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Abstract

The standard and well-researched stirred vessel configuration comprises a tank equipped with
one or more impellers positioned in the vessel’s axis and multiple wall-mounted baffles pre-
venting the central vortex creation. However, particular industries, such as biotechnology,
have an increased need for a sterile environment that often results in the usage of atypical
stirred vessel configurations. An example of a commonly equipped atypical stirred vessel is
an unbaffled stirred tank with an eccentric magnetically driven impeller. However, there is
only a little knowledge about the mixing characteristics of such designs. In this work, we list
experimental results for both the standard and atypical stirred vessel configurations. Further-
more, we present a CFD model of the atypical configuration. The model is used to calculate
its mixing characteristics that are subsequently compared against our experimental results.
It is shown that for the liquid height (H) to the vessel diameter (T ) ratio H/T ≲ 1.2, the
characteristics of both the standard and atypical designs coincide. For higher liquid heights
(i) the characteristics of the atypical design decrease dramatically, and (ii) the characteristics
estimates based on approaches developed for the standard configuration become unreliable.
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1 Introduction

Stirred vessels are used in many industry branches as they help to equally distribute individual
components within the solution [1]. This process is typically done in cylindrical tanks equipped
with two to four baffles and one or more impellers positioned in the vessel’s axis. The presence of
baffles prevents the central vortex formation, thus significantly enhancing mixing characteristics of
the vessel and reducing the time that it takes to have a fully homogenized solution [2].

For stirred vessels used in the pharmaceutical or biotechnological industry, an emphasis is
often being made on a pure and sterile environment. Tank baffles as well as other internals are
often missing in these configurations in order to improve tank cleanability. To maintain the tank
mixing characteristics, alternative approaches compensating the adverse effect of missing internals
are sought. For example, an efficient way to eliminate the central vortex formation is to position
the impeller eccentrically [3]. Furthermore, in case of the need for a highly sterile environment,
the impeller can be positioned near the tank wall, enabling the use of a magnetically coupled
drive. In such a configuration, the vessel can be hermetically sealed, which makes it attractive
especially for pharmaceutical bioreactors. As a result, unbaffled stirred tanks with eccentrical,
magnetically driven impellers are already offered by several leading equipment manufacturers [4].
However, the design of such vessels is far from the standard, well characterized, configuration,
hence non-standard mixing properties are to be expected.

Currently, there are a few studies done for the unbaffled configurations – examples can be found
in works of Yu et al. [5], Galletti et al. [6] and Ram et al. [3]. One reference can be also found
for the magnetically driven impeller in a baffled tank [7]. However, no experimental data can be
found in the open literature for the unbaffled tank with a magnetically driven impeller. Due to the
lack of research, the vessel designs are mostly done as a trial and error cases based on standard
(centric) geometries and deficient computational results. As stirred bioreactors are prevalent in
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pharmaceutical processes, there is a significant need to have a reliable and fast tool for vessel design
and characterization of its hydrodynamics under various operational conditions.

The goal of this work is to present an economic yet reliable computational model of the unbaffled
stirred tank with the eccentrical, magnetically driven, impeller. The mixing time θ0.95 is used as
the representative characteristics. The model is verified against experimental results measured
in the work. The mathematical model is created using Computational Fluid Dynamics (CFD)
open-source library OpenFOAM [8]. The experimental and computational results are provided for
both the atypical (unbaffled) and the standard (fully-baffled) vessel to enable a direct comparison
of both configurations’ characteristics.

2 Experimental setup

The experiments were performed using a modular PMMA cylindrical tank of diameter T = 390 mm
and height of 700 mm equipped with a dished bottom. The modular configuration allowed for
measurements with atypical (unbaffled) as well as standard (fully-baffled) geometries, see Fig 1.
The wall of the tank was supplied with six openings that are used for the placement of measuring
probes and the injection of tracers. The Rushton turbines with diameters D of 60, 80 and 100 mm
were used for the measurements. Additional turbine parameters and denotations are summarized
in Fig. 1d. The stepper motor was used for the impeller drive and speed control.

Label D (mm) D/T

RT60 60 0.15
RT80 80 0.20
RT100 100 0.25
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Figure 1: Sketch of the (a) standard (fully-baffled) and (b) atypical (unbaffled) experimental tank
with marked dimensions and the simulated part of the vessel highlighted; (c) experimental Rushton
turbine. (d) Summary of the used Rushton turbines with their diameters.

