B Chezeau 
  
A Danican 
  
J P Fontaine 
  
Ch Vial 
  
Characterization of the local hydromechanical stress through experimental and numerical analysis of hydrodynamics under dark fermentation operating conditions

Keywords: Biohydrogen, Dark fermentation, Turbulent flow, Hydromechanical stress, CFD, PIV

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The world energy consumption of fossil fuels is still rising, mainly because of the growth of global population [1]. The international community nearly unanimously acknowledges that this critical situation harms the environment, and also exhausts too rapidly the limited fossil fuel reserves. Since a few decades, several international agreements and many national policies in the world have encouraged the development and use of clean renewable energy sources because these are able to reduce the release toxic of pollutants as well as greenhouse gas emissions, and to prevent climate change, while being turned towards a more sustainable future [2].

Hydrogen (H2) is one of the most promising alternative fuels for the near future because it can be used as a versatile energy carrier and its combustion produces only steam water as a by-product. In addition, it exhibits a high energy efficiency with a lower heating value of 120 kJ/kg [3]. Many processes and technologies have been developed to produce H2, including electrochemical, thermochemical and biological pathways. But every technology presents severe drawbacks, resulting from either scientific, technical, or economic issues. For example, the electrochemical and thermochemical processes are known to be very expensive; biological processes are kinetically slower, but their advantages are to be cheaper, simple to implement, while various organic solid waste [4-7] and wastewater [8-11] can be used as substrates. Dark fermentation (acidogenic fermentation), one of the biological processes able to produce hydrogen, is thus a promising way. It is an anaerobic process operated without light-source where organic substrates are converted into organic acids, solvents, carbon dioxide, and biohydrogen by heterotrophic and facultative anaerobes.

So, the implementation of the dark fermentation process at the industrial scale has gained interest in the last decade, but further work is still necessary to achieve process sustainability. Indeed, biohydrogen production can be carried out at higher rate and lower cost by playing on several factors, usually divided into two groups: the biotic and abiotic parameters. On the one hand, the biotic parameters mainly include the microbial community [12] and the effects of its metabolites [13]. The abiotic parameters, on the other hand, encompass the effect of the physicochemical properties such as pH [14,15] and temperature [16-17],

the substrate concentration and type [18,19], and the biohydrogen partial pressure [20-21], but also the parameters related to bioreactor design. A lot of work can be found in the literature concerning the respective effects of pH, temperature, and substrate, but mixing, and gas-to-liquid mass transfer which derive from bioreactor design have been far less extensively studied [22]. Mixing efficiency is the key in order to achieve the homogenization of local concentrations of the nutrients and to avoid inhibition by organic acids and pH, but mixing can also improve heat transfer and liquid-solid mass transfer when granular or biofilm sludge is involved [22,23]. At the same time, mixing must enhance liquid-to-gas mass transfer to promote fast biogas desorption, which prevents process inhibition due to H2 supersaturation in the liquid phase [24], and avoids pH decrease resulting from the accumulation of dissolved CO2 that could directly induce metabolic switch or inhibit the microbial activity [25]. Various methods are available to promote biogas desorption: mechanical stirring is the most common, but the injection of a carrier gas such as nitrogen [26], or the use of a vacuum pressure controller connected to a pump mounted at the headspace to control the pressure in the bioreactor [21] have also been reported. However, these techniques have not received general acceptance because nitrogen injection dilutes the biogas, which requires further costly purification, while vacuum pressure increases the risk of accidental admixing of oxygen in the bioreactor. But the main drawback of mechanical mixing is high power requirements, which must be limited to about ⁄ = 10 W/m 3 to maintain economic suitability of anaerobic processes [22,27]. Among the possible strategies to enhance mixing, increasing agitation speed in mechanically-stirred fermenters is thus limited by economic aspects, so that the choice of the number and type of impellers (i.e. the off-bottom and the inter-impeller clearance in multistage impeller designs) must be optimized to find a trade-off between mixing efficiency and mechanical power input. All these design parameters exhibit a significant impact on the flow pattern in the bioreactor. Assessing the comparative efficiency of impeller designs usually requires the estimation of the volumetric power input, the 95% mixing time, the volumetric mass transfer coefficient, and in bioreactors, an estimation of the hydromechanical stress applied locally to the microorganisms [28].

To assess the hydromechanical stress encountered by microorganisms, two ways are available: experimental methods able to measure the hydrodynamic features of the flow can be used, such as Particle Image Velocimetry (PIV), but numerical tools such as Computational Fluid Dynamics (CFD) can also be applied to simulate the flow field. At the moment, only few studies applied these methods to the analysis of the hydrodynamics in bioreactors devoted to biohydrogen production. predominant over inertial forces on the basis of Kolmogorov's theory of isotropic turbulence can also be deduced from the viscosity and the density of the fluid, and from , as follows:

= (1)
Various methods have been proposed to assess the influence of hydromechanical stress on bacteria.

