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Abstract 

This paper presents CFD-simulation results concerning the flow behavior in a dead-end filtration cell. The CFD 

modelling is focused on an experimental dead-end stirred membrane cell – velocity and shear stress distribution 

on the membrane surface and the effect of stirrer speed on the latter. Existing experimental observations 

relating permeate flux and stirrer speed are discussed in the scope of operating conditions affecting membrane 

fouling during nano- and ultrafiltration of biologically active compounds from plant extracts. Velocity and 

shear stress distribution on the membrane surface are compared for dead-end and cross flow filtration cell. 

They are discussed in view of the observed flow behavior during dead-end and cross-flow nanofiltration, 

applied for concentrating antioxidants (polyphenols and flavonoids) from ethanolic extracts of Sideritis ssp and 

tobacco waste. The permeate flux decline with membranes of MWCO 300- 500 Da is presented and related to 

the mechanism of fouling. 

 

 
Practical applications  

This hydrodynamic study facilitates the transfer of data between dead-end and cross-flow filtration cells, both 

being sequential steps in the experimental procedure for full-scale applications. The connection with observed 

membrane fouling is important in order to obtain stable permeate flux and rejection, which are main criterion 

for industrial application of membrane separation. Plant extracts and concentration/separation of their total 

polyphenols and flavonoids content has a high potential for membrane technologies implementation. 
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Introduction 

Membranes separation is widely used for treating 

plant extracts containing bioactive substances, the 

potential of organic solvent nanofiltration (OSN) 

being in the focus of a large number of publications. 

The latter is performed on laboratory scale in one of 

the two modes: stirred dead-end (DE) and cross-flow 

(CF) filtration cell. The different flow orientation – 

normal (DE) or tangential (CF) to the membrane 

surface, implies different hydrodynamic 

characteristics, which can be related to the permeate 

flow behavior and the fouling phenomena. At a 

given transmembrane pressure, the main parameters 

affecting the conditions in the vicinity of the 

membrane are the stirring speed (DE) and the cross-

flow velocity (CF). Comparison between the two 

modes is important in view of the permeate flux vs 

time evolution (Tsibranska and Tylkowski, 2013), as 

well as the relation between the hydrodynamic 

characteristics of the filtration cells (Córdova et al., 

2017; Becht et al., 2008). CFD simulation is a 

powerful tool for investigating the hydrodynamics 

with respect to cell’s geometry and mode of 

operation. In both cases (DE and CF) the rise in the 

permeate flux is expected to correlate with the 

increase in the shear forces at the membrane surface, 

which are likely to reduce the fouling resistance. 

Experimental data confirm the fouling resistance 

dependency on stirring speed in DE filtration 

(Sharma et al., 2012, Balyan et al., 2016), usually 

illustrated as permeate flux vs Reynolds number 

(Parvareh et al., 2011) or obtained by CFD average 

shear stress at the membrane vs stirring speed 

(Koutsou and Karabelas, 2012). The impact of the 

cross-flow velocity on permeate flux in CF filtration 

is reported (Balyan and Sarkar, 2016; Peeva et al., 

2004; Sohrabi et al., 2010) and modeled by CFD as 

dependent on shear stress distribution in the vicinity 

of the membrane (Dzhonova et al., 2017). This paper 

is focused at the flow behavior in a dead-end 

filtration cell, obtained by CFD-simulations – 

velocity and shear stress distribution on the 

membrane surface and the effect of stirrer speed on 

the latter. The discussion is supported by permeate 

flux decrease vs time data in DE and CF mode - 

experimental and predicted by the fouling models for 

extracts of Sideritis ssp (Tsibranska and Tylkowski, 

2013; Tsibranska et al., 2015) and tobacco wastes 

(Tsibranska et al., 2015; Tsibranska et al., 2016).  