For the measurements in the standard configuration, the impeller was positioned axially with
the clearance Cb = 200 mm from the tank bottom and the cylindrical tank was equipped with four
wall baffles of width B = 40 mm, see Fig. 1a. In the case of the atypical configuration, the impeller
was placed eccentrically and close to the tank bottom, with the clearance Cu = 10 mm, eccentricity
E = 100 mm, and the angle α = 22.5◦ between the impeller and tank axes. The impeller position
was chosen to simulate the geometry of the magnetically driven impellers, consult Fig. 1b.

Mixing time evaluation The batch conductivity measurements were used to evaluate the mix-
ing times. An ionic tracer - saturated solution of sodium chloride - was injected into the tank and
its distribution in the vessel’s volume was monitored using custom-made conductivity probes placed
at three different positions. The specific positions of the probes varied to provide a representative
measurement in the vessel; one of the probes was always placed close to the liquid surface, and
one was close to the impeller. The measurement itself is based on a linear connection between the
conductivity signal κ and the tracer concentration c [9]. Specifically, for the i-th probe pri placed
at xpri , it is possible to evaluate the homogeneity index Ipri

Ipri(t) = 1−
|c(t,xpri)− c∞|
|c∞ − c(0,xpri)|

= 1−
|κ(t,xpri)− κ∞|
|κ∞ − κ(0,xpri)|

, c∞ =
1

Vtank

∫
Vtank

c dV . (1)
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The mixing time θ95 marks the time period when I > 0.95 everywhere in the vessel. However, for
the evaluation of the measured conductivity data and to filter-out the signal noise, the θ95 was
defined as the time period after which I did not fall below 0.95 in two consequent measurements,
i.e., within one second, for all the probes.

3 Mathematical model

System governing equations To replicate the performed experiment in a computationally
feasible manner, we prepared its digital twin based on the Reynolds-averaged variant of the Navier-
Stokes equations coupled with the standard transport equation utilized to simulate the tracer
mixing in a pre-computed velocity field. The impeller rotation was accounted for via the standard
Multiple Reference Frame (MRF) approach [10]. As a turbulence closure model, the standard k−ϵ
model [11] with the default values of model coefficients was chosen. Consequently, the considered
flow governing equations are

∇ · (u⊗ uR) + ω × u = −1

ρ
∇p+∇ · (νeff∇u)

∇ · u = 0

(2)

where p is the pressure, ρ density, u and uR are the absolute velocity in the inertial frame and
the relative velocity in the relative frame R, respectively. Next, ω is the angular velocity of the
frame R relative to the angular velocity of the inertial frame and u = uR + ω × r with r being
the position vector. The bars over the symbols denote the Reynolds-averaged variables and will be
omitted from now on. The fluid effective kinematic viscosity is computed as νeff = ν + νt, where
νt is the turbulent viscosity provided by the turbulence closure model.

The utilized standard transport equation is formulated with the assumption of Fickian diffusion
and takes the form

∂c

∂t
+∇ · (uc) = ∇ · (Deff∇c) , Deff = D +Dt , (3)

where c is the tracer volumetric concentration, u is the velocity obtained by solving (2), and
Deff , D and Dt are, in order, the effective, mass and turbulent diffusivity. The turbulent diffusivity
is computed from

Dt =
νt
Sct

, (4)

where Sct is the turbulent Schmidt number. Similar to the turbulent viscosity νt, Sct is not a fluid
property but describes the component transport via turbulent flow [12]. The value of the turbulent
Schmidt number is determined experimentally and for stirred vessels, it varies from 0.1-1.5 [13],
depending on the vessel geometry.

Computational domain, boundary and initial conditions, used methodology The com-
putational domain was created to mirror the real geometry of the experimental setup. The domain
corresponds to the part of the stirred vessel filled with water, see the gray rectangle in Fig. 1b.
Both the tank wall and the impeller were 3D modeled and converted into triangulated surfaces,
which were later utilized to generate the computational mesh using the OpenFOAM’s built-in tool
snappyHexMesh. The final mesh with close-ups on MRF zone and impeller is depicted in Fig. 2.
Note that the mesh is locally refined close to the tank walls, around the impeller and in the vicinity
ofthe boundary between the rotating and stationary zones.