These have been summarized by Collignon et al. [35] for human cells, and they include, roughly, the comparison of with the characteristic size of microcarriers or granules in the bioreactor, the definition of a maximum volume-average or local value of , or of a maximum shear rate or strain rate magnitude above which microorganisms are significantly affected by hydromechanical stress.

In a recent work, Chezeau and Vial [36] pointed out that hydrogen production potential was strongly impaired when turbulent flow conditions were established in a stirred tank using a dual-impeller design as soon as > 1000. Hydrogen production was shown to decrease steeply when the Reynolds number increased. To explain these trends, they compared the mean size of biomass granules ( ) measured using laser light scattering ( ≈ 200 µm) and showed that this decrease was steeper when the average Kolmogorov length scale 〈 〉 derived from power input ⁄ reached 〈 〉 ⁄ < 1, where:

〈 〉 = • (2)
They finally assumed that turbulent shear stress could potentially impair biohydrogen production, but this neglected the spatial distribution of turbulent features which can considerably vary within the tank

[37,38].
Therefore, the objective of this work is to investigate and evaluate both experimentally and numerically the local turbulent flow in the agitation and the mixing conditions of acidogenic fermentation, together with their evolution vs. in relation to the macroscopic evolution of biohydrogen production potential. Two techniques of two-component PIV (2D-2C-PIV), namely classical PIV and time-resolved PIV (TR-PIV) were used to reach either higher spatial, or temporal resolutions. In parallel, CFD simulations were driven using RANS (Reynolds-Averaged Navier-Stokes) equations with several variants of theturbulence model for closure. Finally, the spatial distributions of , and obtained by both methods were critically compared to experimental data and discussed in relation to their volume-average values and the evolution of biohydrogen production.

Materials and methods

Stirred tank bioreactor

All the experiments were conducted in a 2-L working volume reactor. This consisted of a transparent borosilicate glass, cylindrical, hemispherical-bottom and baffled tank. The tank diameter was ! = 130 mm and the clear liquid height was " # = 160 mm. This mechanically-stirred bioreactor was equipped with a dual-stage impeller device consisting in two six-blade Rushton disk turbines (RT) mounted on the shaft of the impeller (RT diameter = 55 mm). The off-bottom clearance $ % , the inter-impeller clearance $ & , and the distance between the top impeller and the free surface $ ' were 25, 85 and 50 mm, respectively. This low $ % ⁄ ratio was necessary to avoid the settling of biomass in the hemispherical region of the tank in the dark fermentation process, while the upper RT enhanced simultaneously mixing and liquid-to-gas mass transfer at mid-height in the bioreactor and gas disengagement in the region of the free surface. A sketch of the experimental set-up is displayed in Fig. 1. The impeller was driven clockwise using a variable-speed electric motor (Eurostar 60 Control, IKA ® -Werke GmbH, Germany). Four longitudinal baffles (width !/10) were mounted perpendicularly in the cylindrical section of tank walls. It is important to note that a part of the reactor was overlapped by the baffles and by two rings that maintained the baffles at the top and the bottom of the tank: so, a few regions of the tank could not be captured by PIV measurements, but the advantage was that the bioreactor geometry was identical both in PIV and culture experiments.

The agitation and mixing conditions of acidogenic fermentation under established turbulent flow were derived from the work of Chezeau and Vial [36] and are summarized in Table 1. These corresponded to a range of Reynolds number from 2.2•10 3 to 1.1•10 4 and of power input ⁄ between 0.6 and 87 W/m 3 by varying the viscosity and the rotation speed ) of the impeller, respectively. Viscosity was changed to account for the variability of substrate properties in culture conditions by adding polyalkylene glycols (PAG) to distilled water because PAG could not be used as a substrate by the microbial consortium in the dark fermentation process.

PIV measurements

The local hydrodynamics was analyzed in the agitation and mixing conditions of acidogenic fermentation in the conditions of Table 1. Experiments were carried out in single-phase flow because the maximum biogas production rate reported in the cultures was 5 L/h, i.e. 0.042 vvm, which corresponded to a gas holdup lower than 1%. The two-component Particle Image Velocimetry technique (2D-2C PIV) was applied.

First, measurements were performed in the vertical plane using this classical PIV technique with an area of interest from the free surface to the bottom of the reactor. To increase spatial resolution, this area was divided in two regions (denoted 1 and 2 in Fig. 1) in which images were recorded separately. A monochrome doubleshutter CCD camera (QE-X270D, PCO AG, Germany) able to capture images pairs up to 6 Hz with a resolution of 1392×1040 pixels² equipped with a 23-FM-25-SP lens (Tamron, Japan) was used and controlled by the Camware ® V.3.17 software (PCO AG, Germany). A Nd:YAG compact RayPower laser

(2 W, emission wavelength 532 nm, from Dantec Dynamics SA, Denmark) was operated in the dual pulse mode to form the light sheet. The camera and the laser were computer-controlled and synchronized using the EG ® 1 µs device and the EG ® V.3.47 software (RD-vision, France). At least 8,000 image pairs were recorded.

