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AGITATION AND AERATION 
An Automated Didactic Experiment 
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S ince its foundation, the Federal University of Sao 
Carlos ' Chemical Engineering Department has tradi­
tionally conducted instructional experiments to 

complement the theoretical knowledge passed on in the class­
room. This practice is part of a successful approach to pro­
vide students with a good practical background, preparing them 
to become competent and competitive professionals in the 
chemical industry. Our undergraduate laboratory follows the 
principle of designing instructional kits for short experiments 
to be prepared and conducted by the students themselvesJ11 

Recent advances in equipment design and techniques have 
facilitated the acquisition of on-line information concerning 
chemical processes. This reality is undoubtedly becoming part 
of the daily routine of chemical engineers in research labora­
tories and industry. Therefore, undergraduate courses should 
provide opportunities for students to get first-hand practice 
in the techniques involved in automated chemical processes. 

During the establishment of a "Special Training Program" 
for undergraduate students (called "The Factory of the Fu­
ture"1 21 ), a set of automated experiments was implemented 
with the financial support of CAPES, a Brazilian education 
funding agency. One of the kits in this program is an Agita­
tion and Aeration Experiment, which was used in a case study 
of an important biochemical process, "Aerobic Cultivation 
of Baker 's Yeast." The supervisory system was designed by 
the authors, and the controllers were programmed by a spe­
cialized engineering firm, using commercial software. 

Many processes involved in the manufacture of important 
chemical products, such as the hydrogenation of oils in the 
production of margarine or the aeration of fermentation broths 
in antibiotic production, make use of agitation and aeration 
tanks to promote efficient mass transfer from the gas phase 
to the liquid phase. Despite its obvious importance, teaching 
about the operation of agitation and aeration is usually rel-

egated to a secondary role in chemical engineering courses. 

This paper describes automated equipment developed to 
run teaching experiments on these unit operations in the labo­
ratory. The purpose of the experiment is to show students a 
real chemical process. The main adjusted parameters, such 
as the stirrer speed (N) and gas (air) flow rate (Q) , can be 
monitored. Simultaneously, phenomena involving changes in 
dissolved oxygen concentration (C) and gassed (P) and 

g 

ungassed (P
0

) power consumption can be viewed by the su-
pervisory computer. The continuous acquisition and storage 
of experimental data allows the volumetric oxygen transfer 
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[We have] traditionally conducted instructional experiments to complement the 
theoretical knowledge passed on in the classroom . ... Our undergraduate laboratory 

follows the principle of designing instructional kits for short experiments 
to be prepared and conducted by the students themselves. 

coefficient, (kl a) to be accurately determined, facilitating the 
students ' analyses of the data and writing of reports. 

THEORY 

Owing to their versatility, conventional agitation and aera­
tion tank fermentors are still the ones most frequently used 
on bench, pilot, and industrial scale in the fermentation in­
dustry.131 In fermentation processes involving the cultivation 
of aerobic and facultative aerobic microorganisms, oxygen 
is an essential element in the supply of energy for cell me­
tabolism and, hence, a key element in the syntheses of biom­
ass and products. 

A convenient way of evaluating oxygen transfer in aerobic 
cultures is to measure the volumetric oxygen transfer coeffi­
cient (kl a) . The gassed power consumption per unit volume 
of broth (P N) and the volumetric oxygen transfer coeffi-

g 

cient are still the most widely used criteria in the design and 
scale up of conventional stirred and aerated tank fermentors.141 

Various equations correlating the volumetric oxygen trans­
fer coefficient (kl a) to other quantities have been published.'51 

Cooper, et al., 161 originally proposed the simplest, correlating 
kl a to the gassed power consumption per unit volume of broth 
(P N), the superficial gas velocity (v ), and the geometry of 

g s 

the vessel (D.) 

(!) 

where 

(2) 

Although initially developed for fluids different from fer­
mentation broths, the relation given in Eq. (1) has been widely 
used in fermentation systems.151 Values reported in the litera­
ture for the constants ex and 13 and the proportionality con­
stant C

1 
vary considerably with the geometry of the system, 

the range of variables covered, and the experimental method 
used. Therefore, specific correlations for ~ a for use in sub­
sequent monitoring, control , and scale up of aerobic fermen­
tations should be obtained from bench-scale experiments. 

Similarly to the volumetric oxygen transfer coefficient(~ a), 
the gassed power consumption (P ) can be correlated to the 

g 

system's geometric parameters (impeller diameter, D), to op-
eration variables (impeller speed, N, and gas flow rate, Q) , 
and to the physical properties of the fermentation broth (den-
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sity, p, and viscosity, µ) that are implicit in the ungassed power 
consumption (P

0
) . The power requirements in gassed and 

ungassed systems can be represented by the traditional equa­
tion proposed by Michel and Miller171 

_ ( P6NDf 18 

Pg - C2l Q 0.56 ) (3) 

where the constants C
2 

and 8 also depend on the system's 
geometry and on the range of operating variables used. 

