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Experimental analysis of gas hold-up for gas-liquid system agitated in 
a vessel equipped with two impellers and vertical tubular baffl es
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The infl uence of impellers system and type of liquid on the gas hold-up in the vessel has been presented in this 
paper. The analysis of gas hold-up was conducted on the basis of the data obtained in the vessel of the diameter 
D = 0.288 m, where the vessel was fi lled by a liquid up to the height H = 2D. The vessel was equipped in 24 
vertical tubular baffl es located on the circuit and two high-speed impellers situated on a shaft. Five different 
confi gurations of high-speed impellers were employed. The experiments in the gas-liquid system were conducted 
for setups which differed in capability of gas bubbles coalescence. The results of the experiment of the gas hold-
up for the fi ve impellers confi gurations and four gas-liquid systems were presented in the graphic form and they 
were described mathematically.
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INTRODUCTION

      In the gas-liquid system it is important to know 
quantities such as: gas hold-up, volumetric mass transfer, 
size of gas bubbles, power consumption and residence 
time. These parameters are useful when designing 
reactors or bioreactors, where aeration of liquids or 
bio-liquids is demanded.

Research of gas hold-up in system agitated in a vessel 
equipped with two or more impellers were presented by 
John et al.1, Bouaifi  et al.2, Majirova et al.3, Moucha et 
al.4, Pinelli et al.5, Karcz et al.6, Fujasova et al.7, Shewale 
& Pandit8, Bao et al.9, Bao et al.10, Cudak et al.11. An 
indicator of a volumetric factor of mass penetration 
in gas-liquid system in a vessel where more than one 
impeller used was a subject of research of John et al.1, 
Moucha et al.4, Pinelli et al.5, Fujasova et al.7, Shewale & 
Pandit8, Cabaret et al.12. The power consumption for the 
gas-liquid system in a vessel with a few impellers situated 
on a shaft was characterised by Babalona et al.13 using 
Newton’s number, whereas Bouaifi  & Roustan14, Karcz 
et al.6, Cudak et al.11 described the power consumption 
as a ratio of Pg/Po. 

Bao et al.9 and Bao et al.10 described the total gas 
hold-up using equation

 (1)

where: φ – total gas hold-up, 
Pm – mean total specifi c energy dissipation rate, W/kg 
wog – superfi cial gas velocity, m/s 
and the equation where, additionally, the diameter of 

top impeller dtop and diameter of vessel D were taken 
into consideration:

 (2)

Bouaifi  et al.2, Majirova et al.3, Moucha el al.4, Fuja-
sova et al.7, Xie et al.15 used the following expression 
to describe the gas hold-up φ 

 (3)

where: Pg – power consumption in aerated liquid, W
V – liquid volume, m3.
The complex form of the equation (3), where glucose 

mass fraction x was included in the constant value α and 
in the exponents β, χ , was showed by Karcz et. al.6. 

In the vessel with single impeller, the gas hold-up with 
a usage of gas fl ow number Kg = /nd3 and Weber 
number We = n2d3ρ/σ was described with the equation 

 (4) 

by Major-Godlewska et al.16, 17.
The capability of gas bubbles to coalesce in distilled 

water and aqueous solutions of NaCl has been described 
by parameter Y defi ned by Machoň et al.18:

 (5)

where Ψ+ = Ψ/Ψcrit.. Variable Ψ has been defi ned by Lee 
& Meyrick19 as follows

 (6)

and φ has been defi ned 

 (7)

where σ is the surface tension, R – the gas constant, 
T – the absolute temperature, c – the electrolyte con-
centration and f is the activity coeffi cient.

Cudak20 proposed the equation

 (8)
in order to describe the gas hold-up in the vessel with the 
single high-speed impeller. In Eq. (8) M = g(ηL)4(ρL–ρg)/
σ3(ρL)2 denotes Morton number and x – mass fraction 
of sucrose.

