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Abstract

Bioprocess often associates bioreactor and membrane separation. Bioprocess performances are
intrinsically related to the capacity to control and to maintain microbial cells to their optimal activity
(integrity, viability and productivity) while industrial operating conditions generate stressful environment
or at least no ideal conditions. In present case, high shear rates and Joule effects are generated within a
specific dynamic filtration module. Then, Residence Time Distribution (RTD) in a module, named
Rotating and Vibrating Filtration (RVF), in which a three-blade impeller rotates between two membranes,
was studied in laminar (Remixing<1x103) and turbulent (Remixing>3x104) regimes. In addition, thermal
effects of mixing rate under several flow rates and regimes were reported. The magnitude and duration of
stressful conditions stand as critical parameters which were quantified and modeled to engineer and to
design intensive bioprocess.

Keywords : Dynamic filtration ; Residence time distribution ; Thermal effect ; modeling ; systemic
approach

1 Introduction

The principle of Dynamic Filtration (DF) is to generate complex hydrodynamic perturbations (magnitude
of velocity and shear stress, time dependent) by mechanical movement (rotation, vibration, oscillation) of
membrane or external mechanical forces close to the membrane, to better control membrane fouling. The
external force applied to the system can be longitudinal, transverse, torsional, or with a mix of these
motions. The DF module used in this experiment, as Fig. 1 shows, is called Rotating and Vibrating
Filtration (RVF technology — patent no. FR-97-14825), designed for biological fluid or liquid food. RVF
module has been studied in the previous papers [1-3]. This simple mechanical device runs continuously
and generates a high shear rate as well as a hydrodynamic perturbation in the small gap, TMP (up to 300
kPa) and rotation frequency can be adjusted to optimize the operating condition. The critical Reynolds
numbers was obtained by previous study [1]: laminar (Remixing<1x103) and turbulent (Remixing>3x104).
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Fig. 1 Scheme, top view of one filtration cell and global view of Rotating and Vibrating Filtration module.

In this paper, investigation of RTD was performed in a pilot plant with RVF module integrated in a multi-
instrumented loop. Our objective were: (1) to study the impact of processing conditions (flowrate,
rotation speed) on RTD in an industrial pilot-plant (RVF); (2) to compare through distribution functions
the RVF hydrodynamic behaviors in laminar and turbulent regimes; (3) to evaluate the homogeneity
within the device and (4) to validate a reactor model to predict RTD. In the first step, trajectory
experiments were performed and scrutinized with different process conditions (flowrate, mixing rate)
with Newtonian fluids, embracing laminar and turbulent regimes. Experimental data were interpreted thru
the sets of moment and centered moments deduced from distribution functions. Their statistical deviation
and evolution were discussed as a function of the process parameters. In a second step, a systematic
analysis based on experiment data lead to compare and evaluate 4 conventional reactor models.
Convolution of inlet distribution x(t) with outlet function y(t) was considered. One model fit with
experiments and enable to predict the distribution function, E(t) in RVF module.

2 Theory

2.1 Residence Time Distribution (RTD)

The distribution of these times is called the RTD function of the fluid E(t), or E-curve, and represents the
fraction of fluid leaving the system at each time [4]. Practically, experimental injection cannot be a
perfect and direct signal. In the experiment point of view, normalized signals x(t) and y(t) were defined
for inlet and outlet, presents as Eq.(1). The product of the convolution can be replaced in the Laplace
domain by a simple product, where X(s), Y(s) and G(s) are the Laplace transform of x(t), y(t) and E(t), as
Eq.(2) presents:

y(®) = EQx(t-w)duand Y(s) = G(s)X(s) (1) and (2)

Practically, x(t) and y(t) are calculated from experimental signal C;,(t’ and C,,. (¢ respectively,
expressed as Eq. 3, and its cumulative function can be obtained as Eq. 4.

oo

and F(t) =fE(t)dt (2) and (4)

0

E(t) = ooCouz(t)
Sy Cour(D)dt

RTD function can be expressed by moments and centered moments of orders I [5]. The mean residence
time, t, is characterized by a moment of first order, I''. The holding time, a theoretical value z, is
calculated by the volume of the test system and the feeding flow rate, as Eq.(6) shows. For most of the

simple system, ¢, and 7 must be equal, the closer they are, the closer to the ideality. However, in some
complex system, it is not the case. By knowing ¢ - 7 ratio k as Eq.(7) presents, flow behavior can be

diagnosed if system has a shortcut of exit or a circuit in the dead zone (volume V), effective volume V is
defined by t.