 

 

Materials and Methods  

Nanofiltration. The dead-end filtration data refer to 

laboratory cell (METcell, Evonic MET LTD, UK) 

with effective surface area A=54 cm
2
, 20 bar  

transmembrane pressure (TMP), working volume up-

to 200 ml (Tsibranska et al., 2015). The stirring 

speed was 300 rpm. The cross-flow filtration data 

refer to laboratory flat-sheet cross-flow cell 

(Membrane Extraction Technology Ltd., UK) with 

the same effective area and operating at the same 

TMP (Tsibranska and Tylkowski, 2013). The cross-

flow velocity was 1.2 L.min
-1

. The permeate flux J 

(L.m
-2

h
-1

) was obtained from the permeate volume V, 

determined at various times t:  

tA

V
J


      (1) 

Flux evolution over the time of filtration J(t) was 

measured after each 20 ml permeate. The results are 

illustrated by polyphenols and flavonoids 

concentration in ethanolic (96%) extracts of: (I) 

Mursalski tea (aerial parts of cultivated hybrid 

Sideritis scardica×Sideritis syriaca); (II) tobacco 

leaves (Nicotiana tabacum L.). The relevant 

bioactive compounds in the extracts have molecular 

weight from 300 to more than 700 Da (Tsibranska et 

al., 2015), which explains the use of membranes with 

molecular weight cut-of (MWCO) of 300- 500 Da  

(Starmem 240, Duramem 300 and 500). 

Experimental results for flux decline vs time of 

filtration are analyzed by the four commonly used 

kinetic models (Hermia, 1982) for fouling 

mechanisms – complete, intermediate, standard pore 

blocking and cake layer formation. 
 

Numerical simulation. The geometry and meshing 

of the flat circular cell is shown in Fig. 1. The 

dimensions of the cell are: 46 mm vessel diameter, 

100 mm height, 25 mm agitator diameter, 83 mm 

membrane diameter. The following limitations were 

presumed: 

- Steady-state flow was assumed in the 3D 

computational domain;  

- The turbulent flow was represented by Reynolds-

averaged Navier–Stokes (RANS) equations of 

continuity and momentum in Cartesian tensor form 

for incompressible Newtonian fluid:  

- Closure of RANS equations was ensured by the 

realizable “k-ε” model of turbulence;  

The equations were solved using a CFD code 

FLUENT based on finite volume technique;  

- The fluid was water, which was assumed to be 

 incompressible and isothermal with constant  
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density and viscosity;  

- No-permeation and no-slip conditions were as-

sumed at the membrane walls.  

The computational domain is discretized by a 

tetrahedral mesh with increasing number of mesh 

elements at the membrane surface. The single 

rotating reference frame model enables steady state 

solution. The mesh independency of the results was 

studied. Area-weighted average shear stress (Pa) at 

the membrane surface was determined. At the 

condition of scaled residuals of the calculated 

parameters of 10
-4

, a good compromise between 

computational time and parameter deviations was 

found for ca. 10
6
 mesh elements.  

 

Results and Discussion 

Effect of stirring speed. Contour plots of velocity 

magnitude (m.s
-1

) and velocity magnitude vectors in 

a plane 1 mm above the membrane are obtained at 

various stirring intensities. Fig. 2 illustrates the 

results for 300 rpm agitator speed. Contour plots of 

the shear stress τij at the membrane surface, 

represented by the expression  

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) , 𝑖 ≠ 𝑗   (2) 

are illustrated in Fig. 3, where ui indicates time-

averaged velocity component and μ stands for liquid 

dynamic viscosity. An increase in the stirrer speed 

from 300 to 1000 rpm leads to 7-fold rise in the 

calculated average wall shear stress, shown in Fig. 4. 

The evolution of the minimum, mean and maximum 

shear stress is presented as a function of the stirrer 

Reynolds number Re (=
𝜌𝑁𝑑2

𝜇
), where N is the stirrer 

speed (s
-1

), d is stirrer diameter (m), 𝜌 and µ are fluid 

density (m
3
.kg

-1
) and dynamic viscosity (Pa.s). The 

data in Fig. 4 correspond well to the measurements 

by an electro-chemical technique in a DE stirred 

filtration cell (Koutsou and Karabelas, 2012) with an 

agitator of the same design and similar dimensions. 

The reported average membrane shear stress is in the 

range of 0.8 – 9 Pa at 150–900 rpm. 

