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ABSTRACT

Investigation of the fluid circulation and the macro-mixing process in a stirred model fermenter of non-
Newtonian liquid was conducted by the comparative use of flow following sensor particles, ERT and
CFD. Awerage fluid circulation times were estimated from (i) the measured vertical position of the
sensor particle, (ii) the fluctuating ERT signals of single ERT planes and (jii) the simulated dispersed
phase. The estimated awverage circulation times of all the three methods are comparable for the two
investigated impeller positions. Furthermore, axial residence profiles of the sensor particles were
extracted, which reweal the impact of the impeller configuration to the axial mixing homogeneity.
Moreower, the results confirm the conclusions about the effect of the off-bottom clearance of the
impeller derived by Reinecke et al. (2012) in a 1000 L pilot fermenter. The excellent detectability of the
particles and the consistent results confirm the feasibility of the combined method for further
investigation of the complex flows in biogas fermenters.

Keywords macro mixing, circulation time, hydrodynamics, stirred tank, biogas fermenter, flow
follower, sensor particle, ERT, CFD

Highlights

The fluid circulation flow in a stirred model fermenter of non-Newtonian liquid is investigated.

In this study results of flow following sensor particles are compared to ERT and CFD data.

Mixing homogeneity is evaluated by the axial residence profiles of the sensor particle.

Fluid circulation times estimated by sensor particles are confirmed by ERT and CFD.

1 INTRODUCTION

Investigation and further optimization of chemical and power engineering processes require advanced
monitoring techniques. Especially the acquisition of the spatio-temporal distribution of process
parameters in large-scale vessels such as stirred chemical or bioreactors is of great interest. Beyond
investigation of biochemical parameters, such as the fermentation rate, pH distribution and oxygen
reduction potential, also knowledge of hydrodynamic parameters, such as flow welocity profiles,
circulation times, energy dissipation, suspension mixing (homogeneity, location of dead zones and
short-circuits) and heat transfer (temperature profiles), it is necessary to evaluate the efficiency of e.qg.
heating and mixing regimes. Howewer, in most industrial scale applications, where sensor mounting or



cable connections are not feasible or desired, the acquisition of these parameters and their spatial
distributions is hampered by the limited access to the process itself. This applies especially for large-
scale biogas fermentation reactors, where state of the art instrumentation is commonly limited to few
spatial positions and it is doubtfully assumed that the measured parameters are representative for the
whole vessel. Moreover, the size of industrial reactor vessels and the opacity of the fluids and vessel
walls does in most cases not allow application of single point flow measurement techniques ( LDV and
UDV) as well as spatially resolving measurement techniques (videometry, thermography, PIV, LIF and
tomography techniques) that are normally used in laboratory and pilot-scale applications (Mawos
2001). A promising technique that has been used in larger vessels up to 20 m® is movement tracking
of discrete macroscopic particles or flow followers. The technique utilizes a distinct property of the flow
follower such as color (video tracking) (Barrue et al. 1999), emitted radio-frequency (Bryant 1969, Day
1975, Barneweld et al. 1987), magnetic permeability (Patterson et al. 2010) or radioactivity (CARPT,
PEPT) (Luo et al. 2008, Fangary et al. 2000) to detect the particle and extract the flow properties from
the particle trace. Howewer, tracking devices such as aerials, magnetic detectors and radioactivity
detectors require traversing to capture the whole reactor wlume. This is often impractical in industrial
applications, due to heaw constructions and large dimensions of the vessels.

Considering autonomous sensor technologies and remote sensing makes the metrological acquisition
of spatially distributed parameters accessible also for industrial applications. Advanced sensors and
the increasing capability of highly integrated circuits hawe enabled the design of intelligent
instrumented flow followers with data acquisition, data storage and communication capabilities
combined in a small-scale system design. Examples of highly advanced approaches for industrial
applications and harsh environments are an ad-hoc sensor network for monitoring of nuclear storage
ponds (York et al. 2012) and an acoustic tracking system for instrumented flow followers in confined
spaces (Burnett-Thompson and York 2007, Pottinger and York 2011). Further tracking concepts based
on sensor systems without embedded communication are the so called ‘Smart’ sphere (Wadke et al.
2005) and a sensor fish (Deng et al. 2007). These achievements approve the feasibility of
autonomous sensor technologies for investigation of industrial applications. Newertheless, further
efforts have to be made to enable the acquisition of spatially distributed parameters in the fluid flows of
large-scale industrial processes and the evaluation of the hydrodynamics of the process from the
measured data.

