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Geometric parameters of a ribbon impeller were optimized on the basis of numerical calculations 
obtained from the solution of our own 3D/2D hybrid model. The optimization was made taking into 
account mixing power and homogenization time for ribbon impellers with a different number of 
ribbons and width operating in a laminar motion for Newtonian fluid. Due to minimum mixing 
energy required to stir a unit volume of liquid the most efficient impeller appeared to be that with 
one ribbon of width equal to 0.1 to 0.15 of the mixing vessel diameter. Impellers with more than one 
ribbon needed much higher mixing power but did not increase significantly secondary circulation in 
the vessel. These impellers increased first of all primary circulation, i.e. they increased only circular 
motion of liquid in the vessel. 
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1. INTRODUCTION 

Mixing in the liquid phase is very often used in various technological processes, and in many cases 
efficiency of the whole process depends on mixing intensity. This refers, for example, to fast chemical 
reactions controlled in the reactor by the rate of mixing in a micro scale. A similar problem arises in the 
mixing of highly viscous liquids, e.g. during polymerization. In general, for mixing highly viscous 
liquids: anchor, ribbon or screw impellers are used. The first of these works well in the case when there 
is a need of a jacketed heat exchange on the mixing reactor wall. The paddle of an anchor operating 
near the tank wall disrupts thermal boundary layer thus increasing the intensity of heat exchange on its 
wall. However, this type of impeller produces a very weak radial-axial circulation which usually results 
in poor mixing of the liquid in the whole volume of the vessel. Ribbon impellers do not have this 
disadvantage. Structurally they are more difficult to manufacture but due to relative inclination of the 
rotating ribbon the impeller pumps liquid up or down thereby increasing significantly the radial-axial 
circulation and as a result decreasing the mixing time. Therefore, this type of impellers is widely 
applied when you need to mix highly viscous liquids (Delaplace et. al., 2000; Dalaplace et. al., 2006; 
Kuncewicz, 2012; Robinson and Cleary, 2012). 

Due to the extensive use of ribbon impellers in industrial practice they have been the subject of 
frequent research. Curran (Curran et. al., 2000) studied experimentally the hydrodynamics and 
circulation time in a reactor with a simple and double helical ribbon impeller in case of yield stress 
fluids. They revealed the independency of the dimensionless circulation time of the fluid rheology and 
pumping direction in case of the double helical ribbon. In contrast, the simple ribbon presented high 
values of dimensionless circulation time for the highest viscosity fluid. Robinson and Cleary (Robinson 
and Cleary, 2012) have studied the mixing flow within three variants of the helical ribbon impellers,  
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a single helical ribbon impeller, a double helical ribbon and a single helical ribbon combined with a 
central screw. They proved that the mixing rate is better while adding an extra ribbon compared to the 
single ribbon results, while, the addition of a central screw leads to a creation of a low mixing zone 
surrounding the screw. However, this work did not specify the mixing efficiency for this type of stirrer. 

Many similar papers have been written since and they concern the hydrodynamics of the mixer or 
mixing times or both parameters simultaneously. However, they do not include studies on the 
circulation times inside the mixer and the relationship between mixing time and circulation time. The 
presented work complements this gap. 

Over the last two decades there has been a growing number of works based on numerical calculations 
using CFD techniques (Ameur et.al., 2015; Ameur, 2017; Anne-Archard et. al., 2006) or experimental 
work using modern measurement techniques (Takahashi et al., 2015; Wang et al., 2012). 

Another area of interest of ribbon impellers is the food industry. Especially when you should reach 
concentration of solid phase of more than 50% (Hou, 2016; Zhang, 2014). A high value of secondary 
circulation in the r-z plane in the mixer even at low rotational speeds of the stirrer effectively mixes the 
two phases without destroying the solid. So, the helical ribbon impeller was successfully introduced 
into pretreatment reactors for the purpose of intensified mixing of corn stover with liquid dilute acid 
solution and hot steam (He et.al., 2014a; He et.al., 2014b) or into bioreactors for enzymatic hydrolysis 
and fermentation (Liu et al., 2012; Zhang et al., 2010; Zhao et al., 2013). The results showed that the 
bioconversion yield and pretreatment efficiency was significantly improved. Wu (2012) made  
a comparison of six types of impellers for mixing high-solids anaerobic digestion systems and found 
the helical ribbon impeller was the most effective solution. 