 

Flux vs time evolution - experimental and predicted 

by the commonly used kinetic models, proposed for 

systems showing flux decline during constant-

pressure filtration (Hermia, 1982). An example for 

the permeate flux evolution during dead-end 

nanofiltration of system I and II is illustrated in 

Figs.5a) and b). Cross-flow nanofiltration flux vs 

time data for system I with Duramem membranes 

(MWCO 300 and 500Da), are shown in Fig. 6. The 

observed flux decline is related to the formation of 

an additional membrane resistance, usually attributed 

to fouling and related to different mechanisms like 

cake layer formation, pore blocking etc. Figs. 5 and 6 

were used to investigate the fouling mechanism, the 

results being given in Table 1 and 2. Based on the 

determination coefficients, the latter is due 

predominantly to cake layer formation, followed by 

the intermediary, standard and complete pore 

blocking. Similar observations and values of the 

kinetic constants were reported for nanofiltration of 

natural extracts containing polyphenols and 

flavonoids (Rabelo et al., 2016). The four models 

predict close initial flux values, low kinetic constants 

(in the order of 10
-2

 and lower) and close 

determination coefficients, i.e. a statistically good 

description is obtained with all of the tested models, 

which rather suggests less pronounced fouling 

phenomenon. A joint analysis of the kinetic 

coefficients in Tables 1 and 2 is not possible, except 

within a qualitative comparison, as the results reflect 

also the concentration effect of the feed solution, 

being different in the DE and CF experiments. 

However, the experiments in Table 2 lie within the 

concentration range of the former (DE) and the rate 

coefficients systematically deviate to lower values. 

Although Hermia’s models, originally developed for 

DE filtration (Hermia, 1982), have also been applied 

to the CF case (Rabelo et al., 2016), they have been 

modified to account for the fouling removal from the 

membrane surface in tangential orientation of the 

flow. In the modified form (Vela et al., 2009; Gerke 

et al., 2017) the models include two additional 

parameters - the initial (J0) and the final (steady 

state) permeate flux (Jf). In order to have only one 

adjusting parameter (the rate constant), J0 and Jf are 

usually determined experimentally from the flux 

decay data, thus contributing to the error committed. 

An illustration of the modified Hermia’s model for 

the predominant cake-layer fouling mechanism is 

given in Eq.(3): 

𝑡 =
1

𝑘𝑐𝑓𝐽𝑓
2 𝑙𝑛 [

𝐽

𝐽0

𝐽0−𝐽𝑓

𝐽−𝐽𝑓
− 𝐽𝑓 (

1

𝐽
−

1

𝐽0
)] (3) 

The latter requires nonlinear regression analysis. 

From the data for DM 300 (Cf 0.42 mg.ml
-1

, Fig. 6) 

the values of J0=17 and Jf=12.8 L.m
-2

h
-1

 can be 

determined, and eq. (3) fits the experimental data 

with kcf  4x10
-3

m
4
h.L

-2 
(R

2
 0.926). The latter is again 

essentially lower than the values obtained from the 

dead-end filtration runs (Table 1). As it is known 

(Vela et al., 2009; Gerke et al., 2017), highest 
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precision in the fitted results is obtained when the 

permeate flux slightly varies with time, i.e. after the 

initial period, when the resistance mechanisms are 

not fully formed. In our case this corresponds to 

t1.5h, the relationship t versus the logarithmic 

expression in Eq.(3) tending to linear with 

coefficient of determination R
2
 0.978 and kcf 3.9x10

-3 

m
4
h.L

-2
. Though only qualitatively, the fouling 

results could be interpreted in regard to the evaluated 

average shear stresses. DE experiments were 

performed at 300 rpm stirring, which corresponds to 

shear stress at the membrane surface of 0.18 Pa 

(mean value). The respective results for the CF 

filtrations at cross-flow velocity of 1.2 L.min
-1

 give 

average shear stress values of about 5 Pa (Dzhonova 

et al., 2017). Another factor for comparison is the 

uniformity of the shear stress distribution along the 

membrane surface. Both filtration cells create a 

rotational movement of the fluid, in CF mode the 

velocity and shear stress field (from 0.7 to 60 Pa) 

seem more uniform, as can be seen comparing Fig. 3 

and the results from (Dzhonova et al., 2017), shown 

in Fig. 7. With the given configuration and stirring 

speed of the DE cell, a less homogeneous 

distribution over the membrane surface is observed, 

ranging from 0.025 to 0.99 Pa. Since the 

hydrodynamic conditions in the two cell types are 

very different, one approach for comparison 

(Koutsou and Karabelas, 2012) is on the basis of 

comparable values of the average wall shear stress at 

the membrane surface for the two modes. 

At typical conditions in the CF cell of 1.2 L.min
-1

 

feed flow rate, the equivalent agitator speed to match 

the calculated average shear stress (of 5 Pa) should 

exceed 1000 rpm. The best match of the calculated 

shear stress at 1000 rpm in the DE cell (1.3 Pa, Fig. 