The concept of self-powered and neutrally buoyant sensor particles has been deweloped for the long-
term measurement of spatially distributed process parameters in the chemically and mechanically
harsh environments of agitated industrial vessels (Thiele et al. 2010). One intended application target
is flow measurement in stirred fermentation biogas reactors, but generally the sensor particle is not
limited to this type of process. A set of sensor particles has already been tested in real flow conditions
of a highly viscous bio-substrate in a stirred 1000 L pilot fermenter vessel. The results show that the
sensor particles reflect the flow conditions in the vessel qualitatively and that macro-mixing of the
process, such as particle circulation times, can be evaluated from the measured sensor particle data
sets (Reinecke et al. 2012).

In fact, validation of the sensor particle data from experiments in relevant tank geometries and realistic
non-Newtonian fluids is hampered by the limited availability of feasible spatially resolved reference
measurement techniques. The well established measurement techniques, such as hard-field and soft-
field tomography, videometry and particle image welocimetry, are either not applicable to large-scale
vessels or may not be feasible for measurement in the opaque liquors. Montante and Paglianti (2015)
investigated the fluid dynamics of a model digester as scale-down of a typical stirred biogas tank
design with optically clear liquids by the use of particle image velocimetry. Howewer, this method
cannot be applied for real substrates and model fluids with organic fibres.

In this paper we present the results of mixing experiments in a down-scaled stirred vessel
(wlume 80 L) with a model substrate (2.5 g/L Xanthan solution; p = 1004 kg-m3) under comparable
conditions as in a pilot fermentation vessel (wlume 1000 L). An electrical resistance tomography
system (ERT) was applied for the investigation of the mixing process, such as by Mann et al. (1999)
and Rodgers et al. (2009). Moreower, also validation of the sensor particles was possible with the ERT,
which is a very similar approach as the monitoring of passive flow followers described by Salem et al.
(2001). Measurement of two electrode planes (top and bottom plane) was sufficient to investigate
integral mixing times from NaCl tracer experiments and to analyse the mowement of single sensor
particles in the stirred vessel. Two experiments where conducted at a constant impeller speed of
n=47s" where only the off-bottom clearance of the impeller was changed from 0.086 m to 0.14 m.
Comparison of the circulation time was done since it is a valuable macro-mixing parameter.



2 MATERIALS AND METHODS

2.1 Principle of the sensor particle

The sensor particle concept is based on a first prototype (Thiele et al. 2010). Each sensor particle
comprises a battery, miniaturized sensors, on-board measurement electronics and a protective
capsule. The current setup was fitted to typical biogas fermenter conditions and allows acquisition of
the basic physical process parameters, namely temperature (10 °C to 70 °C; ur = +£0.25 K), immersion
depth (u, = +2.2.107 m) as a function of absolute pressure (98 kPa to 158 kPa; u, = £229 Pa) and 3D
particle acceleration (-2g to +2g; +0.5mg) (Reinecke 2014). This allows evaluation of local flow
(mixing) and fermentation conditions. It is intended to complete the concept by other sensors, such as
for position (magnetic field, rotational rate) and chemical parameters (pH/ORP, conductivity). The
electronics acquires the signals of the incorporated sensors in an energy efficient measurement
scheme. Up to 299,590 full data sets of all sensors can be saved on the on-board data storage.
Therefore an approximate runtime of 208 days or 3.3 hours can be cowered at acquisition rate 1 min™
or 25s™, respectively. The whole electronics is enclosed in a robust neutrally buoyant capsule
(equivalent diameter 58 mm), to allow free movement with the flow (Figure 1a).

