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Gas-Liquid Agitation with Closed Turbine Type Impellers  
Modified for Blade Geometries
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An agitation impeller with shrouded blades—specifically, a closed impeller—was 
redesigned. A closed impeller originating from a conventional turbine-type impeller was 
analyzed by considering the internal liquid flow characteristics. As a result, an impeller 
consisting of six flat blades with radially tapered widths was developed for closed-mode 
operation. The modified closed impeller (6RTW-FCI) was applied to gas-liquid agitation. 
The flow behavior of the gas-liquid mixture in the impeller region was examined with 
energy considerations based on the impeller power characteristics in the gassed liquid. 
The internal cavities of the 6RTW-FCI generated gas bubbles that moved radially out-
ward due to the accelerated liquid flow produced by the impeller. The power character-
istics of the 6RTW-FCI in terms of relative power consumption, which was with no 
sudden change for various aeration-agitation rates, supported energy conversion through 
the impeller, resulting in favorable gas-liquid dispersion.
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Introduction

Bioprocesses for the production of valuable bi-
oproducts may involve the aerobic liquid culture of 
microorganisms such as yeast, bacteria, and cells on 
microcarriers. These culture operations are typically 
carried out in vessels agitated by mechanically-driv-
en rotating impellers. Impeller design plays a cru-
cial role in achieving effective liquid-phase mixing 
and enhancing heat and mass transfer in gas-liquid 
agitation vessels1,2. The impeller standardly em-
ployed in bioreactors of this type is a disk turbine 
impeller with six flat blades (6STD impeller)3,4. The 
6STD impeller is preferred because it produces in-
tense turbulence and thereby achieves effective 
gas-liquid dispersion3,5. However, the 6STD impel-
ler also exhibits conflicting characteristics associat-
ed with trailing vortices, which are attributable to 
the blade geometry6,7. In vessels agitated by the 
6STD impeller, a significant portion of the input en-
ergy is dissipated within the impeller rotation re-
gion, generating higher shearing action and result-
ing in nonuniform mixing throughout the vessel. 
Although such impeller action promotes gas-liquid 
mass transfer, it can also have an undesirable effect 

on the microorganisms or cells8,9. This may cause 
irreversible and morphological changes in the living 
bodies leading to cell rupture and death. Therefore, 
the design of agitation-type bioreactors should care-
fully consider the shearing action of the impeller10–14.

In our previous work, we proposed an agitation 
impeller design that involved structural modifica-
tion of a conventional turbine-type impeller15. The 
design concept aimed for the impeller blades to 
transmit energy to the liquid more efficiently while 
reducing dissipation in the impeller rotation region. 
This impeller, equipped with shrouds, was termed a 
“closed turbine-type impeller (6STD-FCI)” in con-
trast to the conventional “open turbine-type impel-
ler (6STD-OI)”. The 6STD-FCI was reported to 
generate internal liquid flow conducive to more ef-
fective energy transmission. The discharge flow of 
the 6STD-FCI, attributed to the shrouded blades, is 
characterized by the absence of trailing vortices. 
Focusing on these features, the closed impeller was 
applied to gas-liquid agitation16. The formation of 
gas cavities and their subsequent dispersion as gas 
bubbles using the 6STD-FCI, differed from those 
observed using the 6STD-OI. The differences in 
flow behavior of the gas-liquid mixture were re-
flected in the power characteristics of the impeller. 
A closed impeller is thus expected to reduce the 
shearing action of the impeller in the development 
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of agitation-type bioreactors. However, the blade 
geometries have not been optimized for operation in 
the closed mode. Therefore, a rational approach in 
this regard should be to review the impeller design 
as an original for a closed impeller.

In this study, a modification of the closed im-
peller was attempted with the objective of rational-
izing the impeller design. The dimensions of the 
flow path between neighboring blades were consid-
ered on the basis of the patterns of the internal liq-
uid flows of the impellers. Agitating the liquid 
during gas sparging with a closed impeller, visual 
observations were performed in the region of impel-
ler rotation. The impeller power consumption in the 
gassed liquid was measured to evaluate its charac-
teristics in relation to gas-liquid dispersion.

