the slurry acts on the most front ––
side of the blades.
Increase of the numerical grid density is significantly longer ––
simulation time, but this allows for considerable precise desig-
nation of mixing intensity zones.
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Fig. 5.	 Mixing power for the different viscosity of the slurry (μ = 1∙10−3, 2 ∙ 10−3) at various solid loading (0–10%) for ds = 100 
µm, ρ = 2000 kg/m3 (5a ). Axial velocity distribution of the liquid at selected loading of solid particles (α = 2.5, 10% vol. 
for μ = 1∙10−3 Pa∙s, ds = 100 um), (5b)

a) b)