Then, experiments were conducted using the time-resolved PIV (TR-PIV) technique with an area of interest (denoted 3 in Fig. 1) at the neighboring of the top impeller to increase both the spatial and temporal resolution of the method, and measure more accurately velocity and turbulence features in the selected area.

A high-speed FPS 1000HD remote camera (TSMCCL, UK) able to capture images (1280×720 pixels²) at 1000 Hz was used with the same lens as above. The camera offered global shutter and 256 Go embedded memory. Continuous laser illumination was applied, and at least 16,000 images were recorded.

In both cases, the tank was immersed in a square vessel filled with distilled water for reducing the measurement errors due to optical distortion. The vertical laser plane was placed in front of the nearest baffle, passing through the shaft of the impeller. Cameras were placed perpendicularly to the laser plane for image recording. The seeding particles were silver-coated hollow glass spheres of 10 μm diameter and 1040 kg/m 3 density (Dantec Dynamics SA, Denmark) that were assumed to follow nearly perfectly the flow.

The two mean velocity components of the flow (* + and * , ) in the illuminated plane were estimated using the free software PIVLab (V.1.43) which is a free Matlab ® toolbox (The MathWorks, USA) developed by Thielicke and Stamhuis [39]. Fast Fourier transform cross-correlation was applied for the analysis of image pairs, which were divided in several interrogation area (IA). The dimensions of the IA were 32 pixels² with 50% overlap for the first pass and 16 pixels² for the second pass; corresponding to a spatial resolution of the velocity fields of 1.1 and 0.45 mm for the images of the classical PIV and TR-PIV, respectively. The turbulent properties of the flow, i.e. the turbulent kinetic energy and the turbulent kinetic energy dissipation rate were then derived. is defined as the portion of kinetic energy due to the velocity fluctuations that provides an additional mixing mechanism due to turbulent dispersion [40]. This may be derived from the Root Mean Square (RMS) velocity field values in a cartesian geometry, as follows:

= % & *′ . & + *′ 0 & + *′ , & (3) 
In 2D-PIV, only two fluctuating components, i.e. the RMS velocity components, *′ + & and *′ , & can be obtained and can be deduced using the assumption of statistical isotropy for turbulence and the RMS velocity field values in the plane derived from the experiments.

= ' 1 *′ + & + *′ , & (4) 
The turbulent kinetic energy dissipation rate is a key parameter in stirred reactor and its values have (5)

As previously described, the three velocity components are needed, while 2D-PIV measurements only provide two velocity components; so, could be deduced from PIV data using the assumption of isotropic turbulence, as follows:

= C2 78= D 7+ & + 2 78= < 7, & + 3 78= D 7, & + 3 78= < 7+ & + 2 78= < 7+ 78= D 7, F (6) 
The shortcoming of this approach is that the spatial resolution of the measurements should be close to the Kolmogorov length scale (about 100-200 μm), but a part of this work has been devoted to analyze how this experimental limitation can be circumvented through TR-PIV. ). An

Intel Core i7 PC computer (6-cores, 12 threads) was used for parallel computations. A structured polar grid was defined using the cut-cell method in which the cells crossed by a solid wall received a specific numerical treatment. The Multiple Reference Frame (MRF) method which is a useful approach to make a steady-state approximation for the fluid flows in baffled stirred tank was retained. The density and the size of the mesh are key factors that determine the accuracy of the solution; consequently, the analysis of the influence of mesh size was assessed by investigating the effect of the grid size between 150,000 and 1,200,000 cells. Finally, conventional slip-allowed and no-slip conditions were applied at the free surface and the rigid surfaces (i.e. walls, shaft, impellers and baffles), respectively. The SIMPLEST solver was used to solve the algebraic equations over overall controlled volume. Simulations usually stopped at 9,000 when residuals were lower than 10 -4 and monitored torque and velocity variables did not significantly change anymore over time. RANS equations gave access to the mean Reynolds-averaged velocity vector G = H* + , * J , * , K, the turbulent kinetic energy , the turbulent dissipation rate , the turbulent viscosity, and the pressure field. 