Experimental

Experiments were conducted in a fully baffled, 
cylindrical vessel with a flat base made of transpar-
ent acrylic resin (300 mm inner diameter, Dt). The 
liquid depth was maintained at Dt: 300 mm. Differ-
ent designs of closed impellers and an open impel-
ler (150 mm = 0.5Dt outer diameter, Di), as de-
scribed further herein, were set at a height of Dt/2 
from the vessel bottom. These impeller-to-vessel 
geometric conditions were adopted for the visual-
ization and measurement of the liquid flow and the 
observation of the gas behavior16. The impeller rota-
tion rate, Nr, was adjusted to 100 rpm. The liquid 
phase was water (density, r, of 997 kg m–3 and vis-
cosity of 0.890 mPa s), resulting in an impeller 
Reynolds number of 42000. Thus, the liquid flow 
within the vessels agitated by the impellers was de-
termined as turbulent.

Tomographic visualization of the internal liq-
uid flow of the impeller was performed on various 
horizontal planes in the impeller rotation region 
within the vessel, using the particle suspension 
method. Flow velocities were measured using 
two-dimensional particle tracking velocimetry 
(PTV). The details of the flow visualization and 
measurement were presented in the previous pa-
per15. Based on continuous images acquired by vid-
eo camera with a frame rate of 1000 fps, the veloc-
ity vectors for the predetermined positions were 
temporally averaged to yield mean velocities of the 
turbulent flows. The velocity components were di-
vided into the circumferential and radial compo-
nents, vq and vr, respectively, to analyze internal liq-
uid flow patterns.

To conduct gas-liquid agitation, the experimen-
tal vessel was equipped with a gassing system. A 
single-hole nozzle with a 5.0 mm inner diameter 
was used for air sparging.

Gas behavior during sparging into the liquid 
within the vessel was observed from the vessel bot-
tom16. Impellers (Di = 150 mm = 0.5Dt) were posi-
tioned at Dt/2 above the vessel bottom and rotated 
at Nr = 100 rpm under the condition of gassing at a 
volumetric gas flow rate, Q, of 20 L min–1, corre-
sponding to a superficial gas velocity, Vs, of 0.47 
cm s–1. The conditions for the impeller to capture 
the sparged gas and to generate gas bubbles were 
recorded using a video camera. For the examination 
of the impeller power characteristics, impellers with 
Di = 120 mm = 0.4Dt were positioned at Dt/3 above 
the vessel bottom, representing practical impel-
ler-to-vessel geometric conditions. Then, Nr was 
varied from 100 to 300 rpm. In combination, Q was 
varied from 10 to 100 L min–1 for Vs of 0.24–2.36 
cm s–1. The impeller power consumption was deter-
mined by torque measurement using strain gauges 
attached to the shaft, while gas bubble dispersion in 
the bulk liquid was recorded simultaneously from 
the front by video camera.

Results and discussion

Modification of the closed impeller

In our previous work15, an impeller for liq-
uid-phase agitation was prototyped by structurally 
modifying a conventional and standard disk turbine 
impeller with six flat blades (6STD). The modified 
impeller featured full shrouds (doughnut-shaped 
circular disks) on both the upper and lower sides of 
the blades, and was designated the “fully closed im-
peller (FCI)”, whereas the original type was referred 
to as the “open impeller (OI)”. The purpose of this 
design was to guide the liquid flow along the blade 
surfaces so that nearly all liquid entering the impel-
ler could receive energy efficiently from the blades. 
Evaluation of the impeller characteristics in terms 
of hydraulic and energy efficiencies demonstrated 
the potential of the closed impeller for improved 
power transmission and more uniform power dissi-
pation. However, internal liquid flow visualization 
of the 6STD-FCI, revealed a stagnant region near 
the rear of the blades, likely caused by flow separa-
tion on the blade surface (Fig. 1(a)). In the figure, 
the rotation direction is counter-clockwise and the 
right and left blade surfaces in the test area corre-
spond to the front and rear sides, respectively. Such 
a flow field facilitated the formation of a secondary 
circulation within the passage between neighboring 
blades17–21, which likely reduced impeller efficiency. 
In view of this, modification of the closed impeller 
was considered toward preventing the separation of 
the flow on the blade rear near the impeller disk.

The flow separation on the blade surface, as 
shown in Fig. 1(a), is presumed to result from insuf-



M. Yoshida et al., Gas-Liquid Agitation with Closed Turbine Type Impellers…, Chem. Biochem. Eng. Q., 39 (3) 135–142 (2025)	 137

ficient inflow in the impeller rotation region. When 
the fluid lacks sufficient kinetic energy to maintain 
continuous motion along the blade surface, flow 
separation occurs22. The inflow can generally be en-
hanced with an increase in impeller rotation speed, 
but the improvement may be limited depending on 
blade geometry23,24. In this study, the design focused 
on adjusting the flow-path volume between adja-
cent blades to develop geometries suitable for 
closed-mode operation. Figs. 1(b), (c), and (d) show 
the modified impeller designs. The impeller with 12 
flat blades of standard width (12STD) and the im-
peller with 6 flat blades of vertically small width 

(6VSW) provided narrower flow paths, reduced in 
the respective circumferential and axial directions. 
These impellers were used in closed mode. In the 
radial direction, the region shrouded by the dough-
nut-shaped circular disks was reduced, and the stan-
dard open impeller (6STD) was partially closed. 
Fully and partially closed impellers were abbreviat-
ed as FCI and PCI, respectively.