The computational domain boundary is split into following parts: tank wall, impeller and
baffles, and liquid surface. Tank wall, impeller and baffles are all considered to be walls with the
standard no-slip boundary condition for velocity, and zero gradient in the patch-normal direction
for concentration and pressure. Furthermore, for the turbulent quantities k, ϵ and νt, we utilize
standard wall functions [14]. The water surface is simulated as a free surface boundary. The
symmetry boundary condition is applied for all the variables as a simplification allowing for single-
phase computations.

The flow computations are steady-state ones and fluid at rest is considered as an initial guess.
The initial conditions for concentration in the subsequent calculations of tracer transport comprise
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a) b)

c)

Figure 2: (a) Slice through the computational mesh with the impeller and MRF zone highlighted;
(b) Detail of the MRF zone placement and mesh structure; (c) Mesh conformity to the original
impeller shape.

a box of volume Vc0 = 8 cm3 placed outside of the central vortex, see Fig. 5a, and containing such
an amount of the tracer that c∞ ≈ 1 in the tank.

The flow governing equations (2) were solved using the standard simpleFoam solver from the
OpenFOAM library, which utilizes the SIMPLE algorithm [8]. Similarly, the transport equation
for c (3) was solved via the scalarTransportFoam solver available in OpenFOAM. However, the
standard scalarTransportFoam had to be extended by the treatment of turbulent diffusivity.

Mixing time computation The mixing time θ95 is computed based on relation (1). In particu-
lar, the homogeneity index is tracked using virtual probes placed at the same locations within the
vessel as the experimental ones. The only difference in I evaluation between the experiment and
simulation lies in the fact that the tracer concentrations are directly available in the simulation.

4 Results and discussion

4.1 Experimental results

The mixing characteristics were measured for both standard and atypical configurations. In the
standard configuration, the mixing time was measured for all three Rushton turbines and the liquid
heights H/T ∈ {1.1; 1.5}. The measured data were fitted using the following correlation:

θ∗95 =
3.0

N Po1/3

(
T

D

)2.5 (
H

T

)0.5

± 12% , Po =
P

ρN2D5
, (5)

where T, D, and H are the above-defined tank and impeller diameters and liquid level (height),
respectively. Next, N is the impeller rotational speed in revolutions per second (rps) and Po is the
power number with P being the power.

For the atypical configuration, the θ95 measurements were performed for the liquid heights of
0.24, 0.34, 0.44, 0.55, 0.6 and 0.65 m, corresponding to the range of the H/T ratio from 0.6 to 1.66.
During the experiments, we could still observe the central vortex creation. In order to visualize
around 200 data points collected (considering different turbines and rotational speeds), we depict
the measurements as the mean ratio of the measured mixing time θexp95 and the mixing time θ∗95
estimated from correlation (5), which for the standard baffled configuration has the accuracy of
±12%. This allows us to compare the mixing time in the unbaffled and standard configurations.
The values are depicted in Fig. 3a.

For H/T up to 1.2, the ratio between the measured and predicted data is ∼ 1 and the central
vortex does not prevent efficient mixing. However, for higher H/T ratios, we observe a significant
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Figure 3: The comparison of measured data for atypical configuration and predicted data for
different liquid heights. (a) correlation (5), (b) updated correlation (6).

increase in θexp95 compared to the values obtained from (5). Consequently, we propose the following
alternation to (5)

θ∗95 =


3.0

N Po1/3

(
T

D

)2.5 (
H

T

)0.5

H/T ≤ 1.2

1.2

N Po1/3

(
T

D

)2.5 (
H

T

)4.5

H/T > 1.2

(6)

which fits well all the data measured in the unbaffled configuration, see Fig. 3b.

4.2 Computational results

Mesh size independence study The study was performed for the flow in a stirred tank with
H/T = 1.1, eccentrically positioned impeller and rotational speed N = 5 rps. The mesh size was
varied by changing the size of unrefined cubical base mesh cells. In particular, base mesh cell sides
∆x of 10, 15, 20 and 25 mm were tested. The variable of interest was selected to be the volume
average of turbulent viscosity in the tank, ν∗t . The difference between ν∗t for ∆x = 10 mm and
∆x = 20 mm is less than 3% but the computational time is almost 10 times higher. Therefore, the
base-cell size of 20 mm was chosen for further calculations.
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Figure 4: Results of the mesh size independence study for flow.

