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Abstract

The scope of this study was to investigate the homogenization of a two-layer stratified liquid in a tank where liquid stirring was 

achieved by carrying out external recirculation. Furthermore, the aim of the research was to observe the effect of the height of 

the outlet during the time of mixing one. The experimental fluid was two-layer, density stratified liquid. From the perspective of 

homogeneity, the effect of the height of the outlet was investigated in laboratory. Moreover, the experimental device was modeled 

in CFD. In simulation examination, laminar - and k-ε-model were used, and the influence of the outlet position was observed. The 

difference was remarkable in the first part of the measurement caused by the presence of sharp concentration variation in the tank. 

After the operating time, the expected homogeneity was fulfilled at the outlet in all cases. Regarding of CFD research, the results 

suggest that the laminar model is more effective to describe the concentration changes at the sampling point in the tank investigated.
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1 Introduction
Homogenization plays a key role in all industrial fields. 
Inhomogeneity can cause problems in operation and the 
decadence of product quality can be induced [1]. Usually, 
good mixing is ensured by stirring or generating tur-
bulence or shear, and it is followed by diffusion at the 
molecular level [2]. As a result of the mixing, an original 
non-equilibrium state of a binary mixture is put into the 
state of equilibrium [3]. One of the most common causes of 
inhomogeneity can be density stratification. It takes place 
in case of multi-phase systems or when the liquid to be 
mixed is immiscible. The stirring of two immiscible fluid 
such as water-oil system [4] is widely investigated, and 
gas-liquid stirring [5] is also a well-studied field. The two-
phase system has been investigated such as gas-mixed sys-
tems [6] including another solution of mixing namely jet 
stirring [7]. In case of miscible liquids, inhomogeneity can 
be occurred in several cases, for example when one batch 
of liquid is loaded on the top of another batch in the same 
storage tank [8] or when a multi-component liquid needs 
to be stored for a long time [9]. The contact of two mis-
cible fluids commences mixing processes, which include 
diffusive mass transfer and initiation of hydrodynamic 

flows, but it requires a long time without any external 
force [3]. Mixing of two-layer stratified liquid in stirred 
tanks is examined in detail [10]. Usually the mixers oper-
ate in turbulent flow regime and only a few studies have 
worked with laminar flow processes. Laminar flow occurs 
in case of high viscous liquids and when a recirculation 
pump stirs the content of the tank with high residence time 
[11]. Laminar flow can also appear when homogenization 
is achieved by static mixers [12]. In order to accomplish 
satisfying mixing, the flow characteristic of the noted sys-
tem should be obtained. One of the main methods to study 
mixing in a continuous flow system is the theory of res-
idence time distribution (RTD). The technique is based 
on the probability distribution of mean age at the exit of 
the reactor. By analyzing the deviation of the distribu-
tion curve of the investigated reactor from the ideal ones, 
some non-ideal mixing properties can be recognized. RTD 
method shows the existence of dead zones and bypasses, 
but the sizes and locations of them cannot be determined 
[13]. Other methods are yet to be used thorough charac-
terization of dead zones, for example, the Computational 
Fluid Dynamics (CFD), which is an effective tool to gather 
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information about mixing. With the help of CFD spatial 
information can be obtained and the mixing process can 
be visualized as well, however, choosing of the correct 
simulation method requires plus efforts [14].

Furthermore, to study the stirring in an industrial scale 
tank is difficult to carry out by conventional laboratory 
technics [15], but CFD can be used on an industrial scale, 
too. In the laboratory, one of the most important tasks is 
to choose the correct detection system. To discover the 
changes in the system, the disturbance of the detection 
system needs to be examined first. Most of the cases the 
induced probes can disturb the flow field, consequently, 
we should ascertain that the measuring system does not 
act as a baffle. In a system wherein the rate of flow is very 
low, intrusive techniques can be used [16]. Conductometry 
is an easy way to trace changes in the system and in the 
end, conductivity values can be converted into concentra-
tion data [17]. Conductivity has temperature dependence; 
for this reason, the temperature compensation is an essen-
tial step to retrieve correct values [16].