Vv

M=t =["tE(t)dtand v = o (5) and (6)
and
t V
k== o (V= 60XQp Veyr = Vi + Vo, (7)
RVF

The centered moments of second order, le, presents the variance ¢ as Eq. (8) shows, and its
corresponding dimensionless term £, as Eq. (9) shows. The second centered moment is a very important
parameter to describe the width of a distribution, ideal plug flow reactor has 2 = (, 2 > (indicates an
axial dispersion, the smaller the value the narrow the distribution curve and the lower the axial dispersion
as well [6].
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I* =0” = [t VE@dt = [ CE(t)de-t; and g2 =2 (8) and (9)

The centered moments of third order, F3‘, presents the skewness, as Eq. (10) shows. It is helpful to
determine the symmetry where S=0 indicates a symmetrical distribution, a left-skew distribution for S<0
and a right-skew distribution for S>0.

ri=s= f (t-t;)PE(t)dt (10)

The centered moments of forth order, r*as Eq. (11) shows, estimates the spread of the RTD, indicates
the kurtosis of the distribution function, it describes how heavy-tail (spread) the curve distributes.

r+ = f (t-t)*E(t)dt (11)

All moments and centered moments of order can be calculated. However, researchers point out the quality
of the signals often leads to non-significant or unreliable results for the moment of higher order.

2.2 Thermal balance

In order to realize thermal balance, power consumption of RVF module was estimated from power
consumption curve. The flow is supposed to be incompressible and stationary, and the gravity is
neglected. A non-slip condition is imposed on the walls and the inlet speed profile is the same as the
outlet profile, then it gives:

AP-Q+JL iirifniUi ds+‘UA Zs:(—P)niUi ds = J‘ID peydi (12)
=1 i=1 i=1

1st term: necessary pump power to drive the fluid in the circulation loop;

2nd term: external viscous forces of by the impeller;

3rd term: external forces of the pressure by the impeller;

4th term: total power dissipation in the field.

Moreover, we assume the uniform temperature at the input and output sections and the heat capacity
independent of T, heat dissipation can be simplified by effective power:

Pegr = fff peydv = pCp(Tinlet'Toutlet)Q1 (13)
D

3 Materials and Methods: experimental set-up, fluids and operating conditions

Fig. 2 shows the experimental set-up which was implemented with: (1) an open loop configuration and
specific inlet and outlet tank, (2) tracer injection unit and (3) conductivity sensors at the inlet and outlet of
RVF module.

For experiments in laminar regime, the fluid was stored at room temperature in a 50 L plastic tank
(feeding tank) and connected to the RVF inlet, outlet was connected to 50 L plastic tank (collecting tank)
for recycling. In turbulent regime, the fluid was not recycled (open loop). Two identical stainless steel
straight tubes (diameter 12 mm, length 125 mm, volume 14mL) were used to connect the conductivity
sensors with RVF module.

The injection device connected with a mixer was developed to achieve homogenous syringe injections of
the tracer. Tracer solutions (100 g/L NaCl) were injected with a 5 mL syringe through a septum. A short
injection time (<5s) and a static mesh mixer (Fig. 2b) ensure a homogenous distribution of tracer (close to
an ideal pulse injection). Then the tracers were measured by electrical conductivity sensors at the inlet
and outlet of the RVF module.