Dispersion of gas in liquid is most often described in 
a vessel equipped in four standard fl at baffl es. The vessel 
equipped in vertical tubular baffl es may be an alternative 
solution. Gas hold-up in the vessel with vertical tubular 
baffl es, in which the liquid is stirred by one impeller was 
presented in the work of Major-Godlewska & Karcz16, 17. 
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Vertical tubular baffl es in the vessel are baffl ing similar 
to standard fl at baffl es. Moreover, vertical tubular baf-
fl es can be used as vertical coils, which enable heating, 
cooling or storing stable temperature of the process in 
the vessels of big volume. For example the heat transfer 
in liquids with the use of vertical coils was the subject 
of research of Havas et al.21, Man et al.22 and Karcz & 
Major23, 24. 

The infl uence of impellers system and the type of liqu-
id on the gas hold-up in the vessel has been presented 
in the paper. The analysis of the gas hold-up has been 
conducted on the basis of data obtained in a vessel 
equipped with vertical tubular baffl es and a system of 
impellers. The study has been conducted for the variable 
frequency of impellers rotations and variable intensity 
of gas fl owrate.

EXPERIMENTAL

The measurements for gas-liquid system were con-
ducted in a vessel of inner diameter D = 0.288 m. The 
vessel was fi lled by liquid up to the height H = 0.576 
m. Vertical tubular baffl es, consisted of J = 24 vertical 
tubes, were arranged symmetrically on the circuit of 
diameter DB = 0.7D inside the vessel. The outer diame-
ter of a single tube was B = 0.02D. Gas was dispersed 
by means of the gas sparger which was formed in the 
shape of the ring with diameter dg = 0.7d. The distance 
between vessel bottom and gas sparger was carried out e 
= 0.5h1. Geometrical parameters of the vessel equipped 
with two impellers and vertical tubular baffl es are shown 
in Figure 1. Five systems confi guration high-speed im-
pellers of diameter d = 0.33D was used in the studies. 
Types of the impellers used in the study are illustrated 
in Figure 2. The confi guration of the impellers used to 
the studies are shown in Table 1. The distance of the 

impellers from the bottom of the vessel was h1 = 0.167H 
for the lower and h2 = 0.67H for the upper impeller.

The measurements have been conducted in the tempe-
rature of about 22oC. The study in the gas-liquid system 
has been conducted for setups differing in capability of 
gas bubbles coalescence in liquid. 

The gas used in the experiment was the air, and the 
liquid was distilled water, aqueous solutions of NaCl with 
two different concentrations (c = 0.4 kmol/m3 and 0.8 
kmol/m3) and aqueous solution of carboxymethylocellu-
lose (CMC) of concentration 2.3% mass. 

Just like in the papers of Major-Godlewskiej & Karcz17 
or Kiełbus-Rąpała & Karcz25, the value of parameter Y 
is equal to 1 for system able to coalescence, air-distilled 
water. For the systems of lower ability to coalescence, 
such as the aqueous solutions NaCl of concentration 
c = 0.4 kmol/m3 and c = 0.8 kmol/m3, parameters Y 
have values 1.36 and 1.6, respectively.

Table 1. The confi guration of the impellers used to the studies

Figure 1. Geometrical parameters of the vessel

Figure 2. Types of the impellers: a) Rushton turbine (RT) d = 
0.33D; Z = 6; b) Smith turbine (CD 6) d = 0.33D; 
Z = 6; c) A 315 d = 0.33D; Z = 4; d) HE 3 d = 
0.33D; Z = 3

a) b)

c) d)
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Solution of carboxymethylocellulose (CMC) is clas-
sifi ed as non-Newtonian, pseudoplastic fl uid. Due to 
non-Newtonian character of the liquid in the case of 
aqueous solution of carboxymethylocellulose (CMC) 
rheological parameters of the liquid has been additionally 
experimentally measured. Rotational viscometer RT 10 
HAAKE working in the system of two coaxial cylinders 
has been used to measure rheological properties. Rheo-
logical characteristics obtained τ = f(γ) enabled setting 
the value of fl ow index m and constant consistence k in 
Ostwald – de Waele model τ = k . γm (Kembłowski26), 
which for the liquid used in the experiment in the 
temperature 22oC were adequately m = 0.6847, k = 
0.4118 Nsm/m2.