The aim of this study was to investigate the facilities 
of intensification of homogeneity in a cylinder tank where 
the mixing is achieved by an external pump with a low 
volumetric flow rate. The research is based on an indus-
trial problem where inhomogeneity is occurred due to the 
density stratification. A batch of the solution is loaded 
periodically into the tank where the concentration of the 
main fluid body can differ from the new batch. Owing to 
the concentration difference and the high residence time, 
density stratification might occur. The reloaded solution 
remains in the storage until its usage and before unload-
ing, the content of the tank is mixed by an external pump 
for a given time. In industry to introduce a change into 
an existing system is limited by numerous factors in the 
industry. Authorization of changes in the main construc-
tion of a tank or build a baffle or dynamics stirrer in takes 
a long time. On the other hand, modification in the process 
has to have the same or higher efficiency and less energy 
consumption as before at the same time. 

For these reasons, the goal of this research was to inves-
tigate the effect of the vertical position of the outlet from 
the perspective of homogeneity in a vessel mixed by an 
external pump. Measurements were carried out in a lab-
oratory-scale tank with two outlet height (7, 26 mm). To 
obtain more information about the mixing process where 
stirring is achieved by external pump, a CFD model of 
the experimental device was created and the spatial con-
centration changes were examined. In CFD investigation, 

two solution methods were used (laminar and k-ε model) 
in addition one more outlet height (1 mm) was examined. 

2 Materials and methods
2.1 Experimental method
The experimental equipment was a cylinder tank with 194 
mm diameter (Fig. 1). The volume of the vessel occupied 
by the fluid was 3.1 dm3. The model liquid was a two-layer 
stratified borax solution. The density of stratified liq-
uids was 1002.2 kg m−3 and 1013.6 kg m−3. This research 
is based on an industrial problem where the residence 
time is 3.53 h. For this reason, the constant parameter in 
laboratory-scale was the residence time, namely 3.53 h. 
According to the standards, the volumetric flow rate was 
0.878 dm3 h−1 = 14.6 cm3 min−1. The inlet (Table 1) was 
15 mm above the liquid level. The angle between the inlet 
and outlet was 110° in all cases. The diameter of the inlet 
and the outlet was 4 mm. Two outlet positions were exam-
ined. Position_0 was 7 mm, Position_1 was 26 mm above 
the tank bottom (Table 1). Density changes were traced by 
a two-channel conductivity meter (Consort C3010). Two 
conductivity probes (Sentek K21, Pt1000) were placed 
into the system. The conductivity measurements were 
automatically compensated with temperature. The values 
of conductivity were sampled in every 30 seconds, and 
the experimental data were recorded in a PC via Consort  
DIS-1. One of the probes was always sampling the outlet 
(CH2); therefore, the vertical position of sampling point 
CH2 was changed with the vertical position of the out-
let. The other sampling point (CH1) was in a fix position 
during all experiments (Table 1).

At the beginning of all experiments, the content of 
the tank was a stratified two-layer liquid. 1.55 dm3,  
1013.6 kg m−3 solution was stratified under the 1.55 dm3,  

Table 1 Position of inlet, outlet and sampling points 

Position_0 Position_1

Inlet
x = 97 mm
y = 120 mm

z =0 mm

Outlet

x = −17 mm

y0 = 7 mm y1 = 26 mm

z = −45 mm

CH1
x = 64 mm
y = 67 mm
z = 64 mm

CH2

x = −17 mm

y0 = 3 mm y1 = 15 mm

z = −30 mm
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1002.2 kg m−3 liquid (Fig. 2). The outlet of the experimen-
tal tank (1.) was pumped into the buffer tank (3.) by a per-
istaltic pump (2.). The inlet flow rate of the experimental 
tank was ensured by gravity flow from a buffer tank (3.), 
and it was checked on a rotameter (4.).

Before the experiments, the position of the buffer tank 
was set, and the inlet flow rate was checked. The over-
flow-outlet of the buffer tank (3.) was also built into the 
system however, the fluid level was constant, therefore 
no overflow was noticed in the no. 5. storage tank. After 
all experiments, the tank content was stirred manually to 
check the final value of density. It was necessary to con-
vince that inhomogeneous fluid elements did not remained 
in the system. Measurements were carried out over 900 
minutes, at ambient temperature.