Internal liquid flows of modified closed 
impellers

The internal liquid flows of the modified closed 
impellers were examined. The circumferential and 

F i g .  1  ( a ) 	–	 6STD-FCI design and liquid flow velocity pro-
files in its rotation region

F i g .  1  ( b ) 	–	 12STD-FCI design and liquid flow velocity 
profiles in its rotation region

F i g .  1  ( d ) 	–	 6STD-PCI design and liquid flow velocity pro-
files in its rotation region

F i g .  1  ( c ) 	–	 6VSW-FCI design and liquid flow velocity pro-
files in its rotation region
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radial flow velocities, vq and vr, were plotted against 
the radial position, as shown in Fig. 2(a) and (b), 
respectively. The velocities, averaged in the circum-
ferential and axial directions, represent the overall 
flow field. For vq, related to the head characteristics, 
the values for the radial positions of 12STD-FCI 
and 6VSW-FCI were slightly higher than those for 
6STD-FCI. In contrast, the vr values, associated 
with radial flow characteristics, were rather small 
for both 12STD-FCI and 6VSW-FCI. As shown in 
Figs. 1 (b) and (c), stagnant regions remained on the 
rear of the blades close to the impeller disk. Mean-
while, 6STD-PCI exhibited higher vr and lower vq 
values compared with 6STD-FCI, although a stag-
nant region was observed on a plane axially distant 
from the impeller disk (Fig. 1(d)). These results 
suggest that the increase in radial inertia associated 
with increased vr possibly leads to an improvement 
in the internal flow following the impeller blades. 
However, as seen in Fig. 2(b), the radial flows of 
these closed impellers tend to decelerate radially 
and form an adverse pressure gradient, which is dis-
advantageous for the maintenance of the flow along 
the blade surface without flow separation22.

Development of closed impeller targeting  
radial flow

To address this, a new closed impeller design 
was developed, as shown in Fig. 1(e). This original 
impeller, designated 6RTW, featured six flat blades 
with radially tapered widths. The corresponding 
closed impeller, 6RTW-FCI, provided a flow path 
with a radially decreased cross-sectional area. Be-
cause the volumetric flow rate inside the closed im-
peller remains almost constant radially, the narrow-

ing of the flow path induces an accelerated flow, 
generating a favorable pressure gradient.

The averaged circumferential and radial flow 
velocities, vq and vr, for the 6RTW-FCI, are added to 
Figs. 2 (a) and (b), respectively. The vq values in the 
radial positions were comparable to those of the 
other closed impellers, while vr values, though 
smaller overall, increased radially outward as ex-
pected. The flow pattern near the disk for the 
6RTW-FCI is illustrated in Fig. 1(e). The redesigned 
blades yielded a more uniform internal flow, with 
no significant stagnant regions observed throughout 
the impeller rotation region, regardless of axial po-
sition.

F i g .  1  ( e ) 	–	 6RTW-FCI design and liquid flow velocity pro-
files in its rotation region

F i g .  2  ( a ) 	–	 Changes in average circumferential velocity, vq, 
as viewed from radial position, R, in liquid 
flows produced by the closed impellers

F i g .  2  ( b ) 	–	 Changes in average radial velocity, vr, as 
viewed from radial position, R, in liquid flows 
produced by the closed impellers
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Application of closed impellers  
to gas-liquid agitation

The closed impeller, designed as previously de-
scribed, was applied to gas-liquid agitation. Fig. 3 
shows the region where the impeller rotates at a 
rate, Nr, of 100 rpm under gassing at a superficial 
gas velocity, Vs, of 0.47 cm s–1. In the Fig. 3, (a) 
corresponds to 6STD-FCI, (b) corresponds to 
6RTW-FCI, and (c) to the original open impeller, 