From the viewpoint of obtaining a homogeneous mixture in the entire volume of the vessel, we often 
employ two basic concepts: the homogenization time m and circulation time c. Both concepts refer to 
mixing in the entire tank volume and despite not very precise definition they have been used for a long 
time. By definition (Stręk, 1981) the time of homogenization m (or mixing time) is the time needed by 
the system to reach high enough homogeneity required by process conditions. The time of circulation c 
is the average time which every element of the liquid requires for making one full circulation loop in 
the radial-axial plane in the vessel. As has been mentioned, both definitions are unclear. Hence, results 
obtained by different authors who additionally use different measuring techniques can differ 
appreciably. The values of τm and τc are directly related to secondary circulation in the tank, i.e. to the 
volumetric flow rate of liquid Vs [m3/s] in the r-z plane. The higher the value of Vs, the shorter the time 
of homogenization τm. To practically determine the time of homogenization various measuring 
techniques are used (see legend to Table 1). 

Table 1 shows experimental data available in the literature regarding the time of homogenization τm, 
circulation τc and power of mixing in the form of product PoRe = A. The values of τm and τc are given 
in the form of dimensionless products Nτm and Nτc. Table 1 gives also geometry of the ribbon impeller-
vessel system and measuring method which was used to determine the time of homogenization. 

Data in Table 1 refer only to ribbon impellers because according to many authors (Bakker and Gates, 
1995; Coyle et al., 1970; Rieger et al., 1986; Shiue and Wong, 1984) this type of impeller is most 
suitable for mixing liquids with high viscosity. 

It can be easily seen from Table 1 that mixing times are always several times greater than the 
circulation times (Carreau et al., 1976; Guerin et al., 1984; Takahashi et al., 1989; Takahashi et al., 
1994). Therefore, an attempt can be made to find a relationship between the values of m and c for the 
same type of impeller irrespective of its geometric parameters. In other words, it is possible to 
determine the number of full circulation loops which should be made by every element of liquid in the 
vessel to make the liquid obtain an appropriate degree of homogeneity. Figure 1 shows selected data 
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from Table 1 concerning the values of m and c for ribbon impellers with different geometric 
parameters. 

Table 1. The time of homogenization and circulation for ribbon impellers available in the literature 

Authors d(m) D/d w/d p/d H/d NR A Nm Nc 

Carreau et al. (1976) 
0.130 
0.130 
0.130 

1.110 
1.110 
1.110 

0.097 
0.097 
0.195 

0.719 
1.048 
0.707 

1.11 
1.11 
1.11 

2 
2 
2 

355.0 
234.0 
314.0 

451) 
511) 
251) 

13.2a) 
13.1a) 
7.1a) 

Ulbrecht and Carreau (1985) 
0.105 
0.130 
0222 

1.370 
1.110 
1.110 

0.121 
0.097 
0.099 

0.848 
0.695 
0.690 

1.37 
1.11 
1.12 

2 
1 
2 

199.0 
160.0 

- 

551) 
61.01) 

- 

15a) 
21.8a) 

- 

Coyle et al. (1970) 0.432 1.059 0.083 0.500 1.06 1 - 63.0a) 20.0a) 

Gelus (1979) 
- 
- 

1.111 
1.111 

0.111 
0.111 

1.000 
1.000 

1.00 
1.00 

2 
2 

265 
265 

1008) 

1301a) 
9.5b)

12a) 

Guerin et al. (1984) 