2.2 Computational method
Ansys Fluent was used to gather information about fluid flow 
and to approximate the laboratory results. First, the geome-
try was built with the same construction as in the laboratory; 
the two-layer system was established in this step (Fig. 3 (a)).

At laboratory measurements, the inlet flowed on the 
wall. In consequence, the model was built as a one-phase 
system and the inlet surface was calculated from the aver-
age velocity in the equation of laminar flow down an 
inclined plane surface [18]. The average velocity of the 
falling film was determined by Eq. (1), where ρ was the 
density of the liquid, g was the gravitational acceleration, 

Fig. 1 Schematic of positions of the inlet, the outlet and the sampling points in mm

Fig. 2 Schematic of experimental setup
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L was the film thickness, φ was the angle between the 
plane and the film (90 °) and μ was the dynamic viscosity.

v L
av =

ρ ϕ
µ

g 2

3

sin      
(1)

The film thickness (L) was calculated from Eq. (2), 
where B was the volume rate of flow and W was the 
cross-section of the film.

L B
W

=
3

3
µ

ρ ϕg  sin

    
(2)

Velocity components in direction x and z were equalled 
to 0 m s−1, while in direction y it was equivalent to –vav , 
namely −0.231 m s−1(Eq. (1)). The area of the inlet surface 
(1.06∙10−6 m2) (Fig. 3 (b) was implemented as a semicircle 
and it was calculated from the average velocity as well as 
the volume flow rate. In this study, to investigate the mix-
ing effects in a cylinder tank stirred by an external pump, 
two different strategies were used, namely the laminar 
model and the realizable k-ε model. On first thought, due 
to the long residence time (3.53 h) and the low inlet flow 
rate (0.878 dm3 h−1), the laminar model might be a satisfying 
solution to simulate the concentration changes in the system. 
Generally, motions of fluids are governed by the continuity 
equation (Eq. (3)).

D
Dt

vρ
ρ+ ∇ = 0

     (3)

To solve liquid-liquid mixing problems, numerical 
methods based on Navier-Stokes equation (Eq. (4)) should 
be taken into consideration which is the differential form 
of Newton’s 2nd law.

ρ τ
D
Dt

pv F= − +grad Div     (4)

τ µ δ= −





2

2

3
  div v

    
(5)

The realizable k-ε model provides excellent perfor-
mance for flows involving rotation, boundary layers under 
strong adverse pressure gradients, separation and recir-
culation [14]. Realizable k-ε model is one of the most 
often used turbulence models which is generally based 
on Reynolds-stresses, ρu ui j' '( ) , modified Navier-Stokes 
equation (Eq. (6)) [18].

ρ τ
Du
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x x

i
i

i j
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(6)
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With the approach of the eddy viscosity principle after 
Boussinesq, the total shear stress can be written down by 
kinetic energy (k) and turbulent viscosity (νT ) (Eq. (8)).
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The transport equation for turbulent kinetic energy (k) 
and its dissipation rate (ε) are calculated with Eq. (9) and 
Eq. (10).
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Fig. 3 a) Geometry of the investigated tank b) Magnified picture of the inlet



Bobek et al.
Period. Polytech. Chem. Eng., 64(4), pp. 457–468, 2020 |461

∂
∂
( ) + ∂

∂
( ) = ∂

∂
+










∂
∂












−

+t x
u

x x
C
ki

j
j

T

j

ερ ρε µ
µ
σ

ε
ρ

ε
ευε

2

2

++C
k
P1ε

ε
k

(10)

The model constantans in the realizable k-ε model 
were given by Launder and Spalding: C1ε = 1.44, C2 = 1.9, 
σε = 1.2 σk = 1.0 [19]. The influence of the wall was empha-
sized by the enhanced wall treatment setup.

In the solution process, coupled scheme was chosen for 
pressure-velocity coupling and second-order special dis-
cretization and transient formulation were set in all cases.

For the calculation, the component transport equa-
tion (Eq. (11)) was used. The density was fitted with 
concentration by a second-degree polynomial equation  
(Eq. (12)) and considering the density of 0 kg m−3 borax 
solution is equal to 1000 kg m−3.

