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A comparative analysis concerning the influence of different factors on momentum transfer in 
mechanically agitated systems was carried out on the basis of experimental results for solid-liquid, 
gas-liquid and gas-solid-liquid systems. The effects of the impeller - baffles system geometry, scale 
of the agitated vessel, type and number of impellers and their off-bottom clearance, as well as 
physical properties of the multiphase systems on the critical impeller speeds needed to produce 
suspension or dispersion, power consumption and gas hold-up were analysed and evaluated. 

Keywords: multiphase system, agitated vessel, critical impeller speeds, gas hold-up, power 
consumption 

1. INTRODUCTION 

Solid-liquid mixing of both settling and floating particles in un-gassed or gassed suspensions is 
required in many technologies of chemical and food processing, fermentation, polymerisation and 
wastewater treatment (Harnby et al, 1992; Kamieński, 2004; Paul et al, 2004; Stręk, 1981). In literature, 
there are many correlations to calculate the critical (minimum) impeller speeds for off-bottom 
suspension of the particles heavier than the liquid (Kamieński, 2004; Nienow, 1968; Paul et al, 2004; 
Rieger and Ditl, 1994; Zwietering, 1958). Particles less dense than the liquid will float onto the liquid 
surface (Etchells, 2001). Dispersion of floating particles in an agitated vessel is more sensitive to 
direction of the fluid circulation and arrangement and type of the baffles than settling of the particles 
(Bao et al., 2005; Karcz and Mackiewicz, 2006; 2007; 2009; Ozcan-Taskin, 2006; Ozcan-Taskin and 
Wei, 2003). Mechanically agitated gas – liquid systems using single or more than one impeller on the 
common shaft have been intensively tested (Adamiak, 2005; Cudak, 2011; Montante et al, 2006; 2007; 
Moucha et al., 2003; Nienow and Lilly, 1996; Warmoeskerken, 1986). Power consumption data 
(Adamiak and Karcz, 2007), gas hold-up (Kamieński and Niżnik, 2001; Karcz et al., 2004) and scale-
up effects (Karcz and Siciarz, 2004; Karcz et al., 2007) have been discussed. In agitated three phase 
systems, gas is dispersed simultaneously with particles suspended in a fluid (Takenaka et al, 2001; Zhu 
and Wu, 2001). The agitation of gas -solid – liquid systems have been experimentally analysed in few 
papers only (Cudak, 2014; Kiełbus-Rąpała and Karcz, 2010; 2012; Kiełbus-Rąpała et al., 2011; Major-
Godlewska and Karcz, 2012). 

The aim of the study presented in this paper was to analyse the effects of the baffling, impeller type and 
physical properties of fluid on the critical impeller speed, power consumption and gas hold-up in the 
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two- and three-phase systems agitated in the vessels of different scale. A comparative analysis of 
experimental data was carried. 

2. RANGE OF MEASUREMENTS 

Measurements of the power consumption P and gas hold-up were carried out in an agitated vessel 
with the inner diameter D = 0.288 m or 0.634 m. The vessel equipped with a flat bottom was filled with 
a liquid up to the height H = D or H = 2D (Fig. 1). One (i = 1) or two (i = 2) high speed impellers were 
mounted on the vessel shaft at a distance h measured from the bottom of the vessel. A single impeller (i 
= 1) was located at a distance h = 0.33H when gas – liquid, solid – liquid (p> L) and gas – solid – 
liquid systems were agitated. In case of the solid – liquid system (p < L), the distance h was equal to 
0.67H. Two impellers (i = 2) mounted on the common shaft were located at the distances h1 = 0.33H 
and h2 = 0.67H, respectively. 

