
  

13th European Conference on Mixing 
London, 14-17 April 2009     
  
 
 

APPLICATION OF THREE-DIMENSIONAL  
ELECTRICAL IMPEDANCE TOMOGRAPHY TO INVESTIGATE  

FLUID MIXING IN A STIRRED VESSEL 
  

D.R. Stephensona*, T.L. Rodgersa, R. Manna and T.A. Yorkb 
 

a School of Chemical Engineering and Analytical Science, The University of Manchester, 
Manchester M60 1QD, UK,  

e-mail: david.stephenson2@uk.bp.com 
 

b School of Electrical and Electronic Engineering, The University of Manchester, Manchester 
M60 1QD, UK,  

e-mail: t.york@manchester.ac.uk 
 
Abstract. This paper presents the first application of true three-dimensional electrical impedance 
tomography (EIT) to investigate fluid mixing under realistic spatial and temporal scales.  State-of-the-
art three-dimensional EIT has been applied to miscible liquid mixing in a semi-tech scale stirred tank.  
The work aims to demonstrate the performance of a three-dimensional reconstruction algorithm to 
monitor the mixing of a pulsed addition of a high conductivity tracer.  A Rushton turbine has been 
investigated under a range of power inputs and feed locations using the ITS P2000 commercial EIT 
instrument.  A conductometric technique has been developed that enables the measurement of the 
mixing time based on inferred EIT conductivity measurements.  The three-dimensional EIT approach 
has been validated across the full range of experimental conditions using a video camera and dye 
tracer.  Results indicate that three-dimensional EIT performs well for surface feeds, EIT mixing times 
compare well to literature correlations and flow visualization demonstrates the accuracy of the EIT 
images.  However, some anomalies for feeds close to the impeller are discussed.     
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1. INTRODUCTION 

Mixing has been one of the key demonstrators of electrical modalities within process 
tomography since their inception in the early 1990’s.  In particular, the analysis of miscible 
liquid mixing using Electrical Impedance Tomography (EIT) has received much attention in 
the literature.  Despite the availability of three-dimensional image reconstruction algorithms 
since the late 1990’s [1], there has been little work published on the application of three-
dimensional algorithms to real process data.  With the recent exception of Kourunen et al. [2], 
there is no reported work investigating the application of three-dimensional EIT to realistic 
process applications, for example, those which experience significant temporal dynamics. 
    This paper presents, for the first time, an analysis of three-dimensional EIT techniques 
applied to miscible liquid mixing in a semi-tech scale stirred vessel.  The work presented aims 
to demonstrate the performance of a state of the art, three-dimensional reconstruction 
algorithm to monitor the mixing of a pulsed addition of a high conductivity tracer.  A Rushton 
turbine has been investigated under a range of power inputs and feed locations using the ITS 
P2000 commercial EIT instrument. 
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2. ELECTRICAL TOMOGRAPHY FOR FLUID MIXING 

Many techniques have been employed to investigate mixing processes, both quantitatively 
and qualitatively.  However, many of these techniques have proved unreliable or reliable only 
under very specific experimental conditions [3].  The classical techniques used to quantify 
mixing have evolved from streak photography, pitot tubes and hot wire anemometry to more 
complex optical techniques such as Laser Doppler Anemometry (LDA), Laser Doppler 
Velocimetry (LDV), Planar Laser-Induced Fluorescence, (PILF) and Particle Image 
Velocimetry (PIV).  More recently, tomographic measurements have gained popularity 
particularly in visually opaque systems. 
    The core motivation for process tomography is the desire to infer the spatial and temporal 
distribution of properties in a region of interest, without interfering with the nature of the 
process occurring.  When applied to mixing studies, process tomography offers the potential 
to gain otherwise unobtainable information on these complex systems.  Process tomography 
can offer advantages over traditional methods that employ point measurement and optical 
techniques such as LDA and PIV.  For example, process tomography can enable the dynamic 
visualization of visually opaque systems.  The analysis of mixing systems using tomographic 
techniques is not solely limited to point or planar measurements, and can furnish information 
about the macro mixing characteristics of a system. 
    Process tomography first emerged during the late 1980’s as a result of the development of 
cross-correlation flow meters based on electrical capacitance measurements.  Since then, the 
field has continued to grow and now extends to cover many more measurement modalities.  
Williams and Beck [4] provide a good general introduction to process tomography, this is 
furthered by the reviews on industrial applications presented by York [5] and Mann [6].  
Whilst the use of pseudo three-dimensional EIT (often called 2.5D EIT where two-
dimensional slices are interpolated into a three-dimensional reconstruction) is often found in 
the literature [7,8,9], there remains little work published on the deployment of three-
dimensional modelling and image reconstruction to real life processes. 
 
