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A b s t r a c t  

The results of the pumping and circulation efficiencies for the different dual impeller configurations in 
agitated vessel were presented in the paper. The influence of the impeller spacing on the overall pumping 
flow rate and the circulation flow rate was evaluated. The values of the criteria flow number and the 
circulation flow number were discussed for different configurations of dual impellers. 
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S t r e s z c z e n i e  
W niniejszej pracy przedstawiono wyniki obliczeń wydajności pompowania oraz wydajności 
cyrkulacyjnej dla różnych zestawów mieszadeł w mieszalniku dwustopniowym. Określono wpływ 
odległości pomiędzy dwoma mieszadłami na wartość sumarycznej wydajności pompowania oraz 
wydajności cyrkulacyjnej. Zaprezentowano wartości kryterialnej liczby wydajności pompowania oraz 
liczby wydajności cyrkulacyjnej, wyznaczone dla poszczególnych mieszadeł w układach 
dwustopniowych.  
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1. Introduction 

The agitated vessels, equipped with the dual impellers on common shaft, are applied in 
the slim apparatuses with the shape factor over unit. The filling height H in these agitators 
exceeds standard value equal to the tank diameter D. As the H ≥ 1,2D, the second impeller 
has to be used [1, 2]. This solution provides sufficiently intensive liquid circulation in the 
whole volume of the vessel, as the result of the superposition of flows generated by two 
impellers. The efficiency of the circulation in agitated vessel describes the flow of liquid in 
the whole vessel volume while the pumping efficiency refers to the stream of liquid flowing 
across the blades of impellers, i.e. stream restricted to the impeller region. Furthermore, the 
circulation and the pumping efficiency are proportional to each other, as it was confirmed 
in several studies [3–5]. It can be found in these studies, for the dual agitated vessel with 
two Rushton turbines with six blades, the circulation efficiency is twice as big as the 
pumping efficiency. The detailed description of the pumping and the circulation 
efficiencies was published in [6–8]. However, the authors carried out the calculations for 
the agitated vessel with the single impeller. The geometry of the impellers and their 
configuration in dual packages have a huge influence on the liquid circulation as well as on 
the final effects of technological process carried out in the agitated vessel. When analyzing 
this problem, the spacing value between the impellers seems to be one of the most 
important geometric parameters. Not many studies have been made so far to characterize 
the influence of impellers’ spacing on the pumping and the circulation efficiency in dual 
agitated vessel. The dual impellers were described for example in papers [9–12], but the 
measurements concerned the multiphase mixing processes mainly and the authors focused 
their attempts on the effects of process itself, such as end-dimension of the liquid drop or 
gas cavern or – in other cases – the mixing input power or the mixing time.  

The aim of this work was to extend the current knowledge of the pumping and 
circulation efficiency and their dependence on the impeller spacing, for the different 
impeller types in dual configurations and the different spacing values between the 
impellers. 

2. The experimental set-up 

The calculations were carried out on the base of values of mean velocities in the 
agitated vessel. The radial and axial components of the velocity, measured in the vertical 
mid-plane of the vessel, were used for calculations. The measurements of the velocity were 
performed by means of Laser Doppler Anemometer. It was two component system of 
Dantec Measurement Technology, with single probe, build as a two-channel (four-beam), 
utilizing green (514,5 nm) and blue (488 nm) lines of Ar-Ion laser with power of 300 mW 
and operating in the backscattering mode. 

The experiments were carried out in open cylindrical vessel, D = 286 mm, equipped 
with a flat bottom and four baffles with the width of D/10 each, equally spaced and 
extended to the bottom. The liquid level H was of 1,5·D. The diameter of each used 
impeller was d = 1/3·D = 95 mm and the impeller spacing Δh was changed in the range of 
(0,5–2)·d. The off-bottom clearance was of 0,5·d. The working liquid was dimethyl 
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sulphoxide (ρc = 1100 kg/m3, ηc = 0,0023 Pa·s). The rotation speed of the impeller was kept 
at constant value of 5 s-1, as it guaranteed turbulent flow in the vessel. 