Different types of high speeds impellers were used to multiphase system agitation: radial flow Rushton 
turbine (RT, Z = 6; do/d = 0.75; a/d = 0.25; b/d = 0.2), Smith turbine (CD 6, Z = 6; do/d = 0.75;  
a/d = 0.25; b/d = 0.2; R/b = 0.5), turbine (T, Z = 6; b/d = 0.2;  = 90o), mixed flow up- and down 
pumping pitched blade turbines (PBT↑, PBT↓, Z = 6; b/d = 0.2; = 60o;= 45o), A 315 (d/D = 0.33 or 
0.5; Z = 4) and axial flow up- and down pumping propellers (P↑, P↓, Z = 3; S/d = 1), as well as down 
pumping HE 3 impeller (d/D = 0.33 or 0.5; Z = 3). In case of the system of two impellers on the 
common shaft, Rushton and Smith turbines were used as lower impellers, whereas Rushton turbine, 
propeller, HE 3, A 315 impellers were located at the upper position. An agitated vessel was equipped 
with planar or tubular baffles. 

 

 

 
 

  

                  

 

Fig. 1. Geometrical parameters of the baffled agitated vessels used in the study;  

a) standard geometry of the vessel with planar baffles (H/D = 1); b) vessel with planar baffles and gas sparger  

(i = 1; H/D = 1); c) vessel with planar baffles and gas sparger (i = 2; H/D = 2); d) vessel with short planar baffles 

(i = 1; H/D = 1); e) vessel with tubular baffles (i = 1; H/D = 1) 

a) b) 

c) 

d) e) 
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Geometrical systems with standard planar baffles (number of baffles J = 4; length of baffle L = H; 
width of baffle B = 0.1D) located in the agitated vessels with single or two impellers, as well as 
nonstandard ones (0 < J < 4; B = 0.1D; L, where p + L = H) in the vessel with single impeller were 
tested. Tubular baffles consisted of the J = 24 pipes of outer diameter B = 0.016D and length L = H. 
The pipes were arranged on the mean coil diameter Dc = 0.7D. Gas was introduced into the liquid 
through a ring-shaped sparger of diameter dd = 0.7d which was located at a distance of e = h/2 (or h1/2) 
from the bottom of the vessel. 

Distilled water and aqueous solutions of: electrolytes, glucose, glycerol and sucrose with different mass 
concentration were used in the experiments. Air was applied as a gas phase. Sea sand and polyethylene 
particles were used as the solid phase. The range of measurements is given in Table 1. Measurements 
were carried out within the turbulent regime of the liquid flow in the agitated vessel. 

Table 1. Range of the measurements 

System D, m Impeller Baffles Range 

Solid – 
liquid; 
p> L 

0.295 
RT;  
PBT↑( = 45o) 
P↑ ( S/d = 1) 

planar; J = 4; 
B/D = 0.1;  
p + L = H; p/H  
 0; 0.67 

i = 1; H/D = 1; d/D = 0.33; h/D = 0.33; 
liquid: distilled water; 
solids: sea sand particles: dp = 250 m; 
p= 2470 kg/m3; X = 2.5; 5; 7.5; 10 % 

Solid – 
liquid; 
p < L 

0.295 
0.634 

RT; 
PBT↓ or PBT↑  
(  = 45o); P↑ 

planar;  
0< J < 4; B/D 
= 0.1; p + L = 
H;  
0.25  L/H  1 

i = 1; H/D = 1; d/D = 0.33; h/D = 0.67; 
liquid: distilled water; 
solids: polyethylene particles; dp = 4.5 mm;  
p= 952 kg/m3; 1% < X <4 %; 
104  Re  9×104;  

Gas – 
liquid 

0.288 
0.634 

RT; CD 6; 
A 315  
RT + RT* 

CD 6 + P* 
CD 6 + RT* 
RT + A 315* 
RT + P↑* 
RT + HE 3* 
*) upper 

planar;  
J = 4;  
L/H = 1;  
B/D = 0.1 

i = 1 or 2; H/D = 1 or 2; d/D = 0.33;  
h1/H = 0.33; h2/H =0.67; 
liquid: distilled water, aqueous solution of 
30 % glucose; aqueous solutions of NaCl  
(1 < Y  1.6); glycerol solutions; solutions of 
40, 60 and 70 % starch sirup; 1000  L