The measurements were conducted for the range of 
good dispersion of gas bubbles in liquid for impellers 
speed n, 1/s ≤ 14.67 and the volumetric gas fl ow rate 

, m3/s  < 1.11 . 10–4; 4.44 . 10–4>.
The measurements of gas hold-up φ was calculated 

from equation

 (9)

where, the values HG was determined as the mean of 
10 values read from the scale located at the wall of the 
vessel for impeller speed n = const. and superfi cial gas 
velocity wog = const., where wog = 4 /πD2. 

RESULTS AND DISCUSSION

The distribution of gas hold-up φ as the function of 
a number of gas fl ow Kg is presented in Figure 3. Com-
paring values φ obtained for three different gas-liquid 
systems (air- solution of CMC, air-distilled water and 
air-aqueous solution of NaCl of concentration c = 0.8 
kmol/m3) it is possible to state that the type of the liquid 
used is of great infl uence on the value φ. In the cases of 
analysis (Fig. 3) for the constant superfi cial gas velocity 
wog higher gas hold-up φ for the gas-liquid system with 
lower ability to coalescence has been observed, which 
is for the air-aqueous solution of NaCl system. It has 
also been observed that the values φ decrease when 
the number of gas fl ow Kg increases, but for the system 
air-aqueous solution of CMC the drop of the value φ 
proportionally to the rise of the gas fl ow number is more 
gentle compared to the drop of value φ with the rising 
Kg number obtained in the system air-aqueous solution 
of NaCl c = 0.8 kmol/m3. 

Figure 3. Dependence φ = f(Kg) for the systems: ◊, +, ▲ – air-aqueous solution of carboxymethylocellulose (CMC) of concen-
tration 2.3%; □, x, ● – air-distilled water; ∆, –, ■ – air-aqueous solution of the NaCl with concentration c = 0.8 kmol/
m3, where ◊, □, ∆: wog = 1.71 · 10–3 m/s; +, x, -: wog = 3.41 · 10–3 m/s; ▲, ●, ■: wog = 6.83 · 10–3 m/s
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The infl uence of the type of the lower impeller taking 
the Rushton turbine as the upper impeller on the gas 
hold-up φ in four liquids (aqueous solution of carboxy-
methylocellulose (CMC) of concentration 2.3%, distilled 
water, aqueous solution of the NaCl with concentration 
c = 0.4 kmol/m3 and c = 0.8 kmol/m3) is presented in 
Figure 4. Analysing values φ for four gas-liquid systems 
and three different sets of impellers it has been stated 
that for constant superfi cial gas velocity wog = const 
= 6.83 . 10–3 m/s the gas hold-up φ increases together 
with the increase of impeller speed n. For the system 
air-aqueous solution NaCl c = 0.8 kmol/m3 the gas 
hold-up with wog = 6.83 . 10–3 m/s with the increase 
of frequency of 1.34 1/s increases of about 7% for disc 
turbine impellers and for about 12% using the impel-
ler A 315 in lower placement. Increasing superfi cial gas 
velocity from wog = 5.12 . 10–3 m/s to wog = 6.83 . 10–3 
m/s with the constant impeller speed n = const = 12.33 
1/s the gas hold-up φ increases about 10% if the lower 
impeller is one of the disc turbine impellers and about 
5% if the lower impeller is the A 315 impeller and the 
liquid is aqueous solution NaCl c = 0.8 kmol/m3. In the 
case when the data obtained for the air-distilled water is 
taken into analysis, then for the superfi cial gas velocity 
wog = 6.83 . 10–3 m/s the impeller speed n = 13.67 1/s 
and n = 12.33 1/s the highest values φ has been obtained 
for the Smith turbine setup (lower impeller) – Rushton 
turbine (upper impeller). Such setup is less favourable 
for wog = 6.83 . 10–3 m/s and wog = 5.12 . 10–3 m/s and 
the impeller speed n = 13.67 1/s and n = 12.33 1/s, when 
the gas hold-up φ is aqueous solution of CMC. From the 
data analysis presented in Fig. 4 it turns out that for the 
system air-aqueous solution of carboxymethylocellulose 
(CMC) of concentration 2.3% for wog = 6.83 . 10–3 m/s 
and wog = 5.12.10–3 m/s and n = 13.67 1/s and n = 
12.33 1/s using two Rushton impellers is more benefi cial. 