The sensor particles are applied to a fermentation reactor in following procedure (Figure 1b). After
insertion of the sensor particles to the vessel, the particles are dispersed with the substrates. The
particles follow the predominant flows in the vessel freely due to their neutrally buoyant character, and
acquire the temporal ewlution of the selected process parameters. Data are downloaded and
analyzed after recovering the particles from the process. After inspection, the sensor particles can be
reused. Following this procedure, Reinecke et al. (2012) applied seven sensor particles for a period of
110 min to the pilot fermenter with a wlume of 1000 L. The measured data of the individual sensor
particles were redundant. This proved the reproducibility of the extracted parameters from different
sensor particles and even one applied sensor particle would have given representative results after a
measurement period of 110 min. Therefore, a single sensor particle that was set up to reach similar
flow conditions of the pilot fermenter experiments was applied to the down-scaled vessel to capture
the process conditions for 30 minutes for each impeller position (C, and C,).
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Figure 1. (a) Measures of the sensor particle in millimetres (1: space for electronics; 2: pressure sensor cap; 3:
temperature sensor slot; 4: space for payload) and (b) principle of application at an industrial scale reactor.

2.2 Experimental setup of ERT and stirred vessel

The mixing vessel is a model of a pilot fermentation reactor (volume 1000 L) with similar geometry
(Figure 2). It has a typical flat geometry of agricultural biogas digesters with a flat bottom and the
dimensions T=0.4m and H=0.243 m, where small impellers are applied close to the wvessel
bottom. The central mixing unit is provided with a 3-bladed PBT impeller with diameter D = 0.14 m,
inclination 30° and constant speed N =4.7 s™, to simulate similar flow conditions as in the pilot
fermenter experiments. Two batch experiments where conducted where only the off-bottom clearance
of the impeller was changed from C; = 0.086 m to C, = 0.14 m. The impeller power number
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was experimentally estimated by measuring the power consumption P in a Newtonian glycerol with
fluid density p = 1260 kg-m3 and viscosity p = 1.395 Pa-s. The power number is shown in Figure 3 in
dependence of the impeller Reynolds number
_N-p-D?

U

Re )

A devation was not observed between C; and C,. The power number decreases with Reynolds
number in the laminar region until it slowly approaches a constant value of 1.0 at higher Reynolds
numbers, i.e. in the turbulent region.

The vessel is equipped with an electrical resistance tomography system (ERT; company ITS Plc.; type
p2+) (Figure 2) and five tomography planes (plane P1...P5), where each plane has 16 equally spaced
stainless steel electrodes. A set of 104 individual wltage measurements is performed for each plane.
The conductivity distribution for each plane is then calculated utilising a linear back projection image
reconstruction algorithm (ITS system 2000 software). Based on the pixel conductivities also the global
awverage conductivity signal that represents the whole vessel wlume was estimated by the ERT data
analysis software (ITS system 2000 software). This allows investigation of mixing times and
observation of the sensor particle movement in the stirred vessel. An accuracy of +3% is given by ITS
Plc. for the conductivity measurement. The in plane spatial resolution of the ERT system is 5% of the
vessel diameter and thus 3.2:10°m, as specified by the manufacturer ITS Plc. The wertical spatial
accuracy for the measurement of all five planes is assumed to be in the order of the plane distance,
namely +2.5.10% m.

The test liquid was an aqueous solution of Xanthan (2.5 g/L; o = 1004 kg-m3) with non-Newtonian
rheological behaviour. The latter is described by the Ostwald-de Waele model for the viscosity

u=K- }}(“—1) ©)

with consistency index K = 1.269 Pa-s" and the flow behaviour index n = 0.273 valid up to a shear rate
y of 20 s™. The effective Reynolds number in the impeller region (0.78 dm3) is approximately 448 and

is calculated by (2) with the average viscosity <u> of 0.2046 Pa-s which is derived from the numerical
simulations results (see 2.3). The awerage \Viscosity in the whole vessel is <u>=0.706 Pa-s, that
means, the average Reynolds number in the vessel is 130. Therefore, the flow regime in the vessel is
in the beginning turbulent regime.

