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ABSTRACT  

Mixing is a crucial parameter for a wide range of processes in bio-/chemical engineering. In multiphase flows, the aim is 
a high and uniform mixing effect throughout the reaction volume without negative effects on the discrete phase. These 
are usually caused by the hydromechanical stress exerted by the mixing element. The present study introduces a novel 
reactor concept to overcome the use of fast rotating, locally acting mixing elements common in stirred tank reactors. 
Therefore, the reactor is designed of a flat, horizontally mounted cylinder, which enables mixing of the enclosed volume 
by its rotation around the central axis. To evaluate the mixing performance, a colorimetric method for mixing time 
determination is presented and the spatial evolution of mixing kinetics visualized. In addition, the method reveals the 
dependencies of the mixing time on the rotational speed and filling volume. 
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INTRODUCTION 

The mixing process plays a key role in reactors for 
process engineering, since it affects the process 
performance substantially. Various objectives can be 
encountered in heat transfer, chemical reactions, 
homogenization, generation of dispersions and 
suspensions, etc. with its individual process 
requirements. In general, not only a rapid mixing is 
aspired, but also a uniform distribution of the mixing 
effect over the entire filling volume without the 
formation of insufficiently mixed fractions. 

For mixing tasks, one of the most frequently used 
reactors is the stirred tank reactor. Potentially adverse is 
the locality of the energy dissipation induced by the 
stirrer, which leads to a compartmentation [Fitschen, 
2021] and highly inhomogeneous flow regimes over the 
filling volume [Machado, 2013]. Heterogeneities may 
imply undesirable process behavior, as mixing affects 
for example, primary nucleation in crystallization 
processes [Liu, 2015] or yield and by-product formation 
in cell cultivation [Bylund, 1998]. Additionally, the high 
speed of the rotating stirrer blades, to increase the 
mixing performance, determines the mechanical stress 
on suspended particles. This can detrimentally affect 
processes such as crystallization by attrition 
[Lakerveld, 2014] or biotechnological applications with 
shear-sensitive microorganisms [Jüsten, 1998].  

 

To overcome the issues associated with the basic design 
of stirred tank reactors and to offer deep insights into the 
macroscopic mixing process, a method for local mixing 
time determination is presented and applied to the novel 
concept of the Rotating Disc Reactor (RDR). 

ROTATING DISC REACTOR 

As shown in Figure 1, the RDR essentially consists of a 
horizontally mounted, flat cylinder with partial filling. 
The cylinder exhibits an inner diameter of 225 mm and 
a width of 10 mm with a maximum filling volume of 
approx. 130 mL. The clamped hollow disc rotates 
around its central axis which realizes the mixing of the 
reaction volume. This way, the power input takes place 
via the large wetted surface and the RDR manages 
mixing without an intrusive mixing element. The 
intended benefit is twofold: the moving surface extends 
the mixing effect to the entire volume, as opposed to the 
local restriction of a stirrer. Furthermore, the absence of 
rapid rotating internals potentially reduces shear in 
multiphase flows despite high mixing performance, 
which will be shown in future work. 
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Figure 1: CAD drawing of the Rotating Disc Reactor 

The reactor is entirely made of transparent acrylic glass 
and illuminated by a homogeneous LED background 
panel of 30000 lumens to apply the method for mixing 
time determination by means of computer vision 
described below. 

MIXING TIME DETERMINATION 

Indicator system 

In order to display and examine the mixing process, a 
colorimetric method has been developed. Therefore, the 
volume is stained with two pH indicators according to 
the Dual Indicator System for Mixing Time [Melton, 
2002]. While methyl red turns from red to yellow in the 
pH interval 4.2 - 6, thymol blue turns from yellow to 
blue in 8 - 9.6. A narrow range with yellow color around 
pH 7 results, so that deviations in both directions - acidic 
and basic - can be displayed. The application of sodium 
hydroxide to a previously acidified indicator solution 
causes a color change from red to finally yellow with 
temporary overshoot into the basic range. This allows 
observation and objective evaluation by computer 
vision, while the local overshoot, indicated by blue 
color, can be accurately accounted for. High local base 
concentrations are not interpreted as mixed, as may be 
the case with a single indicator only. The color change 
is captured with a system camera at 25 Hz in a resolution 
of 3840 x 2160 and roughly 1.2 x 106 pixels in the region 
of interest. 