3. METHODOLOGY 

3.1 Experimental equipment and procedures 

The vessel employed for the experiments is a 200 litre cylindrical Perspex stirred tank reactor 
fitted with a flat base and steel impeller shaft.  The vessel is seated within a Perspex cuboid in 
order to minimise optical aberration.  The vessel and relevant dimensions are shown in Figure 
1 below. 
    For all experiments, the vessel was filled with mains water (conductivity ~ 0.01 S m-1).  
The high conductivity dye tracer was provided by 50 g L-1 NaCl, with 50 g L-1 of water 
soluble Nigrosine dye (Fisher) in mains water (conductivity ~ 7.5 S m-1).  The injection 
mechanism used to deliver the tracer pulse was a 1 cm internal diameter feed pipe, fitted with 
a funnel at the head of the pipe.  The feed mechanism was capable of repeatedly delivering 
the 50 mL tracer in approximately 1 second.  For a surface feed of tracer, the feed pipe was 
situated slightly above the surface of the fluid between baffles at a distance of 67 % of the 
vessel radius from the impeller shaft.  For a tracer injection close to the impeller, the feed pipe 
was positioned at the edge of the impeller, 5 cm above the blades. 
    The vessel is equipped with an array of 128 steel electrodes, 3 cm high and 2 cm wide, set 
in 8 rings of 16 equally spaced electrodes.  The electrodes are mounted on a baffle cage, 
constructed of 16 plastic ducts, each with 8 electrodes and the vertical spacing between the 
centres of the electrodes is 5 cm. 
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The ITS P2000 (www.itoms.com) was chosen for the experiments presented in this paper as it 
is the best performing EIT instrument, available to us, for experiments requiring high 
temporal resolution and needs to be capable of successfully monitoring homogeneity [10]. 
 

 

 

 

Figure 1.  The Perspex stirred tank reactor, (a) schematic representation (b) view from underneath the vessel. 

 
    In order to obtain the best possible signal-to-noise ratio (SNR) whilst still capturing the 
temporal nature of the mixing process, the ITS P2000 settings presented in Table 1 were used.  
These settings resulted in a mean SNR of 55 dB.  As the height of the fluid in the vessel was 
set to 0.55 m, the top plane of electrodes was above the height of fluid and therefore could not 
be used.  In addition, the bottom plane of electrodes sits only 0.5 cm above the vessel base 
and so were not used due to voltage data asymmetry described by Stephenson [11].  Therefore 
6 planes of 16 electrodes were used, resulting in 624 independent voltage measurements from 
the adjacent measurement strategy.  Experiments were performed using a Rushton turbine at 
three agitation speeds, 8, 25 and 51 rpm.  Two feed locations (surface and impeller) were 
employed and five repeat runs were performed for each experiment.  Pulse conductivity tracer 
feeds were positioned in two locations, at the fluid surface and just above the impeller (see 
Figure 1).   
 
Table 1.  ITS P2000 data acquisition settings. 