Furthermore, a salt solution of NaCl was added to the liquid to get an appropriate conductivity level of
15 mS/cm for the ERT measurement. During the mixing time measurement, a NaCl tracer wlume of
200 mL (211 mS/cm) was added to the liquid lewvel at the centre of the vessel. Measurement of only
the two electrode planes P1 and P5 was sufficient to estimate the global average conductivity signal.
Therefore an appropriate acquisition rate of 18.4 fps was achieved to capture the woltage values at P1
and P5 for more than 90 seconds by the DAS during the mixing time experiments.

The influence of the relatively large sensor particle volume on the tracing behavior in the circulation
flow is estimated from the given experimental conditions based on the particle’s Stokes-number
according to Reinecke et al. (2012). It is distinguished between the meso-scale in the impeller region
and the macro-scale in the circulation flow. The condition to reach equilibrium flow conditions with
discrete particles is a maximum Stokes-number of 0.1 which is described by Fangary et al. (2000).
The Stokes-number for the circulation flow is calculated based on the circulation time. Assuming a
circulation time of more than 3 seconds the Stokes-number is below 0.06 in the fermenter experiment.
This estimate of the Stokes-number is only slightly above the one for the larger pilot fermenter with
0.05 due to the high viscosity of the liquid (Reinecke et al., 2012). Newertheless, the scaling of the
model fermenter is not optimal compared to the size of the sensor particle and distortions of the distort
the velocity profile in the small vessel geometry may still occur.
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Figure 2. (a) Sketch of the ERT set-up and (b) photograph of the stirred vessel with the floated sensor particle.
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Figure 3. Experimental data of impeller power number Np versus Reynolds number Re in a Newtonian glycerol
solution.

2.3 Numerical simulation of the stirred vessel

Simulation of dispersed particles in non-Newtonian fluids is limited and the behaviour of the particles
cannot be predicted sufficiently (Paschedag, 2004 and Wollny, 2010). The influence of turbulences
cannot be described accurately by phase interaction with the Euler/Euler approach, whereas the
Euler/Langrange approach shows increased deviations for larger particles compared to the size of the
the simulated control wolumina. Newertheless, in order to visualize the flow pattern in the fermenter
and to give a first estimate of the circulation time it was simulated using the commercial software
package ANSYS CFX 14.0. The multiple frames of reference method is applied to model the agitated
impeller. A mesh of 24604 elements for the static region of the fermenter and 12440 elements for the
moving impeller region was generated using the ANSYS CFX-mesh tool with the method of
Euler/Euler. Turbulences are modelled fluid dependent. Comparison of seweral turbulence models by
Wu (2011) and Zhang et al. (2016) for low Reynolds number turbulent regimes in anaerobic digesters
showed acceptable results for the standard k-¢ model. Howewer, the predictions of the simulations
were still acceptable. Since the flow regime is considered to be in the beginning turbulent regime, the
k-g turbulence model was used for the fluid phase. The dispersed phase was considered as a
dispersed fluid with the zero equation model. The drag force was calculated with the Schiller-Naumann
condition. The continuous non-Newtonian liquid is set to the properties of the aqueous solution of
Xanthan (2.5 g/L; p = 1004 kg'm3) as in the experiment. Also, a dispersed phase with the same
density as the liquid, a particle diameter of 58 mm and a concentration of 0.001, i.e. a single particle, is
introduced to simulate the behaviour of the sensor particle used in the experiment. The accuracy of
the simulated result is estimated to be in the range of £8% according to the comparable simulation



conditions analysed by Bruening (2012). Based on the vessel dimensions the accuracy of the CFD
results is estimated to U, crp = 2.10% m in vertical and Unh,cFD = 5.10% m in horizontal direction.