Analysis 

The algorithm to process the captured videos is written 
entirely in the Python distribution Anaconda and is built 
mainly on the packages NumPy and OpenCV. 

First, the spatial distortion of the camera is corrected by 
reference images of a dot pattern that ensures an 
accurate allocation of an identical volume fraction for 

each pixel. Without the correction, the distortion can 
lead to inaccuracies in the derivation of the mixing time 
caused by different volume per pixel representations, 
which cannot be properly considered in the subsequent 
calculations. For further information and the technical 
implementation, the reader is referred to the docs of 
OpenCV’s camera calibration. In the second step, the 
projection area of the filling volume is selected 
automatically by the logical combination of multiple 
thresholds within the color channels of the RGB color 
space and the hue in HSV color space. To obtain a 
reliable detection method, the so found preselected areas 
are converted into contours by canny edge detection and 
sorted according to their area. The contour with the 
largest area represents the correct projection area and is 
converted to a boolean mask for further use in masked 
NumPy arrays. Hence, all mathematical operations are 
performed only within the mask. 

To evaluate the individual videos, the first and last frame 
are loaded and converted to HSV color space. The 
hue (H) proves to be most suitable to track the color 
change, since it shows a large change in value while 
being least prone to light heterogeneities and noise. 
Afterwards, the pixel-based difference is calculated for 
normalization of each pixel value with its position in the 
matrix (i, j). Frame by frame, the first frame is subtracted 
and the output divided by the predetermined difference 
as shown in Eq. 1. Thus, the pixel values range from 0 
at the beginning and reach 1 in steady state.  

   𝐻𝑛𝑜𝑟𝑚,𝑖,𝑗(𝑡) =
𝐻𝑖,𝑗(𝑡)−𝐻𝑖,𝑗(𝑡 = 0)

𝐻𝑖,𝑗(𝑡 = ∞)−𝐻𝑖,𝑗(𝑡 = 0)
               (1) 

Each pixel is then checked for its mixing state, in which 
the pixel is classified as mixed for values ≥ 0.95 and 
unmixed otherwise. Only the mixed pixels are summed 
up and divided by the total number of pixels in the mask 
to calculate the mixed fraction. By means of the 
percentage representation, the global mixing time is 
derived by the commonly used 95 % criterion and the 
corresponding time stamp assigned after which the 
mixed fraction fulfills the criterion for at least 5 
following time stamps. 

Mixing map 

Besides global mixing time, the spatial distribution of 
local mixing times offers advanced insights in the 
mixing process. To extract this information for all mixed 
pixels of a frame, the corresponding time stamp (t) is 
stored in a container with identical dimensions as mask. 
Before a new stamp is written to the container, the 
previous container value (i, j) is proofed zero for its 
initial state to avoid an overwrite of already classified 
pixels. Finally, the container holds all local mixing times 
and represents the spatial, so-called mixing map of the 
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reactor volume. Due to the movement of the mixed and 
unmixed regions caused by the macroscopic flow during 
the mixing process, a second container is implemented. 
This allows a partial overwrite, since all pixels which 
were mixed in the previous frame (t - 1) but are unmixed 
in the current frame (t) are reset. Therefore, the container 
considers local changes of the mixing state not only 
from unmixed to mixed but also the other way around 
and is called updated mixing map in this study. The 
maps can be divided by the respective global mixing 
time to achieve an improved comparison of mixing 
maps resulting from various operating parameters.  

RESULTS & DISCUSSION 

Both types of mixing maps provide different insights 
into the mixing behavior of the reactor and combined the 
most comprehensive results. The basic mixing map 
shown in Figure 2 displays the spatial evolution of the 
initial disturbance induced by the base application at 
position ri/di = 0,4 during rotation to the right side. 