0.130 
0.130 
0.130 
0.130 
0.220 

1.108 
1.108 
1.108 
1.108 
1.127 

0.100 
0.100 
0.200 
0.100 
0.100 

0.720 
1.050 
0.710 
0.700 
0.700 

1.11 
1.11 
1.11 
1.11 
1.11 

2 
2 
2 
1 
2 

 
- 
- 
- 
- 

45.01) 
49.01) 
22.01) 
53.01) 
45.01) 

12.9a) 
12.3a) 
11.0a) 
17.7a) 
17.3a) 

Nagata et al. (1956) 

0.094 
0.094 
0.191 
0.285 

1.064 
1.064 
1.053 
1.053 

0.117 
0.117 
0.105 
0.105 

0.745 
1.112 
1.000 
1.000 

1.06 
1.06 
1.05 
1.01 

1 
1 
2 
2 

250.0 
192.0 
330.0 
302.0 

33.01) 
33.01) 
33.01) 
33.01) 

11.0a) 
11.7a) 

- 
12.7a) 

Soliman (1985) 0.602 1.053 0.100 1.000 1.01 2 315 49.01) 12.8c) 

Takahashi et al. (1982, 1988) 

0.096 
0.088 
0.082 
0.096 
0.089 
0.083 
0.090 
0.090 
0.089 
0.088 
0.090 
0.090 
0.090 
0.091 

1.040 
1.138 
1.222 
1.040 
1.126 
1.209 
1.110 
1.115 
1.126 
1.136 
1.115 
1.114 
1.109 
1.098 

0.104 
0.114 
0.122 
0104 
0.113 
0.121 
0.111 
0.111 
0.113 
0.114 
0.084 
0.140 
0.169 
0.220 

0.937 
1.025 
1.101 
0.937 
1.015 
1.089 
0.665 
0.502 
1.351 
2.045 
1.004 
1.003 
0.999 
0.989 

1.04 
1.14 
1.22 
1.04 
1.13 
1.21 
1.11 
1.11 
1.13 
1.14 
1.11 
1.11 
1.11 
1.10 

1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

- 
- 
 
- 
- 
- 
- 
- 
 
- 
- 
 
- 
- 

6) 
6) 

6) 

239.06) 
53.86} 
6) 

56.46) 
68.56) 
2456) 
6) 

106.06) 
42.36) 
33.06) 
56.26) 

- 
- 
 

8.2a) 
10.0a) 
11.3a) 
14.7a) 
15.4a) 
9.9a) 
9.6a) 

10.5a) 
7.2a) 
5.8a) 
7.6a) 

Takahashi et al., (1988, 1989) 

0.122 
0.112 
0.103 
0.113 
0.115 
0.117 
0.116 

1.049 
1.143 
1.243 
1.133 
1.113 
1.094 
1.103 

0.106 
0.117 
0.127 
0.116 
0.114 
0.167 
0.224 

0.959 
1.104 
1.188 
0.728 
0.503 
1.020 
1.009 

1.05 
1.14 
1.24 
1.13 
1.11 
1.09 
1.10 

2 
2 
2 
2 
2 
2 
2 

351.1 
290.6 
275.3 
356.6 
425.1 
339.4 
372.4 

239.06) 
53.86) 
6) 

56.46) 
68.56) 
33.06) 
56.26) 

8.7a) 
9.2a) 

12.0a) 
12.0a) 
18.2a) 
9.5a) 
8.8a) 

Takahashi et al. (1994) 0.117 1.094 1.167 1.020 1.09 2 339.4 38.41) 8.4a) 

Measuring method of homogenization time - 1) colorimetric method combined with visual observation,  

2) colorimetric method combined with photoelectric measurements, 3) colorimetric method with video 

recording, 4) addition of a colored tracer with visual observation, 5) chemical method, 6) method with the use 

of liquid crystals (dependence of the color of liquid crystals on temperature), 7) method with the use of 

fluorescence tracers, 8) conductometric method 

Measurement of circulation time - a) visualization of the trajectory of suspended particles, b) conductometric 

method, c) calculated on the basis of measured axial velocities, d) thermal method 
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Fig. 1. Dependence of homogenization time on circulation time for ribbon impellers 