A water soluble and viscous transparent Newtonian fluid (BREOX® Polyalkylene Glycol 75 W 55000,
BASF) was used to achieve laminar flow (35% w/w diluted BREOX solution with g = 0.35 Pa-s, Cp =
3650 J/(kg-°C) and p = 1040 kg/m3 at T=20°C), and water was used for the turbulent flow. Mixing
Reynolds number can be estimated and validated by previous study; flow regime is confirmed as well.
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Power consumption curves enable to identify the flow regimes [1], and experiments were conducted
under both laminar (Repiing<1x10°%) and turbulent (Repiing>3x10%). The Residence Time Distribution
investigation was restricted to two Newtonian fluids BREOX solution and water for laminar and turbulent
flow respectively. (Laminar flow: flowrates Q; ranging from 25 to 100 L/h, and mixing rate N from 0 to
25 Hz; Turbulent flow: Qs ranging from 50 to 300 L/h, and mixing rate N from 0 to 50 Hz.) During all
the measurements, the fluid properties and operating parameters were stable, inlet fluid temperature is at
13 - 15°C (+/- 0.1°C) under turbulent flow (tap water) and at 17 - 22°C (+/- 0.14°C) under laminar flow.
Data acquisition rate were 0.17 to 0.2s.

= Mesh mixerj;L:iL =
=l <o

_10.cm 5em 118 ¢m 17.9 em

Fig. 2 Experimental setup and injection device (a) schematic of experimental setup, C1, C2: Electrical conductivity
sensors; (b) Injection device; (c) Photo of experimental setup.

4 Results and discussion

4.1 Thermal balance

Thermal balance (viscous dissipation) is highly correlated to mixing power. As a result, temperature
increases significantly with the increase of mixing rate and the reduction of flow-rate. For example, as
Fig. 3 shows, in laminar flow (BREOX solution) with Q=25 L/h and N=25 Hz, temperature increased

11°C; in turbulent flow (water), with Q=50 L/h and N=50 Hz, temperature increased 9°C.
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Fig. 3 Temperature variation of the test fluid with different mixing rate

In agreement with theory (Eq.12 and 13), Fig. 4 shows the variation of heat dissipation and efficient
power consumption [W] under different mixing rate in both laminar and turbulent regimes. Due to its
higher viscous force (2nd term of Eqg.12) in laminar regime, temperature (as well as heat dissipated)
increases faster than in turbulent regime (for example Q; =50 and 100 L/h). As indicates with the solid
curves, the effective power consumption is estimated from a power consumption curve model in previous
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Remixing Remixin

13 I
1 5
research [1], Np = (BH +( Kp ) ) = L, (equation (14)) where n=2, B=0.10, Kp=520, by
£

knowing mixing Reynolds.

In a bioprocess context, maintaining ideal culture temperatures is vital for optimal cell growth. The
selected temperature highly depends on the nature of the cells to be cultured. In addition to culturing,
there are temperature considerations when it comes to storing cells. The maximum temperature for
growth depends on the thermal sensitivity of secondary and tertiary structures of proteins and nucleic
acids. The minimum temperature depends mainly on the freezing temperature. Different physiological
groups of microorganisms adapt to different temperature. Psychrophiles have optimal temperatures for
growth below 15°C. Mesophilic have optimal growth temperatures in the range between 20 and 40 °C.
thermophiles grow best between 50 and 70°C. There are known thermoextremophyles growing at
temperature higher than 70°C [7]. For example, prokaryote cells E. coli’s optimal temperature to live in is
around 37°C and Streptomyces griseus is at 25 to 35C; for eukaryote cell Saccharomyces cerevisiae is 31
to 35°C and Saccharomyces uvarum around 36 to 30°C [8].Considering a temperature increase limited to
4°C (compatible with cell culture), restricted operating conditions (minimum flowrate and maximum
mixing rate) can be estimated from Eq.(13 and 14) including thermal balance and power consumption.

700
-+-Water, 50 L/h
600 | -+-Water, 100 L/h
< Water, 150 L/h
‘Water, 300 L/h
500 4 -@-BREOX_35%, 25L/h ‘5,’?
-&-BREOX_35%, 50L/ N &
400 - o BREOX_35%, 100//h g A
General Model o ”,”’

—General Model

Heat dissipation, [W]
Estimated power, [W]
W
[—]
(=]

200
100 &
0 — T T T
20 30 40 50
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Fig. 4 Heat dissipation [W] and estimated power consumption [W] as a function of mixing rate under laminar and
turbulent regimes.