 [kg/m3] 
 1258; 1  ×103 [Pa·s]  32.5; 0.072   
[N/m]  0.095; gas: air; wog < 5.1×10-3 m/s, 
3×104 Re  2×105;  

Gas – 
liquid 

0.634 

A 315  
T ( = 90o); 
PBT↑ ( = 60o);  
PBT↑ ( = 45o); 

tubular;  
J = 24;  
B/D = 0.016; 
L/H = 1;  
Dc/D = 0.7 

i = 1; H/D = 1; d/D = 0.33; h/D = 0.33; 
liquid: distilled water; aqueous solutions of 
NaCl  (1 < Y < 1.6); 
gas: air; 1.76  wog

 ×103 [m/s]  5.1; 
2.1×105< Re < 4×105; 

Gas – 
solid – 
liquid 
p < L 

0.295 
0.634 

RT 
PBT↓ or PBT↑ 
( = 45o); 
 

planar; J = 4; 
L/H = 1;  
B/D = 0.1 
 

i = 1; H/D = 1; d/D = 0.33; h/D = 0.33; 
liquid: distilled water; 
solids: polyethylene particles; dp = 4.5 mm;  
p= 952 kg/m3; 1% < X <4 %; gas: air;  
wog  4×10-3 m/s;   104 Re  9×104; 

Gas – 
solid – 
liquid 
p > L 

0.634 

RT; CD 6; 
A 315 (d/D = 
0.33 or 0.5) 
HE 3 (d/D = 
0.33 or 0.5) 

planar; J = 4; 
L/H = 1;  
B/D = 0.1 

i = 1; H/D = 1; d/D = 0.33 or 0.5; h/D = 0.33;  
liquid: distilled water; aqueous solutions of 
NaCl (1 < Y  1.6); gas: air; wog  4×10-3 m/s; 
QGV  0.5 (m3/min)/m3; solids: sea sand;  
dp = 335 m; p= 2600 kg/m3; 

Gas – 
solid – 
liquid 
p > L 

0.288 
RT + A 315* 
RT + HE 3* 
*) upper 

planar; J = 4; 
L/H = 1;  
B/D = 0.1 

i = 2; H/D = 2; d/D = 0.33; h1/H = 0.33;  
h2/H =0.67; liquid: distilled water; aqueous 
solutions of NaCl (1 < Y  1.6); gas: air; solids: 
sea sand; dp = 335 m; X < 2.5 % mass;  
8×104  Re  1.6×105; 
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Video technique and computer image acquisition system were used to record the different states of the 
suspension (p > L), which were observed through the transparent flat bottom of the agitated vessel. 
Critical impeller speeds nJS (or nJSG in case of the gas – solid – liquid system), required to achieve the 
state at which particles just become suspended in a liquid (or in a gas – liquid dispersion), were 
determined according to Zwietering criterion (Stręk, 1981), i.e., there are such impeller speeds at which 
no particles stayed longer than 2 sec at the vessel bottom. A computer – aided digital camera was used 
to record different stages of floating particles (p < L) suspension in a liquid or in a gas – liquid 
dispersion. Just drawn down impeller speeds nJD (or nJDG in a gas – liquid dispersion) were defined 
analogously to Zwietering criterion, i. e. there are such impeller speeds at which no particles stayed 
longer than 2 sec at the free surface of the liquid. 

The power consumption was measured using the strain gauge method (Adamiak and Karcz, 2007). Gas 
hold-up was calculated from Equation (1) 

 
g

g

H

HH 
  (1) 

The averaged value of gas hold-up was determined from 10 readings of the gas-liquid mixture height in 
the agitated vessel. 

3. RESULTS AND DISCUSSION 

The results of the experiments performed for solid – liquid system show that baffling and impeller type 
affect significantly critical impeller speeds nJS and energy dissipated nJS in an agitated system. In Fig. 2, 
both stages of a particle suspension produced in an agitated vessel equipped with a standard Rushton 
turbine (h/D = 0.33) and four planar baffles (B/D = 0.1) are presented for a constant value of the 
impeller speed n = 8.33 1/s and particle concentration X = 2.5 % (dp = 250 m; p = 2470 kg/m3). 