Several variants of the

Results and discussion

3.1. Assessment of the numerical and optical methods

Validation of PIV measurements

The accuracy of PIV data must be checked because the accurate estimation of turbulent features is a challenging task. First, data post-processing assumed isotropic turbulence, which is usually true only far from the impeller in mechanically stirred tanks [47]. Then, the spatial resolution of the velocity field should, theoretically, be smaller than the Kolmogorov length scale to prevent erroneous estimations of and , but this can never be achieved because image recording and post-processing would be too costly [35]. In practice, it must be ensured that the spatial resolution of the PIV measurements is sufficient to cover the main range of spatial scales of the spectrum of the turbulent kinetic energy that ranges from the integral length scale Λ to the Taylor microscale LM0NO+ . The order of magnitude of Λ was /10 and LM0NO+ was estimated from the fluctuating velocity component which can be approximated by:

LM0NO+ ≈ R %S T U %.% W 8= XXXXX (7)
In addition, the periodic flow component must be distinguished from turbulence in the fluctuating velocity field [48]. Thus, it is therefore important to make sure that the spatial and temporal resolutions provide access to reliable estimations of and . 8 for the more viscous fluid, so always superior to 1 (Eq. ( 7)). This highlights that the spatial resolution of the 2D-PIV measurements provides access to reliable estimations of and for the five turbulent flow conditions of Table 1.

As a conclusion, reliable velocity measurements have been obtained in the tank, allowing robust estimation of the turbulent features of the flow, except in the region of the bottom impeller where the ring maintaining the baffles prevents a precise observation of the discharge of the bottom turbine. CFD may therefore be helpful to analyze the flow in this region.

CFD simulations

The validation of CFD calculations involves the analysis of grid independency, and then the choice of a proper closure for turbulence modeling. These two key factors must be considered for the robustness of the flow field prediction. In this study, the Reynolds number corresponding to the experimental conditions varied between 2.2•10 3 and 1.1•10 4 . For this range of experimental conditions, turbulent flow prevails, as pointed out experimentally by Chezeau and Vial [36] through decolorization experiments, but conventional turbulence models used in RANS simulations, such as thetwo-equation model may fail to predict accurately turbulence properties when is so close to the transition region.

Concerning the influence of the mesh size for checking polar grid independency, four structured polar meshes from 150,000 to 1,200,000-cell grids were studied by varying the tangential [, radial and axial \ number of cells (Table 2). As an illustration, the profile of the mean velocity in the Y -Z plane, estimated from radial * + and axial * , velocity components W* + & + * , & , at mid-height of the upper impeller discharge (\ = 11 cm) obtained with the Kato-Laundermodel is displayed in Fig. 5a for the four grids just ahead of a baffle; the data corresponds to an impeller rotation speed of 40 rpm and a digestate viscosity of 9.0•10 -4 Pa.s ( = 2.2•10 3 ). It emerges that underestimated velocity values were observed with 150,000 and 300,000 cells, while the values close to the impeller and in the bulk tend to stabilize above 500,000 cells.

Grid independency was achieved with 1,200,000 and 500,000-cell grids; thus, the mesh size of 500,000 cells has been retained for simulations because it allowed smaller computation time. It must be pointed out that the 1,200,000-cell grid still provides different values from the 500,000-cell grid close to the baffle, as

shown by Fig. 5a, due to the presence of small vortices leading to small dead zones induced by the baffles that need finer grids to be resolved. In practice, this level of details is not necessary in this work and the grid with 500,000 cells has been used for further calculations. Same conclusions were made for all the closure models.

Further simulations were focused on the influence of theturbulence model under the same conditions of rotation speed, viscosity and grid size, which correspond to = 6.7•10 3 . Fig. 5b displays a comparison between the Realizable, Chen-Kim, RNG, MMK and Kato-Laundermodels for the same profile as in Fig. 5a. As it can be seen, different trends are observed with the Chen-Kimmodel with a minimum when is about 0.050 m, while the velocity values reported with the four other models exhibit a shape without any minimum. The comparison with data extracted from TR-PIV shows that this minimum is not observed. Consequently, a selection between the four last models had to be performed on the basis of the convergence (stabilization of the values), the residuals (numerical error) and the comparison between CFD data. From these criteria and Fig. 5b, the Kato-Laundermodel was selected for further simulations because it had the advantage to better approach PIV data, and because it exhibited a reasonable computation time and rapid convergence. It must be pointed out that discrepancies between CFD simulations and experimental data could still be observed close to the baffle and very close to the impeller paddle because in these regions, the tangential contribution of the flow due to either the paddle rotation, or to the small dead zones induced by baffles became important, so that the loss-of-correlation due to out-of-plane motion in PIV measurements could not be neglected any more. However, except in these regions, Fig. 5b highlights that the Kato-Launderturbulence model displays the best agreement between CFD and PIV data. This is confirmed by Fig. 6 which compares the mean velocity, and radial profiles between CFD and PIV data for two values of (2.4•10 3 and 6.7•10 3 , respectively); simulations and experiments are very close in terms of 2D velocity magnitude, except in the region of the baffle, as already mentioned.