The scattering of experimental points observed in Fig. 1 is relatively large and is mainly due to 
different measuring techniques used to determine times τm and τc and different geometries of the 
impeller-vessel system. As follows from Fig. 1, the values of m and c are interrelated, but it is difficult 
to find a precise functional relation between the two variables. It was therefore decided to apply the 
simplest linear relation (1) which indicates that the liquid contained in the tank can be considered well 
mixed if each element of the liquid performs 3 or 4 circulation loops in the vessel on average. 

 cm .   53  16.2% (1) 

The time average of circulation τc can be determined from the secondary circulation Vs and volume of 
the stirred liquid V. 

 
V

Vs
c   (2) 

As follows from Table 1, in some studies (Takahashi et al., 1982; Takahashi et al., 1989) the values of 
m are several times higher than similar values quoted by other authors. In certain cases m which 
means that in the tank small zones with poorer mixing were observed and in this case only a subjective 
assessment of the experimenter decided the value of τm. Therefore, not all data contained in Table 1 
have been taken into account in Fig. 1. 

In addition to experimental methods used in studies on the hydrodynamics of mixing vessels in a 
laminar motion, for decades CFD methods have been increasingly applied. They are used to determine 
the distribution of all hydrodynamic values in the entire volume of the mixing vessel. Noteworthy are 
the early studies of Thiele (1972) and Ohta et al. (1985) regarding solutions in the 2D space, first 
solutions of full models in the 3D space proposed by Harvey et al. (1995) and Kaminoyama et al. 
(1999) and others, or the 3D/2D hybrid model developed by Kuncewicz and Pietrzykowski (2010). The 
idea of the last model was that a full 3D model was solved in the impeller region and its vicinity, while 
in the other parts of the vessel a much simpler 2D model was solved. In this way the time needed for 
model solution was shortened from 7 to 10 times without compromising accuracy of the results. 

In our previous work (Kuncewicz et al., 2013) using solutions of a 3D/2D hybrid model we found that 
for a ribbon impeller with one ribbon its optimal parameters referring to mixing time and mixing power 
are geometric invariants d/D = 0.92 and p/d = 1. 
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In this study, using the same 3D/2D model we decided to investigate the effect of two other parameters 
of the ribbon impeller, i.e. the number of ribbons NR and their widths on the time of homogenization 
and mixing power and to determine two other optimal parameters of ribbon impellers. 

2. EXPERIMENTAL 

In the experimental part the correctness of the solution of a 3D/2D hybrid model for ribbon impellers 
equipped with more than one ribbon (Fig. 2) or impellers with reduced ribbon width (Fig. 3) was 

verified. Figures 2a and 3a show a comparison of model distributions of peripheral velocities *u  (solid 

lines) and axial velocities *
zu  with their experimental values (points). The experimental values were 

obtained using a Dantec Laser Doppler Anemometer (LDA). The method of calculating mean velocity 
values uz, u, is given in our previous work (Kuncewicz and Pietrzykowski, 2010). 

                          

Fig. 2. Model verification (a) and liquid circulation in the tank (b) for Re = 10, d/D = 0.92, w/D = 0.1, NR = 2 

As follows from the analysis of Figs. 2a and b figures, good agreement of both compared values was 
obtained which indirectly proves the correctness of the model solutions. The highest peripheral 
velocities were always observed in the case of impeller region, while the greatest axial components 
occurred not only in the region where liquid was pumped to the bottom of the tank but also in the 
middle of the tank where the same stream was returning to the liquid level. Comparing results shown in 
Figs. 2 and 3 it should be noted that for the impeller with two ribbons there was a more than a twofold 
increase of peripheral circulation Vp associated with the impeller rotation. Secondary circulation Vs, i.e. 
circulation in the r-z plane also increased. However, that increase was much smaller and amounted to 
only about 30%. This is due to a maximum value of stream function max for both compared impellers. 
Hence, in this case there was an uneven growth of primary and secondary circulation in the tank and it 
could be concluded that the increase of the total active surface of the impeller caused first of all an 
increase of peripheral velocities in the tank. It should also be taken into account that the comparison 
referred to the impellers with different ribbon widths and their numbers. 