6STD-OI. An aeration number (=Q/NrDi
3) of 0.059 

indicates that the agitation level exceeded the aera-
tion level25. Under such aeration-agitation rate con-
ditions, the 6STD-OI generated vortex cavities on 
the rear sides near the upper and lower edges of the 
impeller blades26. These cavities capture the sparged 
gas and generate gas bubbles from their tails in the 
bulk liquid27. The 6STD-FCI—with its upper and 
lower blade edges shrouded—did not produce vor-
tex cavities as observed in the 6STD-OI16. Instead, 
the sparged gas aggregated as circumferentially 
elongated cavities on the rear sides of the blades 
near the impeller disk. Gas bubbles were released 
radially outward around the exit of the impeller ro-
tation region. The internal cavities formed in 6RTW-
FCI were similar to those formed in 6STD-FCI. Gas 
dispersion occurred around the blade tips, and gas 
bubbles were discharged radially into the liquid. 
This enhanced generation of gas bubbles through 
the cavities in the 6RTW-FCI can be attributed to 
the accelerated liquid discharge through the radially 
narrowed flow path. Because little flow stagnation 
occurred behind the blades, the gas flow within the 
cavities appeared to intensify toward the blade tips. 
Furthermore, the circumferentially stronger liquid 
shear flow around the blade tips may have contrib-
uted to the formation of smaller gas bubbles, similar 
to the action in cyclone reactors28,29.

Gassed power characteristics of closed impellers

The formation of gas cavities behind the impel-
ler blades and their dispersion as gas bubbles within 
the vessel were assessed based on energy consider-
ations26, expressed by the ratio of gassed to un-
gassed power consumption of the impeller, Pmg/Pm0. 
Changes in Pmg/Pm0 were observed with variation of 
the superficial gas velocity, Vs, under a constant im-
peller rotation rate, Nr. Fig. 4 shows the relation-
ships between Pmg/Pm0 and Vs for 6STD-FCI and 
6RTW-FCI, along with that for the original open 
impeller, 6STD-OI. When the impellers were oper-
ated at a rotation rate of 200 rpm, the power con-
sumption exhibited lower values due to gassing, but 
the manner in which the Pmg/Pm0 changed differed 
among the impellers, notably between the FCIs and 
OI. The 6STD-OI had relatively greater decreases 
in the range of lower Vs values, probably because of 
the growth of large cavities3,25. Subsequently, with 
increased Vs, an increase was observed as marked in 
the figure, suggesting impeller flooding with the 
formation of ragged cavities3,25. Under flooding 
conditions—where sparged gas flushes axially 
across the impeller region—upward gas movement 
dominates the liquid flow, and gas bubbles are 
poorly dispersed in the bulk liquid, as reported in 
the literatures3,25. Consequently, Pmg/Pm0 changes 
abruptly. For the FCIs, the decrease in Pmg/Pm0 was 

F i g .  3 	–	 Gas behaviors in rotation regions of (a) 6STD-FCI, 
(b) 6RTW-FCI, and (c) 6STD-OI: dashed lines rep-
resent gas bubble generation
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gradual and monotonic, with no subsequent in-
crease. Within this range of gassing rates, the FCIs 
were presumed to remain below flooding conditions 
but up to the loading conditions where the sparged 
gas is effectively dispersed through the impeller, 
but unevenly distributed within the vessel3,25. An ad-
ditional benefit of the FCI impeller structure is that 
the shrouds prevent sparged gas from flushing axi-
ally through the impeller region. Consequently, the 
flow behavior of the gas-liquid mixture in the FCI 
region is probably less sensitive to increasing gas-
sing rates. This behavior suggests that the gas con-
dition exerts a smaller effect on the internal liquid 
flow pattern related to the cavity configuration. For 
the FCIs, the relationships between Pmg/Pm0 and Vs 
are shown in Fig. 5 with the impeller rotation rate, 
Nr, as a parameter. Gradual and monotonic decreas-
es in the respective FCIs were common for the var-
ious Nr values, indicating that the cavities formed in 
the FCIs were stable, regardless of the agitation 
conditions. Therefore, FCIs can achieve effective 
gas-liquid agitation at various aeration-agitation 
rates.

The ungassed power consumption of the impellers 
is represented by the power number [Np0=Pm0/(rNr

3Di
5)]. 

The values were 4.8, 3.7 and 2.4 for the 6STD-OI, 
6STD-FCI, and 6RTW-FCI, respectively. The Np0 
values for the FCIs were lower than that for the OI, 
which was attributed to the absence of a trailing 
vortex because of the shrouded blades of the impel-
ler. This is considered the basis for FCI agitation 
vessels with reduced shearing action.