 

 
 

Fig. 2. Image of the agitated vessel bottom; Rushton turbine (RT) and planar baffles; sea sand – water system;  

D = 0.295 m; i = 1; H/D = 1; h/D = 0.33; n = 8.33 1/s; dp = 250 m; p= 2470 kg/m3; X = 2.5 % mass.;  

a) p/H = 0; b) p/H = 0.5 

The baffle off-bottom clearance p was equal to 0 (L = H, Fig. 2a) or 0.5 (L = 0.5H, Fig. 2b). A 
comparison shows that particles are better suspended in the agitated vessel with short planar baffles 
(Fig. 2b, no particles occupying vessel bottom). 

In the vessel with four standard planar baffles, particles create at the vessel bottom a characteristic 
shape of a rosette at the edges of the baffles. The effect of the geometrical parameter p/H on the Froude 
number FrJS ( = nJS

2d/g) was determined on the basis of  experimental data obtained for the agitated 

a) b) 
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vessel of inner diameter D = 0.295 m. The effect was given in Eq. (2) (Table 2) within the range of the 
geometrical parameters listed in line 1 of the Table 1. The effect of the geometrical parameter p/H on 
the Froude number FrJS and energy dissipated JS expressed in W/kg  is compared in Fig. 3 for three 
different high speed impellers. As the data in Fig. 3a show, the dependence FrJS = f(p/H) strongly 
diminishes with the increase of p/H for an agitated vessel with a radial flow Rushton turbine (Eq. (2), 
Table 2). For example, it is over 2.5 times for p/H = 0.5 related to the standard baffles (L/H = 1;  
p/H = 0). The effect of the p/H on the Froude number FrJS is lesser for the mixed flow down pumping 
PBT impeller and, especially, axial flow down pumping propeller. Mean energy dissipated JS 
corresponding to critical impeller speeds nJS, depends on the impeller type and p/H parameter (Fig. 3b). 
The highest level of energy dissipated is ascribed to the Rushton turbine and, assuming p/H = 0.5, it is 
about four times higher than that for the pitched blade turbine and propeller. 

The effect of baffling and impeller type on critical impeller speeds in a solid – liquid system should be 
also considered in terms of particle density p. In case of floating particles (p < L), the clearance h 
between the impeller and vessel bottom plays an important role in the drawdown of the particles. 
a) b) 

Fig. 3. The dependence a) FrJS = f(p/H) ; b) JS = f(p/H) for different impellers and planar baffles; D = 0.295 m;  

i = 1; d/D = 0.33; h/D = 0.33; H/D = 1; J = 4; B/D = 0.1  - RT; ▲ – P↓, Z = 3; ■ - PBT↓, = 45o, Z = 6 

a) b) 

Fig. 4. The dependence a) FrJD = f(J) ; b) JD = f(J) for PBT↑ for different vessel diameter and h/D ratio; planar 

baffles; H/D = 1; i = 1; ■ – D = 0.634m; h = 0.33D; ▲– D = 0.295m; h = 0.33D; □ – D = 0.634m; h = 0.67D;  

 – D = 0.295m; h = 0.67D 

Experimental data for a suspension of floating particles, obtained for an up-pumping pitched blade 
turbine and a different number of planar baffles J of full length L (L = H), are presented in Fig. 4  
(Eqs. (3) and (4) for D = 0.295 m, Table 2).  The dependencies FrJD = f(J) and JD = f(J) are compared 
for both values of the height h = 0.33D or h = 0.67D and both values of inner diameter of the agitated 
vessel D = 0.295 m or 0.634 m (corresponding to working volume of 20 dm3 or 200 dm3, respectively). 
The results in Fig. 4 show that the geometrical parameters ratio h/D = 0.67 should be recommended in 
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this case because the values of FrJD and JD are significantly smaller than those for h/D = 0.33. 
Moreover, the baffle number J and scale of the agitated vessel affect weakly the just drawn down 
impeller speed nJD compared to the effect of the geometrical parameter h/D. 