Similarly, the radial profiles of turbulent kinetic energy and of the turbulent dissipation rate observed by TR-PIV are correctly predicted, while classical PIV provides a smoother curve than CFD and even than TR-PIV for in the region of the impeller discharge. The Kato-Laundermodel has, therefore, been retained for further calculations in this work. Detailed comparison between simulations and experiments on turbulence features are reported in the next section. Conversely, the lower impeller promotes only one ascending ring vortex near to the wall. Actually, a fourth region, below bottom impeller, should also be considered, which can be clearly seen both in CFD and PIV data in Fig. 7. CFD simulations highlight that with increasing number from 2.2•10 3 to 4.0•10 3 , the discharge flow of the bottom turbine becomes more diverging, deviating from horizontal direction, and then reaches a stable direction at higher . The interaction between the descending recirculation loop of top impeller and the ascending recirculation loop of the bottom impeller also increases at the same time. This trend is, however, less marked in PIV data than in CFD. This kind of behavior results from the difference between the two techniques. Indeed, as previously highlighted, the velocity components used with the 2D-PIV technique are based on the time-average values extracted from the recording of 8,000 to 16,000 images, while the velocity components deduced from CFD simulations were estimated through stationary calculations by averaging the results from several positions of the turbine paddles relatively to the baffles.

In addition, from PIV contour plots, a distinct effect of the baffle in the background appears in Fig. 7 in the low-velocity regions of loops, which cannot be seen in RANS CFD simulations. This stems probably from the RANS assumptions, especially when coupled to MRF approach, which filter out the temporal evolution of the flow and cannot capture secondary flow structures. But another possible reason may be the tangential component of the flow, unseen by 2D PIV, which could be non-negligible in these regions.

Contrary to the lower impeller, the flow in the region of the top impeller does not seem significantly affected by the increase in . This is clearly confirmed by Fig. 8a that displays the profiles of the normalized velocity for the five values at mid-height of the turbine paddle in the same vertical plane as in Fig. 6. The same conclusion can be made from Fig. 8b that compares velocity profiles from the paddle tip to the wall at mid-height of the paddle, but when this is located at 45° from the baffle without averaging.

Despite the experimental error, all the curves nearly superimpose both in Fig. 8a measured with TR-PIV and in Fig. 8b from CFD simulations that cover both the cases of time-average data in a fixed plane, and of MRF approach in a fixed geometry, respectively.

This conclusion is also supported by Fig. 9 which displays the axial profile of normalized 2D velocity.

In this case, classical PIV, TR-PIV and CFD data are compared for three values of that cover the range studied in this work (from 2.2•10 3 to 1.1•10 4 ). A rough agreement is achieved, except that both PIV techniques slightly underestimate the maximum velocity in the region of the top impeller, and that classical PIV, due to the lower spatial resolution in comparison to TR-PIV, widens the velocity peak corresponding to the flow discharge of this turbine. In addition, despite distortion due to the spherical bottom of the tank, the experimental velocity profile close to the bottom impeller is fairly approximated by CFD, except when = 2.2•10 3 . The two-peak profile predicted by CFD at the lowest value is typical of a flow in which there is no interaction between the upper and the lower impellers, whereas the other profiles highlight a diverging flow, as observed by Trad et al. [23]. It must be pointed out that when = 2.4•10 3 , the flow and the velocity profiles predicted by CFD are similar to higher values, which points out a limitation of the RANS CFD model in this region at very low number when the geometry is complex, i.e. close to the spherical bottom.

However, despite these discrepancies, it can be concluded that when 2.4•10 3 < < 1.1•10 4 , CFD and PIV data fairly agree in terms of mean flow properties; but when = 2.2•10 3 , only the region of the upper impeller can be correctly fitted by CFD data. Considering that the Kato-Laundermodel has been used in a range of low values in which its applicability was questionable, these results delineate the region of validity of this model and demonstrate that it can be applied for further estimation of turbulence features.

Similarly, TR-PIV has been shown to better capture the flow properties close to the impeller tip and has been preferred to classical PIV to analyze the turbulent flow features in the next section.

Turbulent properties of the flow

In order to estimate hydromechanical stress under turbulent flow conditions encountered during the process of biohydrogen production, the turbulence properties of the flow in the mechanically stirred bioreactor must be known because this stress is related to the spatial distribution of the turbulent kinetic energy and its dissipation rate . As already mentioned, Eq. (4) and Eq. ( 6) can be used to derive and from 2D-PIV velocity fields, through the assumption of isotropic turbulence, while and obtained with CFD simulations may be used directly. In addition, the volume-average values, 〈 〉, can be deduced from power input data expressed in W/m 3 ( ⁄ ) measured in a previous work [36], as follows:

〈 〉 = (8) 
These have been appended in Table 1.

Concerning the spatial distribution of deduced from CFD simulations and TR-PIV measurements (Fig. 10), the values are far higher in the discharge impeller region than those in the bulk flow region, as expected and CFD, normalized profiles have been plotted in Fig. 11a for the upper impeller, highlighting the good agreement between experiments and simulations in the region of the top impeller, with higher discrepancy when = 2.2•10 3 . In this last case, not only the interaction between the macrostructures seems underestimated, as shown in the previous section, but also the level of turbulent kinetic energy.