data presented in Fig. 5 it is possible to state that in 
the majority of cases measured it is more favourable for 
the gas hold-up to use the setup Rushton turbine (lower 
impeller) – HE 3 (upper impeller).

The gas hold-up φ with the fi xed lower impeller (Ru-
shton turbine and Smith turbine) variable upper impeller 
(HE 3 and Rushton turbine) has been analysed on the 
basis of data presented in Figure 6. Weaker gas hold-up 
in liquid has been noticed when the impeller HE 3 is 
used in the system as the upper impeller.

Figure 4. Dependence φ = f(type of liquid) for the systems: 
air-aqueous solution of carboxymethylocellulose 
(CMC) of concentration 2.3 %; air-distilled water; 
air-aqueous solution of the NaCl with concentration 
c = 0.4 kmol/m3 (where Y = 1.36) and c = 0.8 
kmol/m3 (where Y = 1.6); impellers lower – upper: 
Rushton turbine – Rushton turbine, Smith turbine 
– Rushton turbine, A315 – Rushton turbine

Figure 5. Dependence φ = f(type of liquid) for the systems: 
air-aqueous solution of carboxymethylocellulose 
(CMC) of concentration 2.3%; air-distilled water; 
air-aqueous solution of the NaCl with concentration 
c = 0.4 kmol/m3 (where Y = 1.36) and c = 0.8 
kmol/m3 (where Y = 1.6); impellers lower – upper: 
Rushton turbine – HE 3, Smith turbine – HE 3

Figure 6. Dependence φ = f(type of liquid) for the systems: 
air-aqueous solution of carboxymethylocellulose 
(CMC) of concentration 2.3%; air-distilled water; 
air-aqueous solution of the NaCl with concentration c 
= 0.4 kmol/m3 (where Y = 1.36) and c = 0.8 kmol/
m3 (where Y = 1.6); impellers lower – upper: Smith 
turbine – HE 3, Smith turbine – Rushton turbine and 
Rushton turbine – HE 3, Rushton turbine – Rushton 
turbineA similar analysis of gas hold-up φ has been con-

ducted for the set of impellers, where HE 3 has been 
used as the upper impeller, and the Rushton turbine or 
Smith turbine as the lower impeller. Dependence φ = 
f (type of liquid) for four gas-liquid systems with the 
constant impeller speed n = 12.33 1/s and two different 
superfi cial gas velocity wog = 1.71 . 10–3 m/s and wog = 
6.83 . 10–3 m/s has been presented in Fig. 5. Analysing 

The results of measurement of the gas hold-up φ 
obtained for the impeller systems tested and for the 
setup air-aqueous solution CMC has been described 
mathematically in the equation 

 (10)

where: Kg – number of gas fl ow; We – Weber number.
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values of the gas hold-up φ for the system air-distilled 
water Adamiak27 described using equation (10). In Eq. 
(10) the constant A and expolents B and C are equal 
to A = 0.62 · 10–4, B = 0.58, C = 1.23 for the system 
of the impellers A315 – Rushton turbine operating in 
the vessel with the four planar baffl es27. The equation 
proposed by Adamiak27 concerns higher gas fl ow number 
Kg in comparison to the values of the Kg presented in 
this work. It means, that when value φ is defi ned as-
suming wog = const, higher values of impeller speed n 
of are used in the vessel with vertical tubular baffl es 
compared to the geometrical system with planar baffl es. 