Liquid circulation inside the tank is shown in Figs. 2b and 3b. In the middle part of the tank liquid 
circulates at approximately constant relative peripheral frequency n = (0.5 - 0.6)N in the case of a 
double-ribbon impeller and at frequency n = (0.35 - 0.45)N in the impeller with one ribbon. In both 
cases peripheral velocities were always two or three times higher than axial velocities. In the impeller 
region, due to the proximity of the tank wall, relative peripheral frequencies n* decrease, although 

uz
*

0.05

0.1

0.15

u
*

0.5

0.25
n =const

* =const

0
.1 0 .
3

0.4

0.5

0
.6

max=
0.0023

a) b) 



Cz. Kuncewicz, J. Stelmach, Chem. Process Eng., 2017, 38 (3), 491-502 

496  cpe.czasopisma.pan.pl;  degruyter.com/view/j/cpe 
 

taking into account large radius along which the liquid moves in this region its absolute peripheral 
velocity is the highest. 

u
* 0.1

0.2

uz
*0.05

0.1

                   

n*=const =const

0
.4

5

0.35

0
.1

0
.2

5

max=
0.017

 

Fig. 3. Model verification (a) and liquid circulation in the tank (b) for  

Re = 10, d/D = 0.92, p/d = 1, w/D = 0.075, NR = 1 

3. MODEL CALCULATIONS 

In laminar motion the flow of liquid in the whole tank depends largely on flow in the impeller region. 

Figure 4 shows model distributions of dimensionless velocity *u  for impellers with variable ribbon 

widths w and their number NR, while Fig. 5 presents similar distributions for dimensionless axial 

velocity *
zu . As follows from Fig. 4 an increase in the ribbon width and their number causes always an 

increased peripheral circulation in the impeller region. A fourfold increase in the ribbon width  

(w/D = 0.05 - 0.2) increases almost twice the maximum liquid velocity *u  in the impeller region. 

Similarly, the number of ribbons has also great impact. A three-ribbon impeller produces primary 
circulation which is 60% higher than that of a single-ribbon impeller. In general, it can be concluded 
that the greater the impeller surface the bigger the liquid stream flowing in the impeller region in the 
peripheral direction. 
 

0 5. 0 6. 0 7. 0 8. 0 9. 1 0.

0 10.

0 15.

0 20.

0 25.

0 30.

0 35.

0 40.
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0 60.

0 65.
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N R = 1
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NR = 3 w/D = 0.1 = const
u

*

r*

  N
R
 = 1.0 = const

  w/D = 0.1 = const
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Fig. 4. Liquid flow in the impeller region in peripheral direction for Re = 10, d/D = 0.92, p/d = 1 

a) b) 
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On the other hand, an ambiguous impact of the width and number of ribbons on dimensionless axial 

velocities *
zu  in the impeller region can be observed when analysing the distributions *

zu = f(r*) in Fig. 5. 

Axial velocities *
zu  increase with an increase of the ribbon width only to the value of w/D  0.15. The 

ribbon of width w/D = 0.2 has significantly lower axial velocity (the assumed direction of impeller 
rotations forced liquid flow down the tank, so axial velocities had sign “-”). Thus, excessive increase of 
the ribbon surface area is not advisable in this case. A similar conclusion can be drawn when analysing 

distributions *
zu  = f(r*) for impellers with different number of ribbons NR. In this case the increase of 

impeller area by adding a second and third ribbon, for the same ribbon width w/D = 0.1, causes even 
a decrease of axial velocities in the impeller region. This effect is similar to that observed in the case of 

the impact of ribbon width on distributions *
zu  = f(r*) for w/D > 0.15. Probably too large active surface 

area of the ribbons in the mixer causes disturbances in the creation of regular loops inside the vessel. 
 