Concerning the spatial distribution of the dissipation rate of turbulent kinetic energy , it must be expressed in the log scale for the five turbulent flow conditions investigated in this study because this quantity varies between magnitude from 10 -5 to 10 m 2 /s 3 in CFD simulations and from 10 -3 to 1 m 2 /s 3 in PIV measurements. It must be pointed out that PIV data, due to size of the IA, cannot estimate values lower than 10 -3 m 2 /s 3 . Similarly, the highest values very close to the impeller cannot be captured by PIV, contrary to CFD where they can be grid-dependent in this region. However, predicted and measured normalized profiles in the flow discharge of the upper impeller, 〈 〉 ⁄ , with 〈 〉 from Eq. ( 8) and power input in Table 1, are very close, as illustrated by Fig. 11b even if experimental and numerical errors due to derivation in Eq. ( 5) are accounted for. From CFD simulations (Fig. 12), the spatial distributions of the normalized turbulent dissipation rate generated by the impellers at different ) and exhibit a similar shape and display the same order of magnitude in the region of the upper impeller where > 10 -3 m 2 /s 3 . In all configurations, the maximum values are observed at the impeller tip and in the impeller discharge stream, while minimum values are reported both in the inter-impeller region and above the upper impeller close to the axis, as expected [23,31,37]. Finally, both CFD and 2D-PIV can be considered as robust tools to estimate the turbulent kinetic energy dissipation rate close to the upper impeller. Thus, it can be assumed that CFD is enough accurate, i.e. similar to PIV, to deduce Kolmogorov length scale when this is susceptible to approach the size of bacterial aggregates, because this trend starts necessarily in the region of the impellers. In addition, CFD can provide data where PIV data cannot be captured, e.g. close to the lower impeller. As a result, value deduced from CFD has been used for further analysis in the next section.

Bacterial aggregates exposure to potentially damaging regions under turbulent conditions

According to the Kolmogorov theory of isotropic turbulence, the turbulent kinetic energy in stirred tank bioreactors is distributed between turbulent eddies of various sizes ranging from few millimeters to about hundred micrometers. The Kolmogorov length scale represents the size of the smallest eddies of the turbulent flow which dissipate their kinetic energy by viscous heating before disappearing. To compare hydromechanical stresses and characterize bacterial aggregates exposure to potential damages for the five turbulent flows investigated in this study, statistics on the spatial distribution of from CFD simulations were used. In parallel, particle size analysis had been carried out using laser light scattering on the culture media. The results display a wide size distribution from less than 1 µm to more than 300 µm that measures all the particulate materials of the digestate. However, a peak emerges close to 200 µm that can be attributed to bacterial aggregates because it is displaced towards smaller values when ultrasound treatment is applied.

Thus, / reflecting the local ratio between the smallest turbulent eddies and the mean size of microorganism aggregates ( ) was calculated in the Y -Z plane from CFD simulations. Fig. 13 presents a map of / assuming = 200 μm. According to this figure, the colored regions correspond to the point at which eddy size is inferior to the mean size of microorganism aggregates, i.e. / < 1. As expected, potential damaging regions are encountered only near the impellers at low , and the / ratio decreases as the Reynolds number increases in the tank, so that the regions where / < 1 expand to cover nearly the entire surface of the vertical plane when is 1.1•10 4 . For comparison purpose, the ratio estimated from TR-PIV data has also been reported in Fig. 13, highlighting the good agreement already mentioned between experiments and simulations in the region of the top impeller.

To further analyze the interactions between microorganisms and turbulent eddies, the / ratio was evaluated for the five flow conditions, varying the size of microorganism aggregates from 200 to 100 μm, and finally to 50 μm. The region between 100 and 200 μm corresponds to the main range of the abovementioned peak in the size distribution. The proportion of tank volume in the CFD simulations in which / < 1 is reported in Table 3 for these three values of , respectively. These are also displayed in Fig. 14 and confronted to biohydrogen production potential [36]. This result highlights that the decrease in production potential arises when values lower than 100 µm appear. Conversely, regions in which < 50 μm only emerge when is about 10 4 and so, cannot explain by themselves, the decrease in biohydrogen production potential. A comparison between the distribution of values and 〈 〉 derived from power input in Table 1 shows that about 40% of the tank volume exhibits values lower than 200 µm when 〈 〉 is about 100 µm, showing that the mean value derived by averaging local value and from torque measurements, respectively, do not fit. This agrees with the results from Delafosse [50] in a stirred tank with only one Rushton turbine due to the contribution of regions far from the impeller flow discharge in which 〈 〉 clearly underestimated the spatial average value of . Finally, this highlights that the hydrogen production potential starts falling under turbulent flow conditions when 120 µm < 〈 〉 < 170 µm, while it starts when values smaller than 100 µm emerge. Thus, the comparison between the size of the bacterial aggregates and 〈 〉 constitutes a rough approximation of the intensity of interactions between microbial aggregates and turbulent eddies; so local measurements or CFD simulations are compulsory for a better estimation of turbulent properties because they can focus on the regions of the bioreactor where hydromechanical interaction can impair the process of biohydrogen production under turbulent flow by damaging the bacteria aggregates and increasing their need for maintenance.