4.2 Residence Time Distribution (RTD)
In this part, an analytical study concerning experimental observations is firstly reported and moments are
discussed. Then reactor modeling through systemic approach is proposed.

4.2.1 Analytical studies: discussion of moments

Analytical results will be discussed on moments and centered moments. Following Thereska (1998) [9],
experimental inlet and outlet RTD signals, x(t) and y(t) are formulated. The measured conductivity values
were converted into concentration values for a reference temperature. The concentration profiles were
obtained as a function of time in laminar and turbulent regimes respectively.

e Moment of 1% order (mean residence time)
Moment of first order I"! represents the mean residence time t, in the system, as expressed by Eq. (5).
These mean residence time, ts, will be compared to the holding, <.
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Fig. 5 Mean residence time t, as a function of rotation speed N for (a) laminar flow regime, operating condition:
BREOX solution p=0.35 Pa's, Q=25, 50, 100 L/h, N=0, 2, 10, 25 Hz; and for (b) turbulent flow regime, operating
condition: water, Q=50, 100, 150, 300 L/h, N=0, 2, 10, 25, 50 Hz

Fig. 5 a and b plot t; as a function of N in laminar and turbulent regimes. As expected, t; decrease as Qs
increases.

In laminar flow, t; remain constant at a given Qy, whatever the N is. The product t - §, indicates that the
effective volume: for Q= 25L/h, V,= 1.12 L + 0.06; for Q; =50L/h, V,=1.27 L £ 0.07; for Q; =100 L/h,
V;=1.34 L + 0.02. Effective volume is only flow rate dependent, the mixing rate do not seem to have
impact.

In turbulent flow, t; increases linearly as a function of N at a given Qy. In this case, the effective volume is
only mixing rate dependent whereas flow rate does not have any effect. V; can be described by a semi-
empirical relation with Q¢ and N considering the mean residence time, ts. :

t, = aN + 1, (orV; = aN + 1) (14)

where a (or T) is as function of 1/Q; (R? = 99%), t; and V, can be generally described by Q; and N, with
an initial volume of 1.15L, which is close to the effective volume V; in laminar flow.

V, =ty Q= aN +V, = 0.0106 - N + 1.15 (15)

It is noticeable that effective volume will just depend on mixing rate in turbulent regime.

Mean residence time, ts reflects the real movement of the tracers in RVF module (including shortcut,
bypass, dead-zone may if existing), while T represents the holding time based on the assumption that
tracer molecules ideally move all volume of RVF module. Therefore, ratios, t; / 7 or V1/Vgryr, Can be one
of the important parameters to diagnose efficient volume. The closer are the ratio to 1, the closer the
system feet to ideal case. As it is illustrated inFig.6, in laminar (Remixing<1x103), used volume remains
constant as a function of mixing Reynolds number at each flowrate. The main contributor that improves
the used ratio is the increase of the flowrate Qy, rotation speed N doesn’t drive the flow to reach all over
the system. To explain, at first, N was limited to 0-25 Hz which might be not high enough to drive the
fluid. Besides, it probably due to that laminar flow is very stable as widely known, the mixing effect in
this kind of flow is poor. However, in turbulent regime (Remixing>3x104), generally, initial used ratio is
almost the same value as laminar flow at low rotation speed, and it has a rapid growth of used ratio as the
increase of rotation speed. Moreover, flowrate in turbulent flow somehow affects the used ratio as the
opposite way as in laminar flow: in laminar flow, used ratio increase from 0.76 to 0.90 with the increase
of flowrate from 25 to 100 L/h; in turbulent flow, apparently, flow with lower flowrate seems has higher
used ratio. Special attention should be paid for the used ratio which is higher than 1, the reason to explain
this behavior is that the tracer molecule goes into the dead-zone and it is slowly mixed out of the system.
Overall, these observations lead to the fact that, in laminar flow, mixing driving force is mainly the Qy;
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while in turbulent flow, mixing driving force is largely improve by the rotation speed, and lower Q; may
help to have a better mixing.

e Centered moment of 2" order, (reduced variances, 1)