 

Fig. 5. Comparison of the capability of different agitators (P, PBT, PBT, RT) to disperse floating particles  

(p < L) in a liquid; D = 0.295 m; H/D = 1; h/D = 0.33; planar baffles; J = 4; L/H = 1 n = 4,16 1/s; X = 1 % mass.; 

a) solid – liquid system, wog = 0 m/s; b) gas – solid – liquid system, wog = 7×10 -4 m/s 

A comparison of the capability to disperse floating particles in a liquid by means of different impellers 
in a vessel with four standard planar baffles (Fig. 5a) reveals that a proper choice of an impeller is the 
key factor . Using an up-pumping pitched blade turbine (PBT↑) or a Rushton turbine (RT) located at 
the height h = 0.33D, good dispersion of a floating particles (p < L) in a liquid can be obtained, 
whereas a down-pumping pitched blade turbine (PBT↓) should not be recommended for this purpose. 
However, the reverse is true when a gas phase is added into a solid – liquid system (Fig. 5b), through a 
gas sparger, located under the impeller. The best effects of simultaneous dispersion of both solid and 
gas phases in a liquid phase can be provided by an up-pumping pitched blade turbine (PBT↑). 

A propeller (P) and a down-pumping pitched blade turbine (PBT↓) can slightly better disperse 
simultaneously both floating particles and gas bubbles into a liquid (Fig. 5b) compared to a solid – 
liquid system (Fig. 5a). 

Effects of the superficial gas velocity wog and solid concentration X on the critical impeller speed nJS 
and nJSG, expressed by means of the dimensionless FrJS and FrJSG numbers, are presented in Figs. 6a 
and 7a. The results were obtained for an agitated vessel differing in liquid volume (Fig. 6a, 
D = 0.288 m; Fig. 7a, D = 0.634 m) and equipped with a Rushton turbine (RT), a Smith turbine (CD 6) 
or an A 315 impeller. In Figs. 6 and 7, data for two values of particle concentration X are compared. 

In a smaller agitated vessel (Fig. 6a), the greatest increase of the function FrJSG = f(wog) is observed for 
the Rushton turbine (RT). For each impeller, the function increases with the increase of particle 
concentration X. Among impellers operating in the larger agitated vessel (D = 0.634 m, Fig. 7a), the 
highest values of the function FrJSG = f(wog) correspond to the CD 6 impeller. The specific agitation 
energy JSG can be recognised as better than FrJSG criterion to compare different effects of agitated 
vessel geometry on the production of possibly uniformly dispersed multiphase systems. The data  
JSG = f(wog) in Figs. 6b and 7b (Eq. (10), Table 2) show that the highest agitation energy is needed for 
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the Rushton turbine operating in the smaller vessel (Fig. 6b), as well as the CD 6 impeller in the larger 
vessel (Fig. 7b). For both agitated vessels, the lowest value of the JSG corresponds to the A 315 
impeller. 

a) b) 

Fig. 6. The dependence a) FrJS, FrJSG = f(wog) ; b) JS,  JSG,  = f(wog) for different impellers; 

 ■, □ - RT; , ○ – CD 6; ▲, – A 315; filled points – X = 0.5% mass.; empty points – X = 2.5% mass.;  

D = 0.288 m; i = 1; H/D = 1; h/D = 0.33; planar baffles; J = 4; B/D = 0.1 

a) b) 

Fig. 7. The dependence a) FrJS , FrJSG = f(wog) ; b) JS,  JSG,  = f(wog) for different impellers; 

 ■, □ - RT; , ○ – CD 6; ▲, – A 315; filled points – X = 1% mass.; empty points – X = 2.5% mass.;  

D = 0.634 m; i = 1; H/D = 1; h/D = 0.33; planar baffles; J = 4; B/D = 0.1 

The presence of the gas phase in a liquid usually leads to a significant decrease of power consumption 
compared to that for the liquid phase (Eqs. (5), (6) and (8) in Table 2). Power characteristics Pg/Po = 
f(Kg) are presented for different geometrical and physical parameters of gas – liquid (Fig. 8a) and  
gas – solid – liquid systems (Fig. 8b). 