Conclusions

In this study, the goal was to assess the exposure of microorganism aggregates to hydromechanical stress in a dual-stage mechanically-stirred bioreactor in the agitation and mixing conditions of the dark fermentation process, in order to explain why the biohydrogen production potential decreased under turbulent flow when increased. The methods applied consisted in measuring experimentally and predicting numerically the main features of the turbulent flow (namely, the turbulent kinetic energy , the dissipation rate , and the Kolmogorov length scale ) in a range of number, 2.2•10 3 -1.1•10 4 which had been seldom investigated in the literature. First, the methods were assessed. On the one hand, the respective influences of theturbulence model variant and of the mesh size on the predictions of the flow field were analyzed and the Kato-Laundermodel with a 500,000-cell grid were retained as a good tradeoff in terms of accuracy and computation time. On the other hand, the accuracy of 2D-PIV data was evaluated according to the spatial resolution of the TR-PIV and classical PIV measurements. The two experimental techniques were able to provide reliable estimations of and , even though only TR-PIV could provide an accurate estimation of close to the impeller tip, and PIV could not measure values lower than 10 -3 m 2 /s 3 . Finally, a good agreement between simulated and experimental data, including velocity magnitude, and was achieved, even though RANS simulations were used and 3D estimations of and were derived from 2D-PIV with the assumption of tubulence isotropy. Then, the Kolmogorov length scale was deduced from local values and confronted to the size of bacterial aggregates measured in culture media. The spatial distribution of the regions where the / ratio was lower than 1 exhibited high heterogeneity in the bioreactor, highlighting that power dissipation mainly proceeds in the region of the impellers and in their discharge flow. Despite the low power input (between 0.6 and 87 W/m 3 ), the regions where < 200 µm, the size of the biggest aggregates, covered about 88% of the tank volume when = 1.1•10 4 , and the biohydrogen production potential was impaired when regions with < 100 µm appeared ( = 4.0•10 3 ). Thus, these results confirm the assumption of Chezeau and Vial [36] that explained the decrease in hydrogen yield and productivity in the dark fermentation process due to turbulence by the hydrodynamic interaction between bacterial aggregates and turbulent eddies. But this work also highlights the shortcomings of the estimation of the Kolmogorov length scale from power input, as 〈 〉 underestimates the volume-average value of and does not account for the spatial heterogeneity of eddy size.

Even though this work brings new information in the field of bioreactor hydrodynamics because it involves a dual-stage impeller at low-turbulent conditions, and also because it directly confronts these results to fermentation experiments, many questions remain open, in particular on the exposure frequency of bacterial aggregates to hydrodynamic stress which is a key parameter to account for. This involves the analysis of the circulation of bacterial aggregates in the tank which is facing several issues. While unsteady RANS simulations (involving the same or other turbulent closure, as RSM or SST -a models applied in

[51]) or Large-Eddy-Simulation (LES) based on Smagorinsky model are powerful tools to describe this circulation, these are still far more computationally intensive, in particular LES which is usually presented as the best way to explore the temporal scales of the turbulent flow. In practice, the situation is not so clear for industrial bioreactors: for example, Haringa et al. [52,53] have recently pointed the particular difficulty to predict accurately both mixing time and even using either sliding-mesh RANS approach or LES in dualstage impeller stirred tanks. Thus, an alternative is to use an experimental way based on an optical trajectography or a PTV (Particle Tracking Velocimetry) device involving mutiple particles with properties (size, density, etc.) that approach those of bacterial aggregates, but these methods are still to develop in the future. In parallel, a detailed study focused on the turbulent regime in order to discriminate more precisely the mechanisms responsible for the decrease in biohydrogen production should be encouraged, mechanisms among which one could find, for example, cell death, increased cell maintenance, reduced synergy within the microbial consortium due to aggregate breakup, or the size reduction of microenvironments favorable to hydrogen production when mixing is enhanced. 