0 55. 0 6. 0 65. 0 7. 0 75. 0 8. 0 85. 0 9. 0 95.
-0 16.

-0 14.

-0 12.

-0 10.

-0 08.

-0 06.
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-0 02.

0 00.

u
z
*

r*

 N
R

 = 1.0 = const

 w/D = 0.1 = const

w/D = 0.05

w/D = 0.075

w/D = 0.15

w/D = 0.2

NR = 1

NR = 2

N
R
 = 3

w/D = 0.1 = const

 

Fig. 5. Liquid flow in the impeller region in axial direction for Re = 10, d/D = 0.92, p/d = 1 

Peripheral and axial velocities in the impeller region are only part of the whole peripheral and axial 
circulation in the tank. Therefore having the distributions of all three velocity components in the entire 
tank (Figs. 2 and 3) one can determine the value of primary circulation Vp and secondary circulation Vs 
i.e. the volumetric flow rate of liquid towards the peripheral and radial-axial direction in the whole 
tank. The values of Vp and Vs are usually given in the form of dimensionless numbers of primary and 
secondary circulation Kp and Ks, respectively, defined by Eq. (3). 

 
3nd

V
K p

p  ;     
3Nd

V
K s

s   (3) 

On the basis of peripheral velocity distributions near the wall and bottom of the vessel obtained from 
3D/2D model solutions it was also possible to determine the mixing power P and then to calculate the 
dimensionless power number Po and product PoRe = A. The value of this product for laminar mixing 
and for a specified impeller is a constant value independent of the Reynolds number. Functional 
relations Kp, Ks, A = f(NR, w/D) obtained from model solutions are shown in Fig. 6. 

The width of ribbons in a moderate way affects the power of mixing. A fourfold increase of the ribbon 
width caused only about 25% increase in the mixing power (Fig. 6b). In contrast, the mixing power 
depended strongly on the number of ribbons. Addition of the second and third ribbon to the single-
ribbon impeller resulted in an increase of the mixing power by 58% and 102%, respectively. In both 
cases the growth of mixing power can be explained by increase in friction resistance that is dominant 
resistance in the laminar motion. Figure 6a illustrates the influence of the two analysed parameters on 
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the total primary and secondary circulation in the mixer in form of the dimensionless value of  
Kp and Ks. 

          

Fig. 6. Primary and secondary circulation in the vessel (a) and the mixing power (b) for  

Re = 10, d/D = 0.92, p/d = 1.0 

As follows from analysis of Fig. 6a for ribbon width w/D = 0.1, addition of the second and third ribbon 
caused an increase of the primary circulation Kp by 44% and 71%, respectively, while the secondary 
circulation Ks remained virtually unchanged and for NR = 3 it was even decreased. Hence, the addition 
of second and third ribbon resulted only in an increase of peripheral circulation which has no effect on 
circulation time τc, and consequently on mixing time τm. The above presented results of mathematical 
modelling show that additional energy demand needed to drive the second and third ribbon is 
completely ineffective. 

To demonstrate more clearly that addition of the second and third ribbon is pointless one should 
analyse Table 2 which presents changes in the Kp/Ks ratio for a different number of ribbons. 

Table 2. The effect of the number of ribbons NR on primary and secondary circulation in the vessel for w/d = 0.1 

NR Kp Ks A Kp/Ks 

1 0.330 0.162 182.0 2.03 

2 0.476 0.159 288.2 2.99 

3 0.567 0.128 366.0 4.42 

To fully optimize the ribbon impellers the assumed optimization criterion was the value of UE defined 
as the amount of energy needed to attain an appropriate mixing degree of liquid unit volume, i.e. 