In Fig.7 experimental reduced variance, 82 is analysed versus mixing Reynolds. There is a significant
decrease in reduced variance under both the laminar and turbulent regime. It is noticeable that with higher
flowrate the system seems closer to a perfect mixer, and with higher Repixing it has lower value which may
tend to more similar as a plug flow reactor. Considering Q= 50 and 100 L/h in both flow regime, two
logarithmic regressions are plotted, which denotes that 32 and mixing effect (Remixing) are somehow
related.

e Centered moment of 3™ and 4" orders

Centered moment of 3™ and 4™ order estimates the skewness and the spreading of RTD curves. In our
case, I'* and " of all the experiments have positive values, indicating that, generally, RTD curves in
RVF module is right-skewed and has a tail spreading. Mixing effect appears as the predominant effectors
compared to flow rate, and values are signiciatly higher in laminar that in turbulent laminar regimes. For
instance, I"%and I'* are equal to 4.4x10° (+1.5x10°), 8.8x10° (+2.1x10°%) (operating condition: BREOX,
Q=25 L/h, N=25 Hz) and 1.9x10° (+1.3x10%), 6.8x10° (+6.4x10") (operating condition: water, Q=50
L/h, N=50 Hz) for laminar and turbulent regimes respectively. However, further interpretation is limited
by these poorly significant and reliable calculations

2.00E+00 1 .
] XBREOX, Qf=25L/h ~> =
ABREOX, Qf=350L/h =~ i 3
OBREOX, Qf=100L/h , = PR ~Q s
A Water, Q=50 L/h ?l = S ?‘ o - a @
1 @ Water, Qf=100L/h & 2
1.50E+00 + OWater, Qf=150Lh g Q z LAY W - 2
- | o ©Water, Qf=300Lh / 8' :‘ll\ % S~ ~ &
—_— g_ - - .g_ - ‘ ’ g Sl Py .“.
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1LO0E+00 4 L X OFBLM e RS
| D = = 128 R i
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2 @ 071001/
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Re

mixing

Fig. 6 Used volume V1 as a function of mixing Reynolds

number. Laminar flow regime Re p;ying <1 x1 0’ operating
condition: BREOX solution u=0.35 Pa-s, Qf=25, 50, 100 L/h,
N=0, 2, 10, 25 Hz; Turbulent flow Re yying >3x10° operating
condition: water, Qf=50, 100, 150, 300 L/h, N=0, 2, 10, 25, 50
Hz

Fig. 7 Reduced variance B* as a function of mixing
Reynolds number. Laminar flow regime: Re,,,,x,»,,g<1X103,
operating condition: BREOX solution u=0.35 Pa-s, Q=25, 50,
100 L/h, N=0, 2, 10, 25 Hz; Turbulent flow regime:
Rem,-x,-,,g>3x104 operating condition: water, Q=50, 100, 150,

300 L/h, N=0, 2, 10, 25, 50 Hz

4.2.2 Systemic analysis and modeling of RTD

After the analytical studies of RTD, in the second step, the hydrodynamic behaviors of the RVF module
was describe by a systematic analysis of the RTD modeling signals, by using DTS Progepi v4.2 (Leckerc
et al., 1995). Our objective is to model and to establish an analytical solution of RTD functions
considering the complexity of RVF module.

4.2.2.1 Proposal of reactor models

4 models were proposed to fit the outlet function y(t) of RVF module in order to obtain a better
agreement. Inlet function x(t) was taken into account due to the imperfect injection. The objective of this
modeling is to find the analytical solution to represent the complex designed RVF module. To this aim,
conventional models, such as Plug Flow reactor, continuous flow stirred-tank reactor (CSTR) or their
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combine forms PFR+(J) CSTR, are proposed, with the ideal PF reactor equivalent to the real tubes before
and after the RVF module, describes as Fig. 8 shows:

7
Model 3: Q Q
Ideal plug
flow reactor
Pe Perfect mixing cell in series
Model1: 0, 1 ) ve{_}a |
Ideal plug  Plug flow reactor Vi
flow reactor open to diffusion
Model 4: Q Q
| J Ideal plug
Vive flow reactor ﬂQ-T L'iQ‘
Model 2: Q; Q
Ideal plug l Va

flow reactor Vi+V=Veye

Perfect mixing cell in series Perfect mixing cell in series exchanging with a dead-zone

Fig. 8 Proposed models equivalent to RVF model, with the ideal plug flow reactor equivalent to the real tubes before
and after. Model 1: Plug flow reactor open to diffusion by imposing Vgrye; Model 2:perfect mixing cell in series by
imposing the entire volume of RVF module; Model 3: perfect mixing cell in series by imposing the used volume V; of
RVF module; Model 4: perfect mixing cell in series exchanging with a dead-zone V,, by imposing V; to the mixing
cell.