SUMMARY

On the basis of the measurements results for four 
gas-liquid systems, (where there were distilled water, 
aqueous solutions NaCl of two different concentrations 
0.4 kmol/m3 and 0.8 kmol/m3, aqueous solution of car-
boxymethylocellulose (CMC) of concentration 2.3%) and 
fi ve sets of impellers (RT – RT, CD 6 – RT, A 315 – RT, 
RT – HE 3, CD 6 – HE 3) it has been stated that the 
vessel equipped with vertical tubular baffl es may be an 
alternative solution as a vessel with the impeller used 
to stir gas-liquid systems. 

The content of gas in liquid in all cases tested incre-
ases when the impeller speed and gas fl ow rate increase. 
Gas hold-up φ in the liquid signifi cantly depends on the 
physical properties of liquid. The weakest gas hold-up 
in liquid has been observed for the system air-aqueous 
solutions CMC. On the basis of the data obtained for 
the fi ve analysed sets of impellers it is possible to state 
that each of them can be recommended to be used in 
gas-liquid systems. The choice of the set should be made 
depending on the liquid properties (Newtonian or non-
-Newtonian liquid). 

SYMBOLS

B outer diameter of the vertical tubular baffl es, m
c electrolyte concentration, kmol/m3

D inner diameter of the vessel, m

Values of coeffi cient A and exponents B and C of the 
equation (10) for the system air-aqueous solution CMC 
has been presented in Table 2. The equation (10) pres-
ents experimental data with the average relative error 
∆ not exceeding 5%.

The measurement results for the gas hold-up φ for the 
system air-distilled water and air-aqueous solutions NaCl 
(c = 0.4 kmol/m3, c = 0.8 kmol/m3) has been described 
in the equation: 

 (11)

where apart from the number of gas fl ow Kg and Weber 
number We parameter Y has been included describing 
abilities of the system to coalescence. 

The values of coeffi cient A and exponents B, C, D 
of the equation (11) and the average relative error for 
the systems air-distilled water and air-aqueous solution 
NaCl have been presented in Table 3.

The results of the gas hold-up φ for the vessel with 
vertical tubular baffl es and system of two impellers on 
the common shaft (A315 (lower) – Rushton turbine (up-
per)) were compared with values reported by Adamiak27 
(Fig. 7) obtained in the similar geometrical vessel with 
four planar baffl es and the same system of impellers. The 

Table 2. Values of coeffi cient A and exponents B, C in Eq. (10). Range of superfi cial gas velocity wog, m/s <1.71 . 10–3; 6.83 . 10–3>

Table 3. Values of coeffi cient A and exponents B, C, D in Eq. (11). Range of superfi cial gas velocity wog, m/s <1.71 . 10–3; 6.83 . 10–3> 

Figure 7. Dependence φ = f(Kg) for the systems: air-distilled 
water; impellers: A 315 (lower) – Rushton turbine 
(upper); baffl es: vertical tubular and planar, su-
perfi cial gas velocity: wog = 3.41 · 10–3 m/s; wog = 
5.12 · 10–3 m/s
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DB diameter of the vertical tubular baffl es, m
d diameter of the impeller, m
dg diameter of the gas sparger, m
dtop  diameter of top impeller, m 
e distance between gas sparger and the bottom of 

the vessel, m
f activity
H liquid height in the vessel, m
HG height of the gas-liquid system in the vessel, m
h1, h2 distance between impeller and the bottom of the 

vessel, m
J number of tubular baffl es
k consistency index, Pasm

m fl ow index
n impeller speed, 1/s
Pg power consumption for gas-liquid system, W
Pm  mean total specifi c energy dissipation rate, W/kg 
Po  power consumption for liquid phase, W
R  gas constant, J/molK
T absolute temperature, K
VG gas volume in the liquid, m3

VL liquid volume in the vessel, m3

 the volumetric gas fl ow rate, m3/s
wog superfi cial gas velocity, m/s
Y parameter defi ned by Eq. (5)
Z number of impeller blades 

Greek symbols
Ψ parameter defi ned by Eq. (6)
γ shear rate, 1/s
η dynamic viscosity, Pas
φ gas hold-up defi ned by Eq. (9)
ρ liquid density, kg/m3

σ  surface tension, N m–1

τ shear stress, Pa
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