Tab le  1 
The dual impeller combinations 

No of configuration Lower impeller Upper impeller 
1 6-RT 6-RT 
2 6-RT 6-PBT 
3 6-PBT 6-PBT 
4 6-PBT 6-RT 
5 Lightnin A-315 6-RT 
6 Chemineer HE-3 6-RT 

 
The exact description and drawing of the experimental set-up can be found in [13]. Four 
impellers with the different geometries were used: the Rushton turbine with six blades –  
6-TR, the six-Pitched Blade Turbine – 6-PBT and the hydrofoils: Lightnin A-315 and 
Chemineer HE-3. The combinations of dual impellers are given in Table 1. 

3. The results and discussion 

3.1. The pumping efficiency 

The pumping efficiency of the impeller is determined by the rate of the volumetric flow 
that enters Qin or leaves Qout the zone swept by rotating impeller, i.e. the flow rate that 
passes across the planes established by rotating blades of the impeller [1, 2, 6]. According 
to this, the two flow rates should be equal 

 poutin QQ= Q =  (1) 

where Qp is the pumping capacity of the impeller adequate to the capacity of the pump and 
Qp is proportional to the rotational speed of the impeller and its diameter cubed 

 3 dn= KQ pp ⋅⋅  (2) 

Kp is the dimensionless flow number dependent on the impeller’s geometry but independent 
of the Re number, for Re > 103 [2]. The pumping capacity is more often described by the 
dimensionless flow number Kp as more universal and the Eq. (2) takes then the form 

 
3dn

Q
= K p

p ⋅
 (3) 

The flow numbers Kp for all examined dual configurations were evaluated on the base 
of flow rates Qp calculated by integrating the profiles of the mean velocity components nu , 
normal to the planes As established by edges of the blades of the rotating impellers [1, 2, 6] 
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Sn, outout dAuQ    (5) 

The calculation of Qp was applied in this paper for six examined dual impeller 
configurations, so the integration of the velocity profiles was performed separately for the 
upper and the lower impeller. The overall pumping capacity is then the sum of the flow 
rates for the upper and lower impeller, calculated from Eqs (1), (4) and (5). Furthermore, 
the calculations were repeated this way for four values of Δh: 0,5d, 1d, 1,5d and 2d within 
each dual configuration. The values of the flow number Kp evaluated this way, versus Δh 
over d are given in Table 2.  

For the small distances of Δh some dual impellers work as single impeller in agitated 
vessel. In the configuration of two 6-RT impellers, the flow number Kp for Δh = 0,5d is 0,8 
and takes almost the same value for Δh = 2d, with increase by about 28% between 0,5 and 
2d. Similar tendency can be noticed for all configurations with the upper 6-RT impeller, 
and the increase of Kp occurs for Δh ≈ 1,5d, as a possible effect of reinforcing of the 
circulations generated by the respective impellers. This increase depends on the type of 
used configuration and varies from 11,8% for configuration: 6-RT – Lightnin A-315, to 
19,6% for configuration: 6-RT – 6-PBT. The results are partly in accordance with [6, 7], 
where the published flow numbers for single 6-RT, 6-PBT and HE-3 at similar 
experimental conditions were: Kp(6-RT) = 0,74, Kp(6-PBT) = 0,73 and Kp(HE-3) = 0,41. 
There is real difference only for 6-RT turbine, however it is still in accordance with [1]. 