 

Setting Value 

Excitation frequency, kHz 9.6 

Sampling time interval, ms 40 

Samples per frame 1 

Frames per download Equal to the maximum number of frames  

Delay cycles 3 

Sampling strategy Normal adjacent 
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3.2 Three-dimensional EIT approach 

The three-dimensional image reconstruction in this work has been implemented within the 
Eidors toolbox in Matlab [12].  Computation was performed on a workstation with a 64 bit 
AMD Opteron 256 dual core processor with 8 GB of RAM under the Scientific Linux 
operating system. 
    The finite element model was constructed using the Netgen mesh generator [13].  An 
accurate geometric model of the vessel, containing the 6 electrode planes, was developed 
using constructive solid geometry.  Baffles were also modelled as they strongly affect the 
measured voltage signals and so are requisite for finite element modelling accuracy.  The 
geometric model was meshed (using an advancing front surface mesh and Delaunay 
techniques) to give 8886 tetrahedral elements.  The Generalised Singular Value 
Decomposition (GSVD) method [14] was used to reconstruct voltage data using difference 
imaging from a reference state.  Difference imaging removes objects not included in the finite 
element model (for e.g. the impeller and shaft) from the reconstructed conductivity image.  
The GSVD method was chosen as the algorithm provides a good compromise in performance 
between the reconstruction of inclusions (i.e. plume structures) and the final homogeneous 
state required for the analysis of mixing statistics [15]. 
 
4. RESULTS 

4.1 Flow Visualization 

Figure 2 presents the results from the Rushton turbine at 25 rpm with a surface feed of tracer.  
The tomographic visualizations presented in Figure 2 have been rendered using two 
conductivity isosurfaces, at 5% 10% above the initial conductivity of the vessel charge (0.01 
S m-1).  The opacity of each isosurface is graded with conductivity, enabling a see-through 
quality to the visualization.  The tomographic view presented in Figure 2 is a forward 
projection commensurate with that afforded by the camera.  However, it is important to note 
that analysis of the tomographic results is possible from all combinations of three-dimensional 
views.  Presentation of the complete set of projections is beyond the scope of this paper, for a 
more detailed analysis of multiple projections and time sequence analysis the reader is 
referred to [11]. 
    Figure 2(a) shows the initial stages as the tracer is injected, it is clear from Figure 2(b) that 
the EIT technique detects the initial tracer injection and shows that the tracer plume has not 
yet reached the agitator.  It can be observed from Figure 2(c) that the tracer plume has reached 
the agitator region and has begun to be radially dispersed by the Rushton turbine, whilst some 
of the tracer remains in the feed region.  Figure 2(d) demonstrates that the EIT image 
accurately characterises the plume behaviour, corresponding well with Figure 2(c). 
    Figure 2(e) shows the tracer plume is now following the flow patterns generated by the 
Rushton turbine and is penetrating the upper and lower halves of the vessel after impacting 
with the vessel wall.  The EIT image presented in Figure 2(f) is confirmed by the video snap 
shot and clearly shows that the tracer has impacted with the wall and is following flow 
patterns back towards the vertical axis of the vessel.  The final video image, Figure 2(g), 
suggests that the majority of the left hand side of the vessel has been penetrated by the tracer, 
this validates the EIT image shown in Figure 2(h).  The EIT images are well validated by the 
video images and it is clear that the EIT techniques used accurately detect the tracer injection 
and subsequent plume evolution.  The quality of the results presented in Figure 2 are 
indicative of all the agitation rates studied using a surface feed. 
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 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 
 

Figure 2.  Flow visualization for the Rushton turbine with a surface feed at 25 rpm, left column flow visualisation and 
right column reconstructed EIT images.  (a) & (b) initial tracer injection at the fluid surface, (c) & (d) tracer plume 
being radially dispersed by Rushton turbine,(e) & (f) tracer beginning to follow flow loop along vessel walls, (g) & 

(h) left-hand side of the vessel mainly penetrated by tracer. 
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4.2 Mixing Times 

The t95 mixing time is defined as the time required for the normalised probe(s) output to reach 
and remain between 95 and 105% of the final equilibrium value, i.e. 0.95 and 1.05 for 
normalised data.  Brown et al. [3] note that it is often difficult to visually observe the t95 
mixing time from these plots due to the fine scale around the end-point.  They suggest that a 
more accurate approach can be to use the exponential decay of the probe response to replot 
the data in terms of a probe log variance as a function of time, see Equation (1), where 

( )2log cs  is the normalised probe variance.  By replacing the normalised conductivity term 

( 'C ) in Equation (1) by the degree of mixing desired (i.e., 0.95 for 95% mixing), the log 
variance at below which 95% mixing is achieved can be plotted. 
 