MATERIALS AND METHODS 

Microorganism 

Fermentations were conducted using Saccharomyces 
ce re visiae in the form of commercial Baker's yeast 
(Fleischmann®). 

Culture Media 

To activate and ferment the inocula, a culture medium con-
taining (in kg·m·3) 

• glucose (15.0) 

•KHlOp.0) 
• MgS04·7Hp (0.5) 
• yeast extract (3.0) 
• (NH

4
)

2
S0

4 
(4.5) 

• antifoam (1.0 L·m·3) 

was used. The initial pH was adjusted to 4.6 with the 4M 
H

2
S0

4 
or 3M NHpH. 

Supervisory and Data Acquisition System 

The experiment was monitored and controlled in an auto­
mated teaching system, which uses a Programmable Logic 
Controller (PLC) coupled to a supervisory system that pro­
vides the man/machine interface (MMI). The main purpose 
of this interface is to allow the user to interact with the pro­
grammable controller. The system was implemented in a Su­
pervisory Control and Data Acquisition Architecture where 
the PLC performs control functions while monitored and su­
pervised by a microcomputer. 

The computer screen is divided into two windows. The first 
one shows an animated view of the process with continuous 
variable updates. The on-line values are displayed in boxes 
next to the respective variables during the process. The sec-
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ond window presents a graphical display of the time 
course of the process variables. These windows can 
be seen in Figures I and 2. 

Experimental Apparatus 

The experiment was carried out in an agitated and 
aerated cylindrical vessel equipped with two six­
flat-blade turbines and an air sparger. The stirrer 
speed (N) was controlled by a frequency inverter 
(0.5 HP, Siemens, Germany) coupled to the AC 0.4 
kW motor. Stirrer speed was measured directly by 
an optical tachometer (Monarch Instruments, 
Amherst, NH) on the agitator shaft. The electric sig­
nal was used to monitor the stirrer speed. 

The air flow rate (Q) through the vessel was moni­
tored by a mass flow meter (0 to 20 SLPM, KURZ 
Instruments, Inc., Monterey, CA). The temperature 
was kept at 30°C by circulating water between a 
thermostatic bath and a water jacket. A polarographic 
electrode (submersible type, IC Control, Canada) 
connected to a dissolved oxygen transmitter (model 
855, Microprocessor Analyzer, CI Control, Canada) 
was used to measure the dissolved oxygen concen­
tration (CE). Figure 3 shows the dimensions of the 
vessel and Figure 4 illustrates a sketch of the ex­
perimental system. All the analog signals between 
the physical system and the PLCs (GE Fanuc, se­
ries 90-30, GE Fanuc Automation North America, 
Inc.) were provided as current signals (4 to 20 mA). 

The power consumption (P) was monitored and 
controlled through a frequency inverter, which con­
trolled the stirrer speed (N) by modulating the elec­
tric power transferred to the AC motor. The volu­
metric oxygen transfer coefficient (kL a) values ob­
tained at different stirrer speeds (N) and air flow 
rates (Q) were correlated with the system's operat­
ing parameters and physical dimensions. Correla­
tions of this type are useful for the design, control, 
and scale up of fermentors. 

Determination ofk
1
f1 

The volumetric oxygen transfer coefficient (kL a) 
was determined using the method proposed by 
Mignone and Ertola,l81 based on a step change in 
stirrer speed during cultivation. 

Assuming mixing is complete, the mass balance 
for dissolved oxygen in the liquid phase during aero­
bic batch cultivation can be expressed as 

(4) 

/02 

where OTR is the oxygen transfer rate and OUR is the oxygen uptake 
rate. 

Initially, the culture is maintained under a constant air flow rate (Q) 
and stirrer speed (N) . This situation corresponds to the steady state I, in 
period I shown in Figure 5. During this phase, we have (kL a)

1 
and the 

dissolved oxygen concentration (C). 

The stirrer speed is changed to N
2 

where N
2 

> N
1
• After a short time, a 

transient state is produced (period II in Figure 5) during which the con­
centration of oxygen varies until the new steady state II is reached (pe­
riod III) . This new period is characterized by another volumetric oxygen 
transfer coefficient (kL a\ and by another oxygen concentration (CJ 

Each of these periods in Figure 5 can be described by the following 
equations: 

Figure 1. Representative screen of instrumentation created by 
the supervisory system, showing updated signals (variables) in 

real time. 

j • Sllfrl!lflpl,ed(N) 

/G ~c»l'jlgln,ce)·· • 
:: D Alrflo--llle (QI D 
\ D rower~ (PJ 

Figure 2. Graphic display showing the time course of 
process variables. 
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Figure 4. Experimental apparatus: (1) agitation and aeration 
tank; (2) stirrer motor; (3) thermostatic bath; (4) photo tachom­
eter; (5) dissolved oxygen electrode; (6) dissolved oxygen ana­
lyzer; (7) mass flow meter; (8) frequency inverter; (9) supervisory 
computer (InduSoft Studio 3.0® running on Windows 95 , 
Microsoft®}; (10) Programmable Logical Controllers. 