3 RESULTS AND DISCUSSION

3.1 Simulated Flow Pattern and Streamlines

The simulated flow pattern of the liquid and the dispersed phase are shown for C; and C, in Figure 4
and 4. The liquid circulation flow is clearly visible. It is obvious that the fluid velocity is very low in the
far region of the impeller due to the high viscosity of the shear-thinning liquid. For C, a wider region of
the fluid is mobilized with a slightly higher wvelocity before and after passing the impeller compared to

C;. In general, the flow pat(te)rn of the liquid phase and the dispersed particle are almost identical.
a
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Figure 4. Simulated flow pattern of the liquid phase in the fermenter for off-bottom clearance (a) C; and (b) Co..

Also the streamlines for the liquid and the dispersed phase show a comparable pattern (Figure 5). The
pattern is different for C; and C, which is visible from the streamlines for the liquid and the dispersed
phase comparably. In conclusion, the simulated dispersed phase indicates an adequate flow tracing
ability of the sensor particles in the fermenter. This is also in agreement with the experimental study of
the flow following character of sensor particles (Reinecke, 2014).
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Figure 5. Velocity on streamlines from the simulation of the fermenter for off-bottom clearance (a,c) C; and (b,d) C> and
for (a,b) the liquid phase and (c,d) the dispersed phase.

An estimate of the circulation time for comparison with the measurements of ERT and sensor particle
is derived from the streamlines of the dispersed phase. According to the ERT method, the streamlines
of the dispersed phase were analysed regarding the passage of the reference plane equivalent to ERT
plane P1. A number of 23 passages were detected for C; in a period of 90 s which makes an average
circulation time of 3.9 s and for C, a number of 24 passages were detected in a period of 100 s which
makes an average circulation time of 4.2 s.

A first estimate of the uncertainty u. crp Of the circulation time is derived by the propagation of the
given accuracy Uu,crp Of the simulation in vertical direction with the average wertical velocity of the
simulated particle on the streamline at the reference plane by

_ Ugz,CFD

Ute,cFD = v, 4)

The awerage ‘ertical velocity of the simulated particle at the reference plane is 0.03 m-s™ for C; and
0.02 m-s™ for C,. Thus, according to (4) Ui crp iS 0.7 s and 1.0 s for C; and C,, respectively. This
uncertainty implies an acceptable deviation of 18% and 24%, respectively. This meets the findings of
the CFD study of turbulence models for non-Newtonian flow by Wu (2011) where the errors are
estimated within 30% and still reliable predictions which are in reasonable agreement with the
measurements are achieved also by the standard k-e-model.

3.2 ERT Results

3.2.1 Fluid mixing times and characteristic circulation times

Detection of integral mixing times was performed measuring only the top and bottom planes (P1 and
P5) during insertion of a salty tracer impulse (18.4 fps). The integral mixing time is detected from the
logarithmic variance of the reconstructed global average conductivity signal C according to

logo? = |Og(C - 1)2 ()

where C’ is the normalized global average conductivity from
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and C, is the awerage conductivity level before the tracer injection at t =7 s and C,, is the average at
final equilibrium conductivity level (100% mixedness) (Paul et al. 2004). The logarithmic variance
allows better resolution of the fine scale around equilibrium and thus a more accurate detection of the
95% mixing time. The latter is reached where the signal falls below loge? = -2.602 and C’ stays within
the +5% tolerance limits around the equilibrium conductivity level C,. The normalized global average
conductivity C' and the logarithmic variance for off-bottom clearance C; are depicted in Figure 6. The
resulting 95% mixing times are t, =11.6s and t, =15.6 s for off-bottom clearance C; and C,,
respectively.
It is assumed that the temporal ewolution of the changes in C' induced by the injection of the salt tracer
are adequately described by the exponential expression

| R tm
C'=1- exp(—t—J @)

c

According to Paul et al. t, /t; # 3...5 can be used as design approximation for mixing vessels with
standard geometries (Paul et al. 2004). Although the geometry of the fermenter is different from the
standard, especially regarding H/T < 1, a strong correlation is assumed for t; « t,, considering (7).
Therefore, the mixing time is used in comparison with the measured circulation times from ERT and
sensor particles. In this manner, the increase of the mixing time is also in good agreement with the
increase of the estimated circulation time derived from the streamlines of the simulated dispersed
phase.
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Figure 6. Timeseries of (a) thenormalized global average conductivity C' with the 5% tolerance limits for impeller
position C; and (b) the logarithmic variance with the corresponding variance limit of -2.602.