 

Tab le  2 

The overall flow number Kp versus the ratio of impeller spacing Δh to impeller diameter 

Δh/d No of the dual configuration 
1 2 3 4 5 6 

0,5 0,80 1,16 1,25 1,02 1,18 0,69 
1 0,94 1,13 1,03 1,16 1,27 0,74 

1,5 1,03 1,06 0,90 1,22 1,32 0,81 
2 0,84 0,97 1,05 1,00 1,13 0,77 

 
The trend is contrary if the 6-PBT turbine is the upper impeller (configuration of two  

6-PBT and with lower 6-RT impeller). The impellers reinforce each other at small 
distances, so that the Kp number takes the highest values for Δh = 0,5d. This can be also 
confirmed, when looking at the results [6, 7]. As the impellers are being drawn aside, the 
flow number is getting decreased. For the configuration No. 2 with lower 6-RT and upper  
6-PBT turbine, this decrease is constant and almost linear as far as Δh = 2d, and the 
percentage drop is of 16,4%. For the 6-PBT turbines, the Kp number indicates the lowest 
value for Δh ≈ 1,5d. But it is opposite situation for configurations with upper 6-RT 
impeller. I can point to damping effect between impellers, occurring for Δh ≈ 1,5d.  
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3.2. The circulation efficiency 

The pumping efficiency described by the flow number Kp relates to circulation 
efficiency evaluated according to equation [6] 

 
3dn

Q= K c
c ⋅

 (6) 

The Qc is here the circulation flow rate referred to the whole agitated vessel. The Qc 
includes the flow entrained by the impeller discharge, and therefore takes usually higher 
values than the Qp [6]. This will be verified in the last part of this work. The Kc number is 
in Equation (6) the dimensionless circulation flow number, independent of the Re number, 
for Re > 103. The circulation flow Qc in the agitated vessel can be defined in axial z and 
radial r direction respectively, and then the Equation (6) takes the form 

 
3dn

Q= K z
z ⋅

 (7) 

 
3dn

Q= K r
r ⋅

 (8) 

Assuming the axial symmetry in the agitated vessel, the total axial-radial circulation 
flow rate Qc is equal both to the maximum value of Qr and the maximum value of Qz [6] 

 { } { }      zzrrc QQQ maxmax ==  (9) 

Consequently, the total axial-radial circulation flow number Kc is defined 

 { } { }      zzrrc KKK maxmax ==  (10) 

Moreover, assuming additional angular symmetry in the agitated vessel [6, 7, 8], the 
circulation flow rates in axial Qz and radial Qr direction can be calculated by integrating of 
the mean velocity profiles, at the different vertical (ri) and horizontal (zi) cross-sections 

 ∫ ⋅⋅π⋅=
2
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zziz drruzQ
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The Equation (12) was applied in this study to calculate the circulation flow rates Qc for 
the six examined dual impellers. It was decided to apply this methodology for the dual 
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impeller on the base of following assumption: if the circulation loops generated by dual 
impeller have similar shape and the centres of loops coincide, then the impellers should 
yield one maximum value of Qc. The analysis of the circulation loops was made on the 
basis of own results of distribution of the axial-radial mean velocities in r-z plane of the 
vessel. The example vector plot is shown in Fig. 1. According to Eq. (9), only the radial 
component of the mean velocity was used here for integration process. It was due to the 
number of examined configurations (24) and was justified by the time saved on the 
calculations. The position of the vertical cross-sections along r coordinate in the agitated 
vessel is shown in Fig. 2, as well as the selected mean velocity profiles (radial component). 

If the integrating process is repeated at each selected cross-section ri, both the positive 
and the negative values of Qc are calculated, depending on the orientation of vector of the 
radial velocity component. Therefore, the Qc was calculated at different distances from the 
vessel axis, along the radius of the vessel, towards its wall. On the base of evaluated Qc, the 
positive and the negative values of Kc were calculated, using Eq. (6). An example of Kc 
values versus dimensionless 2r/D is presented in Fig. 3. The maximum value of Kc 
(corresponding to maximum value of Qc) can be found easy by approximation of evaluated 
points, using the function with the maximum correlation coefficient, as was shown in the 
Figure 3. The approximation algorithm was performed with use of Table Curve software. 