Obviously, the main flow segments the volume into 
different compartments characterized by fractions of 
similar local mixing times. Centered near the surface 
appears an area with comparatively high mixing times 
which indicate low mixing performance. An explanation 
may be the dependence of the tangential velocity on the 
reactor radius that leads to a decrease of the local 
velocity of the wetted wall as the center of the disc is 
approached. Furthermore, a circulation flow is visible, 
represented by the darker blue color in the right half, 
bounding the low mixed area. This region contains the 
turnover point of the flow with a subsequent downward 
trailing vortex that passes tight over the darker colored 
area and ends in the center blue spot. Apparently, the 
vortex expands only in a limited space and forms a 

narrow dark band as well as a second region with less 
mixing beneath. Another characteristic of the mixing 
process can be seen from the top left, darkest blue parts, 
which show the first point of visible tracer distribution. 
Thus, after the right-hand application, the tracer has to 
move through the volume without significant expansion 
until the left turnover point is reached and the color 
changes.  

While the general mixing map reveals information 
about the macroscopic flow, the circulation of the 
colored tracer volume blurs this information in the 
updated mixing map. Therefore, the updated mixing 

map accounts for regions turning back to unmixed state 
and is not dominated by mixing times assigned at the 
beginning and during the mixing process. 
Consequently, it is primary suitable for the 
representation of critical regions, where the mixing 
takes the largest period of time. As shown in Figure 3, 
this region is located directly behind the starting point 
of the trailing vortex, as well as a region of lesser 
mixing on the lower right and a late disappearing color 
streak on the left. Whereby the latter is rather a 
statistical phenomenon. 

 

Figure 3: Updated mixing map, di = 225 mm, application 
position ri/di = 0,4, filling volume = 120 mL, speed = 25 rpm 

Figure 2: Mixing map, di = 225 mm, application position ri/di = 0,4, filling volume = 120 mL, speed = 25 rpm 
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Besides the local mixing time, the global mixing time is 
the scalar quantity of the mixing process, which is the 
typical parameter to compare different influencing 
factors and scale the mixing process. Figure 4 shows the 
dependence of the global mixing time on rotational 
speed and filling volume. In general, a high influence of 
the filling volume appears in an increase of the mixing 
time when the volume is also increased. This illustrates 
the importance of a suitably selected filling volume in 
order to achieve a required mixing performance. In 
addition, the mixing time becomes smaller at higher 
rotational speed, as expected. Building on the results, 
future work will extend the experimental matrix for 
different reactor dimensions to address the scaling of the 
mixing process. 

 

Figure 4: Influence of the rotational speed and filling 
volume on the global mixing time (95 % criterion) 

CONCLUSIONS 

The presented, computer vision based method for 
mixing time determination offers the opportunity to 
visualize the spatial kinetic of the advancing mixing 
process. With both mixing maps combined and the 
global mixing time, it is possible to obtain deep insights 
in the mixing behavior of a reactor: the dominating 
macroscopic flow, different mixing zones, critical 
regions of low mixing as a possible starting point for 
design optimizations and the scaling of the mixing 
process with the various influencing parameters. The 
derivation of local mixing times allows the spatial and 
temporal history of the mixing process to be taken into 
account. This can be utilized prospectively for a 
comparative assessment of different mixing setups and 
will be applied to the RDR compared to the standard 
stirred tank reactor. One approach may be the mean of 
the updated mixing map for similar global mixing times. 
The spatial distribution is thus converted in a 
comparable scalar quantity, which has smaller values for 
a premature, partial tracer distribution. Next to the 

proposed evaluation algorithm, the mixing behavior of a 
flat, horizontally mounted cylinder is presented for the 
first time, providing extensive opportunities for further 
investigations. 

NOMENCLATURE 

di [mm] inner diameter of the hollow disc 

ri [mm] inner radius of the hollow disc 

Hi,j [-] hue of HSV color space at pixel i, j 
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