3.2.2 Detection and tracking of the sensor particle

Detectability of the sensor particle with the ERT system is due to the high contrast of the non-
conducting sensor particle volume and the highly conducting liquid (C = 15 mS/cm). Although the soft-
field measurement does not allow accurate reconstruction of the sensor particle volume there is still a
significant contrast in the reconstructed images (Figure 7). The sensor particle is giving more than 5%
of signal variation at the wvessel wall in this ERT configuration, which is comparable to the results of
Salem et al. (2001). However, the wlume ratio of the vessel and the sensor particle is slightly higher
than in the experiment of Salem et al. (2001) with 800 and 1408, respectively. Thus, detectability has
to be approved for application of the method to larger vessels.



Improved detection accuracy of the sensor particles centroid of conductivity may be received by
application of advanced algorithms for interpolation between the adjacent planes. An enhanced
interpolation algorithm is the so called Kriging, which is a linear fill algorithm that has successfully
been used for that means by Salem et al. (2001). Moreower, also enhanced reconstruction algorithms
may be applied, such as the generalised singular value decomposition (GSVD) algorithm, which
utilizes a finite element model of the vessel geometry (Hansen 1989 and 1990). It was successfully
used for stirred vessel analysis in sewveral applications by Rodgers et al. (2009 and 2010).
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Figure 7. Reconstructed conductivity values at the tomography planes P1...P5 (left) showingthe detection strength for
the sensor particle at wall position in height of P1 (right).

Application of interpolation algorithms as described by Salem et al. (2001) allows calculation of a finer
wlume data set from the five reconstructed spatial conductivity distribution planes. The centroid of the
sensor particle wolume is directly visible around the minimum values of the wolume data set. Temporal
tracking of the centroid reveals the movement of the sensor particle in the stirred vessel and the long-
term trajectory of the center point shows the random flow of the mixing process (Figure 8).
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Figure 8. Threedimensional view of (a) centroid movementover asequence of 5.7 seconds and (b) tracked path of the
sensor particle centroid over 190 seconds both from the ERT data.



3.2.3 Sensor particle circulation times

Although five planes are available, the experiments showed that measurement of only two planes
(plane P1 and P5) is sufficient to investigate the mowvement of the sensor particle and particle
circulation times in the stirred vessel. This gives an acquisition rate of 18.4 fps. As described earlier
the sensor particle is giving a significant contrast in the average conductivity values due to its non-
conducting wlume in the conducting liquid and thus the mowvement of the sensor particle is also
reflected in the tomography data of the two planes. Especially the maximum conductivity values Cp,ax
of P1 and P5 reveal the movement of the sensor particle. A sequence of the maximum conductivity of
P1 and P5 is depicted in Figure 9 where the passage of the sensor particle is clearly visible from the
local minima of the signal for each plane.
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Figure 9. Sequence of the maximum conductivity Cmax 0f plane P1and P5during the passage of the sensor particle.

Each drop of the fluctuating conductivity signal marks the passage of the sensor particle at the
individual tomography plane. According to Barrue et al. the circulation time can be estimated as the
time for a fluid element to go again in the circulation loop center plane (Barrue et al., 1999). The
circulation loop center plane is between P1 and P5 and therefore also the individual passages of the
sensor particle at the plane are contained in the conductivity signal of the ERT. The temporal
difference between the consecutive local minima was estimated from the autocorrelation function of
the conductivity signal in one plane, i.e. the corresponding lags for the maximum correlation
coefficients. The effective circulation time of the sensor particle through the vessel was then calculated
from the lags with the acquisition rate of 18.4 fps as listed in Table 1. Only a negligible deviation was
obsered between the calculated circulation times of P1 and P5. The estimated circulation times of the
sensor particle are t. = 3.8 s and t; = 4.7 s for off-bottom clearance C; and C,, respectively (Table 1).
This increase of the estimated circulation time is confirmed by the increased mixing time measured in
the salty tracer ERT experiment.