CFD model sensitivity with respect to turbulent Schmidt number In a standard man-
ner, we assume the turbulent diffusivity Dt to be directly proportional to the turbulent viscosity
νt with the turbulent Schmidt number Sct being (i) the inverse of the proportionality constant,
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Figure 5: (a) Model of the stirred vessel with measuring probes (yellow), tracer position at t = 0 s
(blue), and impeller (red); (b) H/T = 1.1; from left to right: velocity field, homogeneity index I
distribution at t = θ95/2, I at t = θsim95 = 47 s; (c) H/T = 1.5; same as (b), θsim95 = 65 s.
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see (4), and (ii) a free parameter that has to be calibrated on experimental data. In Fig. 5, we show
slices through the model geometry colored by contours of the velocity magnitude and homogeneity
index. The slice position in the model geometry as well as the initial box containing the tracer
at t = 0 s and the locations of the probes are depicted in Fig. 5a. The given velocity fields are
stationary and the homogeneity index is shown at t = θ95/2 and t = θ95. The listed results were
computed for N = 1.5 rps, D = 100 mm and Sct = 0.7, which is the usually recommended value
for standard stirred vessels [6].
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Figure 6: The comparison of simulated data for atypical configuration and predicted data for
different Schmidt numbers.

Following the experiments, the impeller diameter of 100 mm and the height ratios H/T ∈
{1.1; 1.5} were used in combination with Sct ∈ {0.5; 0.6; 0.7; 1.5} to determine the model sensitivity
with respect to Sct, i.e. to its free parameter. Similarly to the experimental results, the calculated
data are depicted as the mean ratio of the mixing time estimated from CFD, θsim95 , and the mixing

time obtained from correlation (6), θ
∗ (6)
95 . Results shown in Fig. 6 demonstrate that Sct required

to fit the experimental data varies depending on both the rotational speed N and the height of
the liquid. Furthermore, the sensitivity of θsim95 on Sct changes in dependence on H/T .

Such results directly contradict the findings for the standard configurations available within the
literature [6]. Apparently, the optimal value of Sct in the atypical configuration decreases with the
increasing specific power input P/V , where V is the tank volume. This could indicate either an
incorrect distribution of turbulent quantities in the vessel volume, or an increasing importance of
turbulent diffusivity at higher power inputs. Following the latter hypothesis and examining velocity
profiles in Fig. 5 the observed primary vortex is significantly more pronounced for H/T = 1.1 than
for H/T = 1.5. At the same time, θsim95 as evaluated from the probes for H/T = 1.1 and Sct = 0.7
is close to the experimental values. For H/T = 1.5, a significantly higher Sct would be needed to
fit the experimental data. Such an observation is in contradiction with the assumption of the flow
similarity between the standard and the atypical configuration increasing with increasing H/T , i.e.
decreasing P/V and, simultaneously, the primary vortex importance. Clearly, further research is
required to provide a reliable method for modeling atypical vessel configurations.

5 Conclusion

The presented work is a first step towards the creation of a reliable and computationally efficient
model of a stirred tank with an atypical configuration. The developed model is based on the
Reynolds-averaged, i.e., semi-phenomenological, approach to modeling the turbulence effects on
mixing. Hence, the development started by analyzing custom conductometric experiments. For
the atypical configuration, the measurements revealed a dependency of the mixing time on the
ratio between the liquid level (height) and the tank diameter that was not observed in the standard
baffled configuration. A novel correlation was proposed that fits well all the experimental data,
i.e., measurements for all the tested impeller diameters and rotational speeds, and liquid levels.
Comparing the correlation-based mixing time estimates to our computational model results, it
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was found that the model results are (i) strongly sensitive to the choice of the turbulent Schmidt
number Sct, and (ii) no single Sct can be found to calibrate the model on the available experimental
data. The second finding is in direct opposition to the published data available for the standard
baffled configuration. Thus, in the following work, we will concentrate on the physics of mixing in
unbaffled vessels configurations and study the dependence of Sct on the process conditions.
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