4) is the average membrane shear stress (1.6 Pa) at 

0.7L.min
-1

 (Dzhonova et al., 2017) in the CF cell. 

 

Conclusions 

The present study simulates the flow behavior in a 

DE filtration cell, by revealing the effect of stirrer’s 

speed on the velocity and shear stress distribution at 

the membrane surface. The results are interpreted in 

juxtaposition to data on permeate flux decrease vs 

time in DE and CF mode - experimental and 

predicted by the fouling models for extracts of 

Sideritis ssp and tobacco wastes. The rotation of the 

stirrer induces a strong tangential flow at the DE cell 

bottom, which swipes the membrane suface and 

prevents from membrane fouling. The increasing of 

the permeate flux with increasing of stirrer speed 

observed from the experiment is connected with the 

increase of the shear forces at the membrane surface, 

which enables to control the membrane operation. 

The comparison of DE and CF mode gives 

guidelines about the necessary rotational speed in 

DE cell to match certain shear stress conditions in 

the CF cell.  
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Table 1. Evaluated flux decline data (DE filtration) 

Fouling model SM 240 (MWCO 400 Da) 

Sideritis tobacco 

Complete pore blocking 

tkJLnJLn c 0
 

J0, L.m
-2

h
-1

 5.39 4.19 

kc, h
-1

 0.084 0.074 

R
2 

0.767 0.904 

Intermediate pore blocking 

tk
JJ

i
0

11  

J0, L.m
-2

h
-1

 5.43 4.25 

ki. m
2
L

-1
 0.021 0.021 

R
2
 0.858 0.938 

Standard pore blocking 

tk
JJ

s
2/1

0

2/1

11  

J0, L.m
-2

h
-1

 5.40 4.21 

ks, m.h
-1/2

L
-1/2

 0.020 0.02 

R
2
 0.816 0.922 

Cake layer formation 

tk
JJ

cf
2

0

2

11  

J0, L.m
-2

h
-1

 5.59 4.34 

kcf, m
4
h.L

-2
 0.011 0.013 

R
2
 0.921 0.964 
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Table 2. Evaluated flux decline data (CF filtration) 

Fouling model Calculated data  

DM 300 DM 500 

Complete pore blocking 

tkJLnJLn c 0
 

J0, L.m
-2

h
-1

 14.90 18.47 

kc, h
-1

 0.058 0.166 

R
2 

0.81 0.869 

Intermediate pore blocking 

tk
JJ

i
0

11  

J0, L.m
-2

h
-1

 15.34 18.69 

ki, m
2
L

-1
 0.004 0.011 

R
2
 0.832 0.877 

Standard pore blocking 

tk
JJ

s
2/1

0

2/1

11  

J0, L.m
-2

h
-1

 15.34 18.58 

ks, m.h
-1/2

L
-1/2

 7.6x10
-3

 0.021 

R
2
 0.821 0.873 

Cake layer formation

tk
JJ

cf
2

0

2

11  

J0, L.m
-2

h
-1

 15.43 18.89 

kcf, m
4
h.L

-2
 0.6x10

-3
 1.4x10

-3
 

R
2
 0.854 0.882 

 

 

 

 

 

 

Figure 1. Numerical mesh of the stirred DE filtration cell, containing 959 128 elements. 
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Figure 2. Velocity magnitude (m.s
-1

) at stirring speed 300 rpm: (a) contour plots at the mid-vessel 

plane (b) contour plots and velocity vectors at a plane 1 mm above the membrane. 
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Figure 3. Contour plots of shear stress (Pa) distribution on the membrane surface at stirring speed 300 

rpm. 

 

 

 

 
Figure 4. Area-weighted average shear stress (Pa) at the membrane surface 
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Figure 5a. Flux vs time evolution for nanofiltration of Sideritis extract 

 

 

Figure 5b. Flux vs time evolution for nanofiltration of tobacco wastes extract,  

Cf = 0.022- 0.025 mg ml
-1 

 

 
Figure 6. Measured flux vs time evolution for nanofiltration of Sideritis extract 
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Figure 7. Contour plots of wall shear stress (Pa) in the membrane plane. (a) Feed flow rate 1.2 L.min
-

1
, Re = 8500 (at the inlet), area-weighted average shear stress τav = 5.3 Pa (Dzhonova et al., 2017) 