The circulation flow numbers Kc evaluated this way for all examined dual 
configurations and Δh = (0,5–2) d, are collected in Table 3. Additionally, the values of Kc 
versus impeller spacing Δh over the impeller diameter d are presented on the graph – Fig. 4. 
Moreover, the values of Kc and Kp were compared to each other for the respective 
configurations and the spacing values Δh. The results are presented in Table 4. When 
analysing the graph on Fig. 4, the circulation flow numbers Kc show similar trend as the Kp 
numbers do. All of the configurations with the upper 6-RT turbine indicate distinct increase 
at Δh/d = 1,5. The magnitude of this increase varies, depending on the kind of the dual 
impellers, from 19% – for two 6-RT turbines up to 69% – for package: lower 6-PBT, upper 
6-RT turbine. The exception is the configuration with the lower 6-RT and the upper 6-PBT 
impeller. Its Kc number indicates increase by about 33% at Δh/d = 1,5, while the Kp number 
is constantly decreasing, by about 8,6% at Δh/d = 1,5. This effect of Kc increase in all 
mentioned dual impellers can be explained as a possible result of reinforcing of the 
circulation loops in the vessel, that occurs just for Δh = 1,5d. There is another feature of Kc 
for all of the above described dual impellers. Once Δh/d exceeds 1,5 and reaches value of 2, 
the Kc number is getting decreased. The biggest drop of Kc can be found for the 
configuration: lower HE-3 and upper 6-RT impeller, and it is about 11%, while the lowest 
decrease is for two 6-RT turbines – 3,7%. However, this last configuration looks rather 
average, if to compare its Kc number to other duals with upper 6-RT turbine, it indicates the 
most stabile magnitude of Kc versus Δh, as its characteristics is the most flat. This feature 
can be recognized as an advantage in the industrial applications of two Rushton turbines. 
The configuration with two 6-PBT impellers is the only one, that indicates evident decrease 
of Kc, as the spacing Δh is growing. However, at Δh/d = 1 the slight increase of 1,6% can be 
noticed, there is the evident decrease of Kc for bigger values of Δh/d, that takes the total 
value of 31%. It would point to damping effect, that occurs between impellers from the 
spacing value Δh/d = 1. 
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Fig. 1. The distribution of the axial-radial mean velocities in r-z plane of the vessel for chosen dual 
configuration: lower A-315 and upper 6-RT impeller, Δh = 1d 

Rys. 1. Rozkład z wypadkowych promieniowych i osiowych składowych prędkości dla wybranej 
konfiguracji mieszadeł: dolne A-315, górne 6-RT, Δh = 1d 
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Fig. 2. The vertical cross-sections along r axis in the agitated vessel with the selected mean velocity 

profiles for the radial component, for chosen dual configuration: lower A-315  
and upper 6-RT impeller, Δh = 1d 

Rys. 2. Linie przekrojów całkowania wraz z wybranymi profilami promieniowej składowej prędkości 
średniej dla wybranej konfiguracji mieszadeł: dolne A-315, górne 6-RT, Δh = 1d 
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Fig. 3. The circulation flow number Kc versus dimensionless distance from the vessel axis 2r/D. The 

dual configuration: lower A-315 and upper 6-RT impeller, Δh = 1d 

Rys. 3. Liczba wydajności cyrkulacyjnej Kc w funkcji bezwymiarowej odległości od osi mieszalnika 
2r/D. Zestaw mieszadeł: dolne A-315, górne 6-RT, Δh = 1d 
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Fig. 4. The circulation flow number Kc versus dimensionless distance between impellers Δh 

Rys. 4. Liczba wydajności cyrkulacyjnej Kc w funkcji bezwymiarowej odległości  
między mieszadłami Δh 
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Table  3 

The circulation flow number Kc versus the ratio of impeller spacing Δh to impeller diameter 