The uncertainty uy egrt Of the circulation time can be estimated by the propagation of the given
tolerance level uc of the measured conductivity signal Cnax with the average derivative dCp,a«(t)/dt of
the conductivity at the average conductivity signal at each plane by

— uc
Utc,ERT = dCrman/dt (8)

The tolerance lewvel uc is calculated based on the accuracy of the ERT system of +3% at the average
value of Cnax for each ERT plane. The estimated values of uy grt are 0.62 s and 0.07 s for P; and Py,
respectively (Table 1).
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Table 1. Estim ated circulation timesand uncertainties of the sensor particle from the conductivity measurements of

the two tomography planes P1 and P5 for off-bottom clearance C; and C,.

Ci1 C:

P1 P5 average P1 P5 average
lags 69 71 87 85

te (s) 3.75 3.86 3.80 4.73 4.62 4.67
ICmax (MS/cm) 14.75 14.29 15.61 15.07
/dCmaddt (ms/(cm*s))  0.71 4.14 0.75 6.56
uc (mS/cm) 0.44 0.43 0.47 0.45
Ucert (S) 0.62 0.10 0.62 0.07

3.3 Sensor Particle Results

3.3.1 Axial position and axial residence profile of the sensor particle

The axial movement z(t) of the sensor particle in the fluid flow is calculated from the measured
immersion depth as function of the ambient hydrostatic pressure p(t) by

2(t) = H— 2% ©
pf'g

where pg is the atmospheric pressure, pr is the fluid density and g is the gravtational acceleration. In
this experiment the axial position of the sensor particle centroid is also available from the processed
ERT data and allows validation of the sensor particle measurements. The temporal ewlution of the
axial coordinate z of the reconstructed trajectory confirms the measured axial position of the sensor
particle (Figure 10). This proves the credibility of the immersion depth measurement of the sensor
particle for the axial position estimation.
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Figure 10. Simultaneously acquired sequence of the axial sensor particle positioninthe stirred vessel based on the
measured ambient pressure by (9) and also the reconstructed sensor particle centroid from ERT data.

Furthermore, the data of z(t) derived from (9) and the ERT data were conwerted into axial residence
profiles by application of statistical analysis methods, namely the discrete probability density function
(pdf) of the axial position z. This approach is similar to the probability of presence plots derived by
Barrue et al. (1999). The axial residence profiles of the sensor particle centroid measured by the
sensor particle and the ERT system are depicted in Figure 11 for both impeller positions. Changes of
the mixing conditions induced by the impeller position are clearly visibly from the differences between
the residence profiles. The residence profiles at C, are distributed more evenly over the height of the
vessel than at C;. This indicates enhanced mixing conditions and an improved axial homogeneity of
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the substrates at C,, which was not observable from the only mixing time experiment. These results
confirm the findings in the pilot fermenter where also an improved axial homogeneity was observed for
the higher off-bottom clearance of the impeller (Reinecke et al. 2012). The increased characteristic
circulation time of the sensor particles indicated longer trajectories and thus that the flow reaches also
further ranges of the pilot fermenter vessel compared to the lower off-bottom clearance of the impeller
(Reinecke et al. 2012). A probable reason for this effect is the reduced deflection loss in the circulation
flow at the vessel bottom for the higher off-bottom clearance of the impeller (Schubert 2003).
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Figure 11. Axial residence profiles withthe correspondinguncertainty of the sensor particle centroid measured by the
sensor particle and the ERT system.