∂
∂

= − ( ) + ( )c
t

c D cdiv div  gradv    (11)

ρ = + + = + ⋅ +A c A c A c c c0

0

1

1

2

2 21 0 18 0 004. .  (12)

A user-defined function (UDF) was applied to calculate 
the recirculation in the model. The calculus of the program 
is based on the node number of the outlet surface, and the 
concentration is calculated on the nodes of the same sur-
face. The concentration values on the outlet were averaged 
with the number of nodes on the surface. The calculated 
average concentration was the time-delayed inlet value 
of concentration to achieve similar operation regarding 
the experiments. In the beginning, the upper layer was 
identified with 1002.2 kg m−3, and the lower was constant 
1013.6 kg m−3. CFD investigation was implemented over 
9000 time steps with regard to 1 time step was equal to 1 s 
consequently, the total mixing time was 150 min.

3 Results and discussion
The object of this study was to achieve a CFD model to 
investigate the effect of the vertical position of the outlet 
on homogenization of a two-layer stratified liquid in a cyl-
inder tank.

3.1 Mesh independence study
The mesh independence study (Fig. 4) was carried out on 
laboratory results of Position_0 with 7 mm outlet height.

The error value was calculated onto the concentration 
rates between 120-150 minutes compared to the exper-
imental results. The error, in percent, was given by the 
value of absolute inaccuracy over steady-state values of the 

laboratory measurement. The aim was to find a convenient 
mesh element number, which satisfies the accuracy demand 
and does not consume too long running time to achieve 
9000 time steps. CFD researches were carried out with  
~ 62·103 elements number.

3.2 Laboratory and CFD results
In the laboratory, the outlet results were calculated by 
the concentration values measured at CH2 (Table 1). In 
CFD simulations, the outlet results were equal to the 
node number averaged concentration on the outlet sur-
face. Homogeneity (Eq. (13)) was calculated into the outlet 
stream from the concentration data to achieve better com-
parability of the results. Homogeneity was calculated with 
the help of the actual concentration difference (ct−cav  ) and 
the total concentration difference (∆c). 

H
c c
ct

t av
%( ) = −

−







 ⋅100 100

∆

   
(13)

Analyze the CFD and laboratory results in Fig. 5 the 
influence of the vertical position of the outlet can be seen. At 
7 mm outlet position (Fig. 5 (a)) the homogeneity is improved 
sharply in the first 35 min and finally it remains nearly con-
stant. The homogeneity results at both CFD models are 
increased more exponentially than one can see in the labo-
ratory curve. The results of the laminar model are below the 
k-ε model values until 75 min. After 75 min the position of 
the curves changed. As time passes by, the results are nearly 
the same at both models. Laboratory result with 26 mm out-
let position (Fig. 5 (b)) has more exponential growth com-
pared to the result at 7 mm. The simulation curves show the 
same in case of CFD results of 7 mm set. The homogeneity 
results at the same time at the k-ε model are higher than the 

Fig. 4 Mesh independence study
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results of the laminar model. After 50 min, the simulation 
and laboratory results run together.

After the laboratory measurements had been finished, 
the tank content was mixed manually. Concentration 
changes were not recognized at any sampling points (CH1, 

CH2). However, the conductivity difference was not 
recorded after stirring, nevertheless it does not necessar-
ily mean that the entire fluid body is homogenous. 

In Fig. 6 comparing values extracted from CFD and lab-
oratory results the diversity in homogeneity can be seen. 
The calculated homogeneity difference (∆Ht ) was equal to 
the difference between simulation and laboratory homoge-
neity at the same time at the outlet. To begin with, the first 30 
min measuring time, peaks can be recognized in all cases. 
To compare the simulation models, the k-ε model signifi-
cantly differs (∆Ht = 48 %) from the laboratory results than 
the curves provided by the laminar model (∆Ht = 33 %) 
regardless of the outlet position. After 30 min experiment 
time, the model results approach the laboratory results at  
26 mm outlet position. The difference between the model 
results is not significant. Moreover, the type of model does 
not have a remarkable effect on results. On the contrary, 
measurement with 7 mm outlet position the simulation 
results differ from laboratory results over a longer time. 