( ) ( )22
10log log ' 1c Cs = -  (1) 

 
    Due to the non invasive nature of the EIT technique, a large number of inferred 
conductivity measures can be made without affecting the mixing process.  This potentially 
enables a far more accurate prediction of mixing times as the resolution of the EIT technique 
may provide of order 103 inferred conductivity measures.  It is by no means suggested that the 
number of independent conductivity measures is equal to the number of elements in the FEM 
model.  However, the use of three-dimensional EIT has the potential to furnish far more 
individual conductivity measures than would be possible using discrete conductivity probes. 
    Figure 3 presents the results of the mean EIT derived t95 mixing times (for the Rushton 
turbine surface feed) as a function of agitator speed, using the conductometric technique 
described above.  It is important to note that the conductometric technique has been applied to 
each of the 5 repeat runs per experiment and that Figure 3 plots the mean over the 5 repeats 
with error bars representing plus and minus 2 standard deviations.  Also plotted are the 
predicted t95 mixing times from the empirical relationship proposed by Grenville and Nienow 
[16] for the turbulent regime, Equation (2), again with error bars at plus and minus 2 standard 
deviations using the reported standard deviation of 10% for the constant. 
 

21
1 3
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t N Po
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 (2) 

 
where, 95t  is the 95% mixing time, N  is the agitation rate,  Po is the power number, D is the 
agitator diameter and T is the vessel diameter.  
    Figure 3 shows that the mixing times predicted by EIT for the Rushton turbine surface feed 
are in very good agreement with the correlation proposed by Grenville and Nienow.  For the 8 
rpm experiments, the EIT predicted mixing time is virtually equal to that derived from the 
correlation, so much so that the EIT data point is overlaid by the correlation data point in 
Figure 3.  The agreement in predicted t95 mixing times for 25 and 51 rpm are almost as close 
as for the 8 rpm case.  This result suggests that 3D EIT can be an appropriate technique for 
monitoring mixing times in stirred vessels. 
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Figure 3.  Mixing times for the Rushton turbine and a surface feed. 

 
4.3 Limitations 

The EIT results presented above represent the best results obtained during the experimental 
programme.  Results from surface feed experiments were strong, flow visualization validated 
the three-dimensional approach and the EIT-derived mixing times were in very good 
agreement with those predicted by empirical relationships from literature.  However, some 
anomalies were present for tracer feeds close to the impeller.  For impeller feeds, EIT results 
suggest that there is a higher conductivity plume down the vertical axis of the vessel.  A 
comparison with the flow visualization results suggested that this was clearly not the case. 
    One possible explanation for the poor EIT results found with impeller feeds is that the high 
conductivity plume acts as a strong electrical bridge (due to the high contrast of 0.01 S m-1 to 
7.5 S m-1) between the upper and lower sections of the agitator shaft.  In effect, this results in 
the impeller shaft being reconstructed in the EIT image as the bridging causes a significant 
change from the reference state.  Additionally, it is possible that the change in the nature of 
the electrical interface between the fluid and the impeller shaft caused by an increase in 
conductivity of the liquid phase contributes to errors in both reconstructed image and EIT-
derived mixing time.   
 
5. CONCLUSIONS 

The work has shown that EIT can be used to furnish mixing statistics comparing agitation 
rates and that results obtained from EIT are repeatable.  It has been demonstrated that, via the 
development of a conductometric technique, EIT can be used to calculate mixing times in 
stirred vessels.  Results from a surface feed of conductivity tracer have suggested that mixing 
times obtained from EIT compare well to those obtained via empirical relationships reported 
in literature.  However, there may exist some inadequacies with the technique for tracer feeds 
close to the impeller.  Flow visualization has been performed under realistic process 
conditions and scale for the first time using three-dimensional EIT.  This approach furnishes 
vast amounts of information on the mixing process.  Importantly, the three-dimensional EIT 
approach has been validated across the full range of experimental conditions using a video 
camera and dye tracer.  For surface feeds of tracer, the three-dimensional EIT images 
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correspond very well to the video images and offer increased levels of information on the 
mixing process over a single projection camera.  However, as for the calculation of mixing 
times, there exist some anomalous results for feeds close to the impeller. 
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