3.3.2 Estimation of fluid circulation times and distributions

An estimate of the individual fluid circulation time t. is given by the period between consecutive
passages of the sensor particle through the impeller plane in axial downward direction, which is
directly extracted from z(t). The circulation time distribution is based on the population of the individual
circulation times. This approach was also suggested by Reinecke et al. (2012). The resulting
circulation time distributions and the corresponding statistical moments for both impeller positions are
depicted in Figure 12. The uncertainty u,. of the circulation time can be estimated by the propagation
of the given uncertainty of the measured immersion depth u, with the derivative dz(t)/dt of the vertical
position, i.e. the vertical velocity, during the passage of the impeller plane by
Uz

Upe = —2—.
¢ dz/de

(10)

The awverage vertical \elocity of the sensor particle during the passage of the impeller plane in axial
downward direction is 0.52 m-s™ for C, and 0.39 m-s™ for C,. Thus, according to (10) Uy is 4-10 s and
6-107 s for C; and C, respectively.

The expected values of the distributions are estimates of the average liquid circulation times t; = 3.6 s
and t. = 4.3 s for off-bottom clearance C; and C,, respectively. These values are in agreement with the
average circulation times of the sensor particle t; = 3.8 s and t. = 4.7 s that were calculated from the
ERT measurements. This proves the suitability of the algorithm that is applied to extract the circulation
time distributions from the sensor particle data.
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Figure 12. Extracted circulation timedistribution andthe corresponding statistical parameters from the sensor particle
data for off-bottom clearance C; und C,.

In comparison to the simulation results the sensor particle data give an adequate estimate of the
average circulation times (Table 2). Especially the relative changes due to the change of the off-
bottom clearance of the impeller are reflected properly and confirm the conclusions in the larger pilot
fermenter (Reinecke et al., 2012). The increase of the measured mixing time for C, is reflected by the
values of the circulation time from simulation, ERT and sensor particle comparably. In conclusion, the
obtained data of the sensor particle give very good qualitative information. Howewer, there is a
significant uncertainty associated with quantitative data due to the scaling of the small vessel
geometry and the size of the sensor particle.

Table 2. List of the measured mean circulation times tc derived from the circulationtime distribution (sensor particle)
and the conductivity values (ERT + sensor particle)comparedto the estimated circulationtimes from the streamlines
of the simulated dispersed phase together with the estimated level of uncertainty.

te(s)
C C, Utc, max(S)
simulation 391 4.16 1.0
ERT + sensor particle 3.77 4.68 0.6
sensor particle 355 4.29 0.1

4 CONCLUSIONS

An experimental study of the fluid circulation and the macro-mixing process in a stirred model
fermenter of non-Newtonian liquid was conducted, where the technique of flow following sensor
particles was applied together with an electrical resistance tomography system (ERT). Based on the
measured temporal ewlution of the axial position of the sensor particle axial residence profiles as well
as circulation time distributions and the awerage circulation times were extracted. The axial residence
profiles reveal the impact of the impeller configuration to the axial mixing homogeneity. Furthermore,
average circulation times of the sensor particle were calculated from the temporal difference between
the drops of the fluctuating conductivity signals from the ERT measurements. Moreower, the liquid
mixing times were measured in ERT NaCl tracer experiments and used for validation of the
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estimations of ERT and sensor particle. The estimated awverage circulation times of ERT, sensor
particle and simulation are comparable for the two investigated off-bottom clearances in the range of
the existing uncertainties. The relative changes due to the axial shift of the impeller position are
reflected properly in the estimated circulation times and are in agreement with the findings of the study
at the pilot fermenter (Reinecke et al., 2012). It is evident, that a slight increase of the off-bottom
clearance of the impeller has a significant positive influence to the axial mixing homogeneity although
the detected circulation and mixing times are increased. Only the spatial information of the sensor
particles did reweal this hydrodynamic effect. Moreower, the results of the experimental work are
supported by numerical simulations of the flow in the fermenter.

These results prove the feasibility of the applied method also for further investigation of the complex
flows in biogas fermenters. Future work may encompass further validation also in up-scaled
experiments and thus an improved scaling of the experiment. Especially the flow following sensor
particles enable the investigation of the mixing process also in reactors where ERT may not be
applicable due to the geometries and dimensions of the vessel and the harsh internal conditions.
Moreowver, improved tomogram interpolation procedures such as Kriging and enhanced reconstruction
algorithms such as GSVD will be considered for the ERT data processing.
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