Compare Fig. 6 with Fig. 5 (a), there is a linear ten-
dency for laboratory measurement in Fig. 5 (a), while the 
CFD curves have an exponential shape. That is why peaks 
appear in Fig. 6 from 30 min to 90 min. The difference 
in results among CFD models and laboratory results can 
be caused because the CFD model was created to the end 
of the measurement, to the steady-state values. The aim 
was to approximate the time demand of homogenization 
measured in the outlet stream, instead of modeling the 
dynamics of the homogenization process, which is sig-
nificant at the beginning of the experiment caused by the 
great density dissimilarity.

Afterwards, the ratio of homogeneity was calculated. 
The ratio is equal to the quotient of homogeneity of simu-
lation and laboratory results at the same time. In Fig.7 (a) 
a peak is occurred in the first 20 min, later on, the values 
tend to 1 (red straight line), which means that the homoge-
neity is the same in case of the simulation and the labora-
tory measurement.

In order to observe the results articulately in the first 
20 min, this part of the diagram is enlarged (Fig. 7 (b)). 
At both outlet position setups, the ratios of homogeneity 
are higher in case of the k-ε model than attained by lami-
nar model. Observing the maximum ratio values at 7 mm 
outlet position, the homogeneity result obtained with the 
k-ε model is 34 times greater than in laboratory while this 
ratio was 19 in case of the laminar model. At 26 mm posi-
tion setup the homogeneity is 45 times bigger with the 
k-ε model than in the laboratory. In the case of applying 

Fig. 5 a) Homogeneity results at 7 mm outlet position b) Homogeneity 
results at 26 mm outlet position

Fig. 6 Difference in CFD homogeneity results compared to laboratory
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laminar model, this ratio is just 27. In conclusion, the fig-
ures indicate that laminar model is better to describe the 
concentration changes in the investigated tank.

In pursuance of analyzing the concentration change 
time by time, a plane between the outlet and the inlet 
was created in CFD models. In Fig. 8 concentration 
maps can be seen at different time, at the 26 mm outlet 
position setup. The density scale is between 1013.6 and 
1002.2 kg m−3 in every time frame. Images show that the 
liquid is stirred layer by layer except of surrounding of the 
inlet. The inlet flow is penetrated into the liquid while the 
heavy layer is reached, then it is spread. Pictures indicate 
that the homogenization process was intensive in the first 
part of the measurements. In the last 100 min, concentra-
tion decline can be observed although it is not as sharp as 
before. The suction effect of the pump is not remarkable, 
however, some influence can be seen around the outlet. 
Furthermore, comparing the pictures at the same time but 
different CFD model, we can observe that the homogeni-
zation process is advanced applying k-ε model than with 
laminar model. In the case of the k-ε model, after 100 min 
mixing time density variation can not be recognized, in 
contrast with the laminar model where inhomogeneous 
fluid elements remained nearby the outlet. 

In Fig. 9 inhomogeneity (%) (Eq. (14)) values calculated 
into the created plane can be seen in the function of nota-
ble sampling time (Fig. 8). Inhomogeneity was calculated 
with the help of the actual concentration difference (ct−cav ) 
and the total concentration difference (∆c).

I
c c
ct

t av
%( ) =

−







 ⋅

∆
100     (14)

In the case of 26 mm outlet position, the results affirm 
the observation before that the homogenization was occur-
ring faster with the k-ε model than with the laminar model. 
Fig. 6 shows the same trend for 7 mm outlet position. 
Examine in contrast the results in point of outlet position, 
it can be assumed that homogenization in the constructed 
plane needs more time at 26 mm outlet than at 7 mm out-
let position in case of the laminar model. In the aspect of 
using the k-ε model, significant differences cannot be rec-
ognized in results at varied outlet position.

3.3 Effect of outlet position
With the purpose to investigate in detail the influence of 
the outlet position from the perspective of homogeniza-
tion, a 1 mm high outlet was created in CFD. This setup 
was referred to approximate the case when the outlet is 
absolutely at the bottom of the tank. Recirculation mix-
ing was implemented with the same circumstances as in 
the previous examinations and stirring was accomplished 
with both models (Fig. 10). 