Model 1: PFR+PFR reactor open to diffusion by imposing VRVF and adjusting Peclet number PeL,
shown in Fig. 8a. Model 1 considered the association in serie of 2 PF reactor. The first one behaves as an
ideal plug (pure delay) whereas the 2nd one is open to diffusion and its volume is imposed to VRVF.
Consequently, this model exhibit only 1 degree of freedom by adjusting Peclet number, PeL. RTD
function is described by an analytical solution (Eq.17). The current model considers mass transport in the
axial direction as a diffusion-like process (analogous to Fick’s diffusion law) in terms of an effective
longitudinal diffusivity, Dax (axial dispersion coefficient), which is superimposed on the plug flow. The
concentration C, of the tracer injected uniformly over the cross-section at the inlet of the system, is given
as a function of time t, and the streamwise coordinate z, by Eq.(16). The axial dispersion coefficient is
assumed to be independent of the concentration and the position. The first assumption is usually verified
if molecular diffusion can be neglected, and the second can be used when a fully developed flow is
obtained at the inlet and outlet of the process.

oC D 02C Uac
at - "™ 9z2 7 Az
The transfer function G, of the plug flow with the axial dispersion model, when dispersion extends from

before the inlet detector to after the outlet detector. This choice for the boundary conditions (called “open-
open”) leads to the following expression:

(16)

1
1/Pe,y 2 Pe,(z-t) V
E() = —(—L) exp —L ,where T = —= (17)
2\mTt A1t Qr
e ts 2 oy _ ot 2 8 _ Ly (18) and
™ R A A (19)

PeL is calculated from the pipe length and is a dimensionless measure of the axial dispersion, Dax. The
DPF model is supposed to yield the best agreement between numerical and experimental results.
Furthermore, it has the advantage of necessitating the estimation of only one parameter, i.e., the Peclet
number, PeL, Eq. (19).

Model 2: PFR+(J) CSTR model by imposing Vgryr and this model exhibit only 1 degree of freedom
adjusting the number of mixing cell J. In order to obtain a better agreement, a second model defined by a
cascade of a plug reactor (r,) in series with 2 CSTR (7 was investigated (Fig. 8b). This model was
chosen because it is simple and correlates closely to the physical structure of the process. However, other
models can also be used as reported by Ham and Platzer. The corresponding expressions for the transfer
function, G(s) and E(t) are formulated by Eq.(20) and Eq.(21):
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exp(-st,)
G(s)= @T%p))[,where 7= g—f (20)
E(t) = H{t-1,) (T—L)z (-1, )exp (I(ET:")), with T=Va]l (21)

The main advantage of this simple model is that only one parameter a, is used, which is the plug reactor
contribution, in terms of residence time, Eq. (22). Van Laar’s equation leads to a simple relationship
between a and 37, Eq. (26):

a =

Ty 5 (1-a)’ (22) and
and =
Tptie: ﬁ 2 (23)

Model 3: PFR+(J) CSTR model. Instead of imposing the total volume of RVF module, this model is
based on imposing V; (value from experiments) to the mixing cells volume and it exhibits only 1 degree
of freedom by adjusting J, governing equation presents as Eq. (21), with TZ%;

1
Model 4: PFR+(J) CSTR model exchanging with a dead-zone. Considering a dead-zone may exist in the

system, this model taking the exchanging flow by imposing V; to the mixing cell (with T = Qﬁrz%) and it
1 £

exhibits 2 degree of freedom by adjusting J and B (the ratio between the exchanging flowrate in the dead
zone and the feeding flowrate).