 






3m

J

V

P

V

E
U m

E


 (4) 

This method is applied universally and can also be observed in other unit operations of chemical 
engineering (Obraniak and Gluba, 2012). The value of UE can be determined as a unit mixing energy. 
Taking into account Eqs. (1) to (3) and Eq. (5) which determine mixing power in the laminar regime 

 [W]32 dNAP   (5) 

after simple transformations Eq. (4) will assume the following form 
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The smaller UE the more efficient the impeller. It follows from Eq. (6) that with an increase of the 
mixing power (constant A from Fig. 6b) and decrease of secondary circulation (Ks), the value of unit 
mixing energy UE will increase, i.e. mixing efficiency is lower. Such a tendency of changes is largely 
self-evident. Equation (6) also indicates that the viscosity of the liquid and the impeller rotation have 
negative impact on the efficiency of the mixing. From the phenomenological point of view the 
tendency of changes is most understandable. It should be noted that, as follows from Eqs. (3) and (5), 
rotation frequency of the impeller causes a faster increase of mixing power P than the increase of 
secondary circulation Vs in the vessel (P  N2 and Vs  N). Therefore the value of N is in the numerator 
and not in the denominator of Eq. (6). A dimensional form of Eq. (6) can be transformed to its 
dimensionless form UE

* 

 ][
53





s

E*
E K

A.

n

U
U


 (7) 

Owing to this the values of UE
* can be directly compared for ribbon impellers with different geometric 

parameters. A comparison is presented in Fig. 7. 
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Fig. 7. Dimensionless unit mixing energy for ribbon impellers at Re = 10, p/d = 1.0 and d/D = 0.92 

As can be seen from Fig. 7 the smallest UE
* occurs for a single-ribbon impeller with ribbon width 

w/D = 0.10 to 0.15. Hence, from solutions of the 3D/2D model it follows that if the main purpose of 
mixing is to obtain a homogeneous mixture, from the economic point of view the most optimal ribbon 
impeller is that with the geometric parameters: d/D = 0.92, p/d = 1.0, NR = 1 and w/D = 0.10 to 0.15. 
For other purposes than homogenization (e.g. jacketed heat exchange) ribbon impellers with different 
geometric parameters should be used. 

4. CONCLUSIONS 

 The hybrid 3D/2D model developed in earlier work is also valid for ribbon impellers which have 
more than one ribbon. 

 An increase of the ribbon width has a moderate effect on the growth of mixing power and 
secondary circulation in the tank, and for w/D > 0.15 even a decrease in the value of Vs occurs. 

 A bigger number of ribbons in the tank results only in a significant increase of mixing power and 
growth of peripheral circulation in the tank. This means that the addition of the second and third 
ribbon is unprofitable. 
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 If the primary purpose of mixing is to achieve short mixing times τm, from the economic point of 
view an optimal ribbon impeller operating in laminar regime is the impeller with the following 
parameters: d/D = 0.92, p/d = 1.0, NR = 1 and w/D = 0.10 - 0.15. 

The research was carried out within grant no. 501/10-34-1-7015 

SYMBOLS 

A constant = PoRe, [-] 
d, D ribbon and tank diameter, respectively [m] 
E unit mixing energy, [W/m3] 
H liquid height in the tank, [m] 
Kp, Ks, dimensionless number of primary and secondary circulation, respectively, [-] 
N, n frequency rotation of impeller and liquid, respectively, [rev/s] 
NR number of ribbons, [-] 
n* dimensionless frequency rotation of liquid = n/N, [-] 
P mixing power, [W] 
p ribbon pitch, [m] 
R tank radius, [m] 
r* dimensionless radius = r/R 
UE energy needed to achieve the appropriate mixing degree of 1 m3 of liquid, [J/m3] 
UE

* dimensionless form of UE according of Eq. (7), [-] 
u, uz tangential and axial velocity, respectively, [m/s] 
u

*
, uz

* dimensionless tangential and axial velocity, respectively, u (uz)/(DN), [-] 
w ribbon width, [m] 
V volume of liquid, [m3] 
Vp, Vs primary and secondary volumetric flow rate, [m3/s] 
m,c mixing and circulation time, respectively, [s] 
Φ stream function, [-] 
Po power number = P/(N3d5) 
Re Reynolds number = Nd2/ 
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