Gas-liquid dispersions by closed impellers

Fig. 6 shows the gas-liquid conditions within 
the vessels agitated by the 6STD-FCI, 6RTW-FCI, 
and 6STD-OI, respectively. Under the given aeration-
agitation conditions (Nr = 150 rpm, Vs = 1.41 cm s–1), 
the 6STD-OI experienced flooding by the sparged 
gas3,25. In contrast, the FCIs appeared to maintain 

F i g .  4 	–	 Relationships between relative gassed power con-
sumption and superficial gas velocity for 6STD-FCI, 
6RTW-FCI, and 6STD-OI

F i g .  5 	–	 Relationships between relative gassed power con-
sumption and superficial gas velocity for the closed 
impellers rotating at different rates

F i g .  6 	–	 Gas-liquid dispersions within vessels agitated by (a) 
6STD-FCI, (b) 6RTW-FCI, and (c) 6STD-OI

F i g .  7 	–	 Discharges of gas-liquid mixture performed by the 
closed impellers
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their inherent radial discharge action to some extent 
for both gas bubbles and liquid. A difference in gas 
bubble distribution was observed in the region of 
the vessel wall side, as indicated by the arrows in 
the figures. Fig. 7 compares, in photographic form, 
the discharge regions of the gas-liquid mixture be-
tween the FCIs. The rotation rates were adjusted so 
that both impellers consumed the same amount of 
ungassed power. At Vs = 0.94 cm s–1, the Nr values 
were 100 rpm for the 6STD-FCI and 116 rpm for 
the 6RTW-FCI. Although gas capture and the re-
sulting gas retention in the impeller region appeared 
to be superior in the 6STD-FCI, the 6RTW-FCI, ex-
hibited a more pronounced discharge of gas bub-
bles. The 6RTW-FCI, developed here as a closed 
impeller, was characterized by effective energy con-
version from pressure head to velocity head, result-
ing in enhanced gas bubble generation and dis-
charge. It has been noted that the gas-liquid flow 
behavior differed between direct and indirect impel-
ler loading of sparged gas30–32. A strong liquid flow 
produced by the impeller promotes gas recirculation 
into the impeller region, leading to favorable gas-
liquid dispersion. For the 6RTW-FCI, which fea-
tures superior discharge performance and structural 
shrouding, this indirect loading effect is expected to 
further enhance gas-liquid dispersion.

Conclusion

The previously developed closed impeller 
(6STD-FCI) was modified by adjusting the dimen-
sions of the flow path between neighboring blades. 
An impeller with twelve flat blades of standard 
width and an impeller with six flat blades of verti-
cally small width were employed as the original de-
signs for closed impellers (12STD-FCI and 6VSW-
FCI). In addition, a standard turbine-type impeller 
was partially closed (6STD-PCI).

Investigations of the internal liquid flow in 
these closed impellers highlighted the significance 
of radial flow velocity in optimizing closed-impel-
ler design. Based on these findings, a new impeller 
with six flat blades of radially tapered width was 
developed for closed-mode operation. This closed 
impeller (6RTW-FCI), produced an accelerated ra-
dial flow within the flow path, improving the internal 
flow uniformity and eliminating stagnant regions.

The 6RTW-FCI was then applied to gas-liquid 
agitation, and the flow behavior of the gas-liquid 
mixture was examined through flow visualization 
and measurement. Internal cavities formed within 
the 6RTW-FCI generated gas bubbles radially out-
ward around the tips of the impeller blades. The ra-
tio of gassed to ungassed power consumption of the 
impeller reflected the formation of gas cavities and 

their dispersion as gas bubbles. Across a range of 
aeration-agitation rates, the 6RTW-FCI demonstrat-
ed superior discharge performance and characteris-
tic energy conversion to that of the 6STD-FCI, re-
sulting in favorable gas-liquid dispersion.

N o m e n c l a t u r e

Di	 –	 impeller diameter, mm
Dt	 –	 vessel diameter, mm
Np0	 –	 ungassed impeller power number, –
Nr	 –	 impeller rotation rate, rpm
Pm0	 –	 ungassed impeller power consumption, W
Pmg	 –	 gassed impeller power consumption, W
Q	 –	 volumetric gas flow rate, L min–1

R	 –	 radial distance from vessel center, mm
Vs	 –	 superficial gas velocity, cm s–1

vr	 –	 radial velocity component of liquid flow, m s–1

vq	 –	 circumferential velocity component of liquid 
flow, m s–1

r	 –	 liquid density, kg m–3
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