According to use laminar model (Fig. 10 (a)) we can see 
that the outlet position affects the rate of homogeneity. In 
the case of 1 and 7 mm outlet position, at the beginning of 
the experiments, the homogeneity curves run together. The 
difference in the current homogeneity values was 2 % at 
varied outlet positions (1, 7 mm) in the same time. After  
30 min, the curves start to move away from each other, 
and in the same time, 7 mm outlet position has higher 
(Ht = 85 %) homogeneity value than 1 mm setup (Ht =82 %) 
has. The highest variance in homogeneity values (6 %) is 
appeared between 85 min to 95 min, notably, homogeneity 
is 99 % at 7 mm and 93 % at 1 mm setup. At 26 mm out-
let position, the simulation result achieved by the laminar 
model (Fig. 10 (a)) is differed significantly from the results 
of other setups. In the same time, homogeneity values of 
26 mm outlet position are higher than the others. From the 
aspect of the time demand to reach the 95 % homogene-
ity, remarkable difference is occurred. In case of 26 mm 
65 min, at 7 mm 80 min and applying 1 mm outlet posi-
tion 95 min is necessary to attain the given homogeneity 
value. Simulation with the k-ε model (Fig. 10 (b)) eventu-
ates varied trend. In that case, the homogeneity results of 7 
and 26 mm setup better approximate each other than 7 mm 
and 1 mm outlet position, especially at the beginning of the 
experiment. Homogeneity results carried out by k-ε model 

Fig. 7 The homogeneity ratio of different outlet positions and 
simulation methods compared to laboratory homogeneity a) over 

150 min b) over the first 30 min 
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Fig. 8 Density maps in plane created between inlet and outlet at 26 mm outlet position setup
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at 26 mm are similarly higher as the laminar model than 
1 and 7 mm positions own, as well as the rate with 7 mm, 
is over 1 mm homogeneity at the same time. To climb at 
the noted 95 % homogeneity rate, takes 65 min at 26 mm, 

82 min at 7 mm and 88 min in case of 1 mm outlet position. 
Compare these time request with those, for which belong 
to the laminar model, and significant difference cannot be 
observed. Notable divergence can recognize at 26 mm outlet 
position, where 88 min takes with the k-ε model, and 95 min 
is required with the laminar model to reach 95 % homoge-
neity. The shortest time demand has the 26 mm setup in all 
cases that may be caused because this setup is the closest to 
the density line between the initial density layers.

In Fig. 11 we can see the difference in homogeneity in 
aspect of varied outlet positions between the k-ε model 
and the laminar model solution results. The curves show 
that the influence of the simulation method on results 
increases by the height of the outlet. At 26 mm and 7 mm 
outlet setup, the curves are maximized in a peak at the 
beginning of the experiments then these are begun to 
decline and stabilized around 0 %. That trend suggests 
that the applied model has influence on the dynamics of 
mixing instead of on the final rate of homogenization or 
on time demand of homogenization.

In Fig. 12 density maps of all outlet position setups can 
be seen in the plane which was created between inlet and 
outlet in case of the laminar model. The laminar model 
is chosen because the CFD results of the laminar model 
approach more appropriate the laboratory results (Fig. 7). 
In the first 20 min of the mixing process, remarkable dif-
ference cannot be recognized among the setups. The initial 
two-layer system is begun to break-up and new layers with 
dissimilar concentration have appeared. After 20 min, 
divergence can be observed among the setups principally 
between the 26 mm and the lower positions (7, 1 mm). The 
higher density solution is spread more effectively in the 

Fig. 9 Inhomogeneity results achieved by varied CFD models in the 
plane created between the inlet and the outlet at different sampling time

Fig. 10 Homogeneity at the outlet in case of different outlet height a) 
laminar model, b) k-ε model

Fig. 11 The difference in homogeneity of the outlet results between the  
k-ε and the laminar model solution
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Fig. 12 Density maps in plane created between inlet and outlet at different outlet position setups in case of laminar model

upper part of the tank in case of lower positions than at  
26 mm. Higher homogeneity degree is reached in case of 
lower setups at the same time. At the end of mixing, in case 
of 1 and 7 mm outlet positions homogeneous fluid body is 
realized in the created plane. Unlike at 26 mm outlet posi-
tion where some inhomogeneous fluid elements remain 
nearby the outlet of the tank. In spite of the fact that the 
expected homogeneity is appeared earlier in the outlet 
stream at 26 mm setup (Fig. 10 (a)), the total fluid body 
may not absolutely homogenized.