Gas flow number Kg = Vg/nd3 and Po denotes power consumption for the liquid phase only. In Fig. 8a, 
power curves are compared for an agitated vessel with tubular baffles and one of the following 
impellers: turbine (T,  = 90o), up pumping pitched blade turbine PBT↑ ( = 45o) or A 315 impeller. 
The power curves in Fig. 8a were prepared on the basis of Eqs. (6) and (8) (Major-Godlewska and 
Karcz, 2003, 2011) for given values of the Froude number Fr = n2d/g. The greatest decrease in Pg/Po 
with increasing Kg values corresponds to the turbine, whereas the lowest one – to the A 315 impeller. 
Experimental data presented in Fig. 8b show that power characteristics Pg/Po = f(Kg) for a gas – solid – 
liquid system agitated in a vessel with planar baffles depend slightly only on particle concentration X, 
but the impact of the impeller type is differentiated. For the radial flow Rushton turbine, Pg/Po values 
fall radically with the increasing gas flow number Kg, whereas Pg/Po values remain practically constant 
for the A 315 impeller within the range of measurements. 
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a) b) 

  

Fig. 8. Power characteristics Pg/Po = f(Kg); D = 0.634m; i = 1; H/D = 1; d/D = 0.33; h/D = 0.33;  

a) air – water system, tubular baffles, J = 24, B/D = 0.016, L/H = 1, Dc/D = 0.7;  

 - - - - – turbine ( = 90o), Fr = 0.95; ……..  – PBT↑ ( = 45o), Fr = 0.95; - . - . - . – A 315, Fr = 0.29;      

b) gas – solid – liquid system, planar baffles; aqueous solution of electrolyte, Y = 1.36;  

■ – RT, X = 1 % mass.; □ - RT, X = 2.5 % mass.;  ▲– A 315, X = 1 %; – A 315, X = 2.5 % mass. 

a) b) 

Fig. 9. The dependence a)  = f (Pg/VL), b) tR = f(for gas – liquid system agitated by means of  

CD 6 (lower) – RT impellers system; D = 0.288 m; i = 2; H/D = 2; planar baffles; J = 4; B/D = 0.1;  

a) wog = 5.2×10-3 m/s; b) filled points, wog = 3.4×10-3 m/s; empty points wog = 5.2×10-3 m/s 

In mechanically agitated gas – liquid systems, gas hold-up  significantly depends on the impeller – 
baffle system and physical properties of the fluid (viscosity, surface tension, capability of gas bubbles 
to coalesce). The parameter Y, discussed by Major-Godlewska and Karcz (2011), can be understood as 
the ability of gas bubbles to coalesce (Y = 1 corresponds to coalescing gas – liquid systems, whereas Y 
> 1 describes non-coalescing systems, Eq. (7) in Table 2). The experimental data in Fig. 9a, obtained 
for the system with two impellers (CD 6 in the lower position and Rushton turbine – in the upper one) 
operating at the vessel with planar baffles, show that for a constant value of the specific power 
consumption Pg/VL the lowest values of  are observed for the air – distilled water system, whereas the 
highest  values are observed for the air – 60 % starch syrup. The first gas – liquid system shows the 
ability of gas bubbles to coalesce in the liquid, whereas this ability is significantly decreased for the 
second physical system. As the data in Fig. 9b present, the mean average residence time tR, defined as 
follows tR = VL/[ gV (1 - )], is a linear function of gas hold-up  for different liquids and tR value 