Δh/d No of the dual configuration 
1 2 3 4 5 6 

0,5 2,67 1,55 1,31 2,12 2,28 2,15 
1 2,92 1,81 1,33 3,09 3,21 2,62 

1,5 3,18 2,06 0,92 3,58 3,63 3,08 
2 3,06 1,85 0,90 3,42 3,22 2,83 

 
All calculated values of Kc look quite reasonable, if to compare them to the results 

published in [6, 8]. The three values of Kc, for 6-PBT turbine, 6-RT turbine and for 
Chemineer HE-3, were evaluated at similar experimental conditions and the impeller 
geometries except HE-3 impeller (diameter was of 0,5 of the tank diameter). The Kc values 
for 6-PBT and 6-RT turbines were of 1,38 and 2,1 respectively. If to compare these values 
with the configurations of double 6-RT and 6-PBT turbines, there is one conclusion 
coming. From the hydrodynamics point of view in the agitated vessel, at small distances of 
Δh two impellers work as single one. The increase of Δh causes an increase of the Kc as far 
as some upper limit value that is probably the sum of the circulation numbers for two 
respective impellers, as if they worked separately. However, this claim has to be verified by 
evaluation of the circulation flow numbers Kc for four single impellers used in this work, 
i.e.: 6-PBT turbine, 6-RT turbine, Lightnin A-315 and Chemineer HE-3. 

Finally, the Kc values were referred to the respective values of Kp in order to check the 
magnitude of the interval between them. The values of the ratio of Kc/Kp are presented in 
Table 4. The configuration of the two 6-PBT impellers yields the Kc number that is three 
times bigger than Kp (column 1), for all four distances Δh. It is comparable with [6–8], 
where this ratio was of 2,83. But it cannot be said about the configuration of two 6-PBT 
turbines. The Kc value is in this case almost of the Kp (column 3), except the distance 
Δh = 1. It does not compare to [6–8], where the Kc number exceeds Kp number by 1,89. 

Tab le  4 

The comparison of Kc / Kp ratio for varied impeller spacing Δh relative to impeller diameter 

Δh/d No of the dual configuration 
1 2 3 4 5 6 

0,5 3,32 1,33 1,05 2,09 1,89 3,12 
1 3,10 1,60 1,29 2,78 2,54 3,54 

1,5 3,09 1,95 1,01 2,93 2,76 3,81 
2 3,62 1,91 0,85 3,42 2,84 3,67 

4. Conclusion 

The selection of the most advantageous dual configuration in the agitated vessel, 
considering the mixing hydrodynamics characterized by the circulation and the flow 
numbers, is not an easy issue. The final solution depends both on the impellers’ geometry 
and the spacing between them, as it was shown in the paper. Nevertheless, if taking only Kc 
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numbers into consideration as this more important than Kp number [6], then the most 
advantageous seems to be dual configuration with upper 6-RT impeller and lower A-315 
and 6-PBT turbine. 

Symbols 

As – plane established by edges of impeller in motion [m2] 

d – impeller diameter [m] 
D – internal diameter of the tank [m] 
Δh – impeller spacing [m] 
H – liquid height in the agitated vessel [m] 
Kc – circulation flow number  
KP – flow number  
Kr – circulation flow number referred to Qr  
Kz – circulation flow number referred to Qz  
n – impeller rotational speed [s-1] 
Qc – circulation flow rate [m3/s] 
Qin – flow rate entering the impeller zone [m3/s] 
Qout – flow rate leaving the impeller zone [m3/s] 
Qp – pumping flow rate crossing the impeller zone [m3/s] 
Qr – circulation flow rate in radial direction [m3/s] 
Qz – circulation flow rate in axial direction [m3/s] 
r – vessel radius [m] 
ri – radius of integration [m] 
Re – Reynolds number  

in,nu  – mean velocity component, normal to the plane As 
referred to the Qin

[m/s] 

out,nu  – mean velocity component, normal to the plane As 
referred to the Qout 

[m/s] 

ru  – radial component of the mean velocity in vessel [m/s] 
zu  – axial component of the mean velocity in vessel [m/s] 

z – vessel axis [m] 
zi – z-level of integration [m] 
ρc – density of working liquid [kg/m3] 
ηc – viscosity of working liquid [Pa·s] 
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