4 Conclusion
In our study, a two-layer density stratified liquid was 
investigated in the aspects of homogenization. The mix-
ing was achieved by external recirculation. The residence 
time was 3.53 h, which was chosen from an industrial 
example. Our aim was to research the mixing process in 
a system where stirring is carried out by external pump, 
as well as to examine the influence of the height of the 
outlet on homogenization. Two outlet setups were exam-
ined in the laboratory. The influence of the outlet position 
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Nomenclature
c concentration [kg m−3]
ct concentration value in the current time [kg m−3]
cav expected concentration value [kg m−3]
∆c difference between the initial and the expected 

concentration value [kg m−3]
g gravitational acceleration g = g(gx, gy, gz), [m s−2]
k turbulence kinetic energy [J kg−1]
p pressure [Pa]
v velocity vector v = v(u, v, w) [m s−1]
v' fluctuation velocity vector v' = v'(u', v', w'), [m s−1]
v mean velocity vector v v= ( )u v w, ,  [m s−1]
vav average velocity of falling film [m s−1]
x, y, z position in Cartesian coordinate system [mm]
A0 constant [kg m−3]
A1 constant [-]
A2 constant [m3 kg−1]
B volume rate of flow [m3 s−1]
C1ε model constant, C1ε = 1.44 [-]
C2 model constant, C2 = 1.9 [-]
D diffusion coefficient [m2 s−1]
D/Dt substantial derivate [s−1]
F force vector [N m−3]
Ht homogeneity (%)

∆Ht difference of homogeneity (%)
It inhomogeneity (%)
L fluid film thickness [m]
Pk production of turbulence kinetic energy due to 

buoyancy force and mean velocity [J kg−1s−1]
W cross section of the film [m2]

Greek symbols
δ Kronecker unit vector δij = 1 if i = j, δij = 0 if i ≠ j
 tensor of the deformation rate [-]
ε rate of dissipation of turbulence kinetic energy  

[m2 s−3]
μ dynamic viscosity [kg m−1s−1]
ν kinematic viscosity [m2 s−1]
νT kinematic eddy viscosity [m2 s−1]
ρ density [kg m−3]
σε TDR-Prandtl number, σε = 1.2 [-]
σk TKE-Prandtl number, σk = 1.0 [-]
τ shear stress tensor [kg m−1s−2]
φ the angle between the plane and film [°]

Subscripts
i j k subscripts denoting Cartesian coordinate 

directions

was observed on homogenization at the outlet. After lab-
oratory measurements had been finished, the content of 
the tank was mixed manually to convince that inhomo-
geneous fluid elements did not remain in the system. To 
investigate the mixing process in detail, the CFD model 
of the experimental tank was implemented in ANSYS 
Fluent. Two models were used namely, the laminar and the 
k-ε model. In case of both simulation methods, the results 
suggest that the mixing is achieved layer by layer. To com-
pare the simulation results to laboratory results, one can 
state that the type of model has a remarkable impact on the 
dynamics of mixing instead of time demand of homogeni-
zation. The homogeneity results achieved by the k-ε model 
45 times greater than at laboratory at the same time in 
the first 20 min of measurement. By contrast, at the lam-
inar model, the homogeneity is just 27 times larger than 
the laboratory value. The results indicate that the lami-
nar model describes more punctual the external mixing in 
the investigated tank. The influence of the position of the 

outlet was appreciable in case of both models. The applied 
model type loses the significance of decreasing the outlet 
height. The time demand to get the expected concentra-
tion value at the outlet can be increased by the decrease 
of the outlet height; however, the results also imply that 
inhomogeneous fluid elements may remain in the tank. 
Consequently, to obtain the expected value in the outlet 
stream does not prove that the total fluid body is homog-
enous. The density maps which were obtained by the 
laminar model imply that the lower height of the outlet 
improves to reach the homogeneous fluid body. It follows 
that 1 mm outlet position seems the most acceptable setup 
among the examined positions.
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