increases with decreasing superficial gas velocity wog. Gas hold-up  increases with  rising wog values 
(Fig. 10). In the three phase air – yeast – aqueous solution of a sucrose system agitated in a vessel 
equipped with CD 6 impeller and standard planar baffles (Fig.10a), values of the gas hold-up  increase 
with the increase of yeast concentration. A comparison of data obtained for three different impellers: 
Rushton turbine RT, CD 6 and A 315 impellers shows that the highest values of  correspond to the 
Rushton turbine, whereas the lowest ones to the A 315 impeller. 
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Table 2. Equations used to analyse effects of different factors on momentum transfer in mechanically agitated 
multiphase systems (range of equations is given in Table 1) 

System Equation Range*) No of Eq. 

Solid – 
liquid; 
p> L 

26.0
22

7737.16567.112328.2 X
H

p

H

p

g

dn
Fr JS

JS



























 

RT; planar; J = 4; B/D = 
0.1; h/D = 0.33; p/H   
<0; 0.67>;  0.025 < X < 
0.1 

(2) 

Solid – 
liquid; 
p < L 

393.0
489.0172.02

4
391.0 X

H

LJ

g

dn
Fr JD

JD

















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34.0

95.6

OHOH

9

2

22

6.12exp1.20exp1015.1 X
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dn
Fr
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L
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

















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


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


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
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
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




















 

 

PBT↑; planar; h/D = 0.67; 
B/D = 0.1; 1 < J < 4; 0.25 
< L/H < 1; 0.01 < X < 
0.04;  
5× 104 < ReJD < 105 
 
J = 4; L/H = 0.5; 0.01 < X 
< 0.1;  <7.26; 7.94> x 
10-2 N/m; L  <988; 
1024> g/m3; L  <1; 
1.26> ×10-3 Pa·s 

 
(3)  
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Mackiewicz

(2009) 
 

(4) 
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
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D = 0.634 m; i = 1; 
PBT↑; tubular baffles 
 
 
 
 
 
 
A 315; tubular baffles 
 
 
 
 
 

(6) 
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Godlewska, 
Karcz 
(2011) 

 
(7), ibid 

 
(8) 

Major-
Godlewska, 

Karcz 
(2003) 

Gas – 
solid –  
liquid; 
p > L 

21069.1185.0
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31083.3










 Xw

V

P
og

L

SLg  
D = 0.634 m; i = 1; RT; 
tubular baffles 
Air-water-sea sand; 
coalescing system 

(9)  
Major-

Godlewska, 
Karcz 
(2012) 

 
Gas – 
solid –  
liquid; 
p > L 

    
    GV

GVJSJSG

QX...X.

QXaX

7111229019260845

1


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2103.2514.0
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05.0










 Xw

V

P
og

L

SLg  

D = 0.634 m; i = 1; RT; 
planar baffles; 
Air –aqueous solution of 
0.8 kmol/m3 NaCl –sea 
sand; non-coalescing 
system 

(10) 
Kiełbus-
Rąpała, 
Karcz, 
(2010) 

 
(11) 

*)Other details are given in Table 1 

A comparison of  = f(P/VL) obtained for gas – liquid systems differing in their capability of gas 
bubbles to coalesce and agitated using different single impellers in vessels equipped with the planar or 
tubular baffles is shown in Fig. 11. For a given level of the specific power consumption P/VL in the 
vessel with planar baffles (Fig. 11a), the values of  increase with the increase of the parameter Y. A 
similar correlation is observed for the  agitated vessel equipped with tubular baffles, assuming constant 
values of the impeller speed n and specific agitation energy P/VL for a given impeller type. The 
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introduction of solids with concentration X to the gas – liquid system slightly affects the gas hold-up  
values in both agitated vessels with tubular and planar baffles (Eqs. (9) and (11) in Table 2). 

 
a) b) 

Fig. 10. The dependence  = f(wog) for the air – yeast – aqueous solution of sucrose system; n = 5 1/s;  