4.2.2.2 Model adjustment and comparison

Even if inlet signals can be neglected, we observed injection may slightly differed from ideal Dirac
functions, especially in laminar regime. Consequently, to fit the experimental functions, y(t), the inlet
functions, x(t) were considered with all models to simulate E(t). The function E(t) was obtained for all the
experiment.

Special attention should be paid to the result of Model 4, it was proved that average value of g is inferior
to 2%. It means that only 2% of the main flow has exchange with the dead-zone, which can be neglected.
In this case, Model 4 is equivalent to Model 3. Therefore, Fig. 9 plots the modeling curve y(t) of Model
1, Model 2 and Model 3 fitting with the experimental data y(t). Result shows that, to fit the experimental
data of laminar flow, Model 1 has an overlapping coefficient OVL=0.66, Model 2 OVL=0.77 and Model
3 OVL= 0.89; whereas in turbulent flow, Model 1 OVL=0.66, Model 2 OVL=0.87 and Model 3 OVL=
0.98. Significantly, Model 3 is preferred in both laminar and turbulent flow. The adjustable parameter J is
calculated and gave an average value of 2.5+0.6. To conclude, PFR+(J) CSTR model by imposing
effective volume V; and J=2.5+0.6 is chosen to describe flow behavior in RVF module.
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y(t), Model 2, OVL=0.77
0.015 - y(t)', Model 3, OVL=0.89

0.010 4

(), y(t)'[1/s]

0.005 1

0.000
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Fig. 9 Comparing the curve fitting of Model 1, Model 2 and Model 3.a: laminar flow with BREOX solution, Q=100
L/h, N=25 Hz; b turbulent flow with water, Q=100 L/h, N=25 Hz

5 Conclusions

For MBR using dynamic filtration module, RTD and thermal balance are an efficient way to diagnose
bioprocess efficiency. In present work, a tracer injection and a detection method were applied to
investigate RTD in an impeller-rotating filter (RVF module) in laminar and turbulent regimes.

Firstly, thermal effect was introduced in order to have the knowledge of temperature change and heat
dissipation in a bioprocess context (cell culture).Thermal balance (heat dissipation) is correlated to
mixing power (power consumption curve). The temperature increased dramatically at high rotation speed,
especially in laminar flow (ex. +11°C under operating conditions Q=25 L/h and N=25 Hz). In turbulent
flow, with Q¢ =50 L/h and N=50 Hz, temperature increased up to 9°C. Considering a temperature increase
limited to 4°C (compatible with cell culture), restricted operating conditions (minimum flowrate and
maximum mixing rate) can be estimated from thermal balance and power consumption curve.

Secondly, experimental observation and analysis of RTD in this complex module are discussed. It has
allowed the characterization of the flow behavior and the determination of defining parameter. Results
indicated that in laminar flow, mean residence time ts remained constant at a given Q;, whatever N was.
Effective volume V1 was almost constant, slightly affected by flowrate, with a mean value at 1.3 L (87%
out of the RVF total volume). In turbulent regime, t increased linearly as a function of N at a given Q.
The effective volume V; was only mixing rate dependent, whereas flowrate had no effect. The effective
volume ranged from 1.1 up to 1.6 L (74 up to 100% out of the RVF total volume). Combining with the
CFD simulations in laminar regime (results were not shown in this article due to the limited pages), it
indicated that a short-cut and dead-zone might exist in the RVF module. Modeling of RTD by PFR+(J)
CSTR model (effective volume V1 and J=2.5+0.6) enabled to access to the mean residence time and its
distribution for cells in a stressful environment.

Interactions between biological matrices and Dynamic Filtration must be deeply studied to intensify
bioprocesses. Future works related to dynamic filtration may be focused on:, however, RTD of real
process arise from a complex local interaction between the velocity profile, diffusion, turbulence, hear
transfer, etc [10], studies might include:

e The investigation of local hydrodynamic [11] (velocity and shear stress profile etc.) to further
prove mixing effect, and to better understand the flow pattern and coherent structure in the RVF
module;

e The simulation of RTD with fluid streamlines, aim to verify the experimental results and gain
insight for the flow streamlines.
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