Rotation

  For example, PIV was used to analyze the central vortex shape in gas-liquid flows and the velocity field in single-phase or two-phase flows [23,29-31], the bubble size distribution [32], the strain rate magnitude, and the turbulent kinetic energy [23,31]. On the other hand, CFD was also used to estimate the mixing time [23], the velocity field of the liquid phase [23,31,33,34], the strain rate magnitude and the turbulent kinetic energy [23,31,33], and the turbulent dissipation rate [31]. The Kolmogorov length scale under which the viscous forces become

  strong influence on the performance of the process [41]. It is defined as the rate of viscous dissipation of mechanical energy in the turbulent motion and can be deduced from the turbulent velocity gradients,

  on Computational Fluid Dynamics (CFD) were conducted to investigate the single-phase flow in the mechanically stirred tank as a function of rotation speed and liquid viscosity, as the gas hold-up remained always lower than 1% due to the . The commercial software package Phoenics ® from CHAM Ltd. (UK), which solves the Navier-Stokes equations, is based on the finite volume method which converts partial differential equations to algebraic equations by discretizing them into mesh [42]. The SIMPLEST algorithm was used to solve the RANS equations under incompressible, isothermal, and steady state hypotheses, coupled to turbulence closure for a single-phase incompressible fluid (see, e.g., [43]

  turbulence model were compared: namely, the Realizable (REAL) [44], Chen-Kim (CK) [45], Yakhot-Orszag (RNG) [44,45], Murukami-Mochida-Kondo (MMK) [46], and Kato-Launder (KL) [46]models, were tested to compare their ability to predict turbulent features at low . Initial conditions corresponded to a fluid at rest under gravity. Moreover, the following considerations were taken into account to specify the solution of the mathematical model: steady state, turbulent and isothermal conditions were assumed; atmospheric pressure, clockwise rotation of the impellers and Newtonian fluid set at a constant density corresponding to the fluid properties of the digestate at 35°C.

2. 4 .

 4 Hydromechanical stress through turbulent flow Kolmogorov's theory of isotropic turbulence in which is distributed between turbulent eddies of different sizes can be used to define the turbulent flow and the level of the associated hydromechanical stress which can potentially damage the microorganisms. The dissipation rate of the turbulent kinetic energy derived from 2D-PIV measurements and CFD simulations were used to estimate the Kolmogorov length scale according to Eq. (2). / reflecting the local ratio between the smallest turbulent eddies and the mean size of bacterial aggregates ( ) was calculated to define the regions in which bacterial aggregates can interact with turbulent eddies, causing potentially hydromechanical damages. This allows to delineate the regions of the mechanically stirred tank in which the bacterial growth and metabolism for biohydrogen production can be potentially impaired. For theoretical comparison, the characteristic sizes of the distribution of bacterial aggregates were compared to the spatial distribution of values using the / ratio. These are, namely, = 200 µm close to the median size of bacterial aggregates, = 100 µm close to their minimum size, and = 50 µm which corresponds to the maximum size of the peak emerging in particle size distribution when bacterial aggregates were submitted to ultrasonic treatment [36].

  figure shows that the organized contribution is important only close to the blade, as expected from the

3. 2 .

 2 Fig.7show that with $ % /" # = 0.16, a diverging flow emerges; in this figure, data is normalized by the tip velocity * ]^_ = `) . This is characterized by three contrarotative ring vortices from the bottom to the top of the tank close to the wall, including a double ring flow structure at the discharge of the top impeller which impinges the wall horizontally and is then divided into a descending and an ascending flow stream.

[ 23 ,

 23 31,37], even if this work investigates lower values than in the current literature. The values normalized by * ]^_ & remain, however, in the same range in the experiments and the simulations, with a peak about 0.03 with both methodologies close to the tip of the impeller and values above 0.01 in the discharge flow of the turbines, while they are below 0.005 in the bulk. For a more detailed comparison between PIV
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 12 Figure 1. Geometry of the stirred tank and vertical planes observed by the camera in 2D-PIV measurements; regions 1 and 2 with classical PIV, and region 3 with TR-PIV.
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 345 Figure 3. Comparison of statistical convergence between classical PIV (a) and TR-PIV data (b) based on the mean radial and axial mean velocity and on the turbulent terms of the stress tensor ′ , ′ , and ′ ′ .
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 7891011121314 Figure 7. Comparison of the 2D normalized velocity magnitude contours between CFD (a, c, e) and classical PIV data (b, d, f) in theplane for three numbers: = 2.2•10 3 (a, b); = 4.0•10 3 (c, d); = 1.1•10 4 (e, f).
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Table 1 .

 1 Experimental conditions (viscosity, rotation speed), number, and measured power input from Chezeau and Vial [36].

	100 < λΚ < 200 50 < λΚ < 100	〈 K 〉 54 µm
	λΚ < 50	
		〈 K 〉 79 µm
		〈 K 〉 118 µm
	〈 K 〉 185 µm	〈 K 〉 174 µm
		Reynolds number Re

Table 2 .

 2 Tangential , radial , and axial number of cells in the grid.

	Approximate total
	number of cells

Table 3 .

 3 Volume fraction of the stirred tank in which / < 1 in the five turbulent flow conditions of this work from CFD simulations.
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