D = 0.634 m; i = 1; H/D = 1; d/D = 0.33; h/D = 0.33; planar baffles, J = 4; L/H = 1; B/D = 0.1 

a) b) 

Fig. 11. The dependence  = f(P/VL) for the air – liquid system; D = 0.634 m; H/D = 1; d/D = 0.33;  a) A 315;  

b) tubular baffles (▲, , ■, ○, □); planar baffles (); T, 45 – turbine T ( = 45o); T, 90 – turbine T ( = 45o) 

4. CONCLUSIONS 

A comparative analysis on the influence of different factors on momentum transfer in mechanically 
agitated multiphase systems was carried out on the basis of our experimental results, which were 
generalised in Eqs (2) – (11). The applicability ranges of Eqs. (2) – (11) are listed in Table 1. Our 
comparative analysis, justified experimentally, can be summarised as follows: 

 Many aspects, including the geometry of the impeller – baffle system, the scale of the agitated 
vessel, the type and number of impellers and their off-bottom clearance, as well as physical 
properties of a multiphase system should be considered simultaneously in order to enable 
appropriate conditions to suspend or draw down particles, as well as to disperse gas bubbles in a 
liquid phase or a two-phase system. 

 Critical impeller speeds (minimum impeller speeds) nJS, nJSG, nJD, nJDG are not a sufficient criterion 
to evaluate the state of a multiphase system. Froude numbers FrJS, FrJD can be considered as a better 
measure because the Froude number takes also into account the impeller dimension. However, the 
most reliable criterion corresponds to the agitation energy ( [W/kg] or P/V [W/m3]) which is 
needed to produce a multiphase system. 
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 Any change of a single factor (ascribed to the impeller, baffles or physical properties of a 
multiphase system) can radically affect the behaviour of a mechanically agitated un-gassed or 
gassed suspension. 

 Gas hold-up in a mechanically agitated gas – liquid or gas – solid – liquid system significantly 
depends on the physical properties of the fluid. The highest values of  correspond to the non-
coalescing systems. 

SYMBOLS 

a length of impeller blade, m 
B baffle width, m 
B width of impeller blade, m 
c sucrose concentration, % mass 
d impeller diameter, m 
dd diameter of gas sparger, m 
dp particles diameter, m 
do diameter of impeller disc, m 
D inner diameter of agitated vessel, m 
Dc mean coil diameter (diameter of tubular baffles), m 
e off-bottom clearance of gas sparger, m 
H liquid height in agitated vessel, m 
Hg the height of a gas-liquid mixture in agitated vessel, m 
h off-bottom clearance of impeller, m 
i number of impellers 
J number of baffles 
L length of baffle, m 
n impeller speed, 1/s 
nJS, JSG critical impeller speed, 1/s 
nJD,JDG just drawdown impeller speed, 1/s 
p distance of short baffle from vessel bottom, m 
Po power consumption for liquid phase, W 
Pg power consumption for the gas-liquid system, W 
QGV volumetric gas flow rate, (m3/min)/m3 
S pitch of the propeller 
tR gas residence time, s 
VL volume of the liquid in the vessel, m3 

gV  gas flow rate, m3/s 

wog superficial gas velocity, = 2/4 DVg  , m/s 

X mass fraction of particles or yeast concentration,  , % mass 
Y parameter, measure of the ability of gas bubbles to coalesce 
Z number of impeller blades 

Greek symbols  
β pitch of impeller blade, deg 
 energy dissipated, W/kg 
η viscosity, Pa·s 
φ gas hold-up 
ρ density, kg/m3 
 surface tension, N/m 
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Subscripts  
g refers to gas phase 
L refers to liquid phase 
P refers to solid phase 
JD just drawdown 
JDG just drawdown under gassed conditions 
JS just suspended 
JSG just suspended under gassed conditions 

Dimensionless numbers  

g

dn
Fr

2

  Froude number  

3nd

V
Kg g  gas flow number 

L

Lnd
Re


2

  Reynolds number  

L

Ldn
We


32

 Weber number 
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