Period I (steady state) 

~~ =(k La)1(c* -C i)-Qo,C, =0 

Period II (transient phase) 

Period III (new steady state) 

(5) 

(6) 

~~ =(kLa)2(c* -C2)-Qo,C, =0 (7) 

In each case, the oxygen concentration was kept above 
the critical value. For short periods of time, it may be 

assumed that the oxygen uptake rate ( Q 0 2 C,) remained 

constant. 

From Eq. (7) 

Q0 2c, =(kLa)2(c* -c2) 

Substituting Eq. (8) into Eq . (6) gives 

dC 
dt=(kLa)2(C2 -C) 

(8) 

(9) 

Eq. (9) can be integrated from t = 0, C =C
I 
tot= t, C = 

C
2

, giving 

(10) 

Defining a dimensionless concentration 

C= C-C1 (II) 
C2 -Ci 

Eq. (I 0) can be rewritten in dimensionless form 

C=l-e-(kLa), t (12) 

!
Hi 

H; 
--;==:::;--

D 
1 

six flat blade 
turbine 

H = 0.48 m 
Ht= 0.325m 
D1- 0.28 m 

D;= 0.12 m 
H;=D.12m 

Hi=D.12m 

L = 0.0285 m 

w~ 0.024 m 

Figure 3. Dimensions of the vessel. 

Figure 5. Dissolved oxygen concentration profile (CE) after steps in 
stirrer speed (NJ . 
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Equation ( 12) describes the kinetics of the liquid phase. 
This equation, however, does not take into account the elec­
trode kinetics and the kinetics of the stagnant film that cov­
ers the membrane of the electrode. These two phenomena 
are described by the first-order equations 

dCp C-C p 
(13) --= ---

dt 'tp 

dC E C F -C E (14) 
dt 't E 

where CF and CE describe, respectively, the dimensionless 
diffusion film and electrode responses; tp and tE are the 
response times for the liquid film and electrode diffusion re­
sistance. 

The composition of the gas phase is assumed to remain 
constant, so it is unnecessary to consider its kinetics. 

The value of CE can be derived from Eqs. (12), (13), and 
(14) 

(15) 

The area ( a 1 ) below the electrode response curve, ( I - CE) 

versus time, is given by 

(16) 

The response times tp and t E are determined by a step 
change in oxygen concentration in the medium, carried out 
before inoculation (no cells present) . The area ( a!E) below 
the response curve versus time is then given by 

(17) 

The difference between a 1 and a,E then yields 

(18) 

104 

Thus, this method provides a simple procedure to evaluate 
(kL a)2 after a step change in the stirrer speed (N). 

It is evident that, by returning the stirrer speed to its origi­
nal value N

1
, the value of (kL a)

1 
can be obtained by means of 

a similar procedure. 

Experimental Procedure 

The experiment was carried out in the apparatus illustrated 
in Figure 4, with 20-L (0.020 m3

) of culture medium in the 
tank. 

The air flow rate (Q) was initially set to 12.0 SL·min-1 

(2.0· 104 Sm3·s-1
) and stirrer speed (N) to 400 rpm (6.67 s-1) , 

until the dissolved oxygen concentration given by the elec­
trode (CE) attained the saturation value (equilibrium). The 
electrode response time (TE) was obtained by placing the elec­
trode in the tank after equilibration in an 0.1 M sodium sulfite 
solution (Na

2
SO

3
) (CE = 0). 

200 

0 experimental data 
160 
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~ 
~ 80 

0.. p = 2.46 (P 2 N D_' /Qo.i6)0,9 
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0 
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Figure 6. Experimental correlation between gassed (P) 
and ungassed (P,) power requirements. 
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Figure 7. Electrode response in a step assay at 400 rpm 
(6.67 s- 1

) in culture medium without cells. 
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The tank was inoculated by adding 0.40 kg of commercial 
Baker 's yeast (40% on a dry basis), giving an initial cell con­
centration (C) of approximately 8 kg·m-3• 

After inoculation, the air flow rate was kept at 12.0 SL·min- 1
, 

the stirrer speed was altered to approximately 250 rpm (N
1
) , 

and the first steady state was produced, with CE = CEI' The 
stirrer speed was raised to approximately 400 rpm (N

2
) and 

the second steady state was reached, with CE = Cff The stir­
rer speed was increased again to approximately 550 rpm (N), 
producing the third steady state, with CE= CEr After the third 
steady state was reached, the stirrer speed was returned to 
approximately 400 rpm (N

2
) and 250 rpm (N

1
), respectively, 

as illustrated in Figure 8. 

This experimental procedure was repeated at an air flow 

TABLE 1 
Power Requirements for Various Conditions of 

Agitation (N) and Aeration (Q) 

P5ND; [ 2 _ 1 3 ( 3 _ 1 )-0.56 ] 
N(s·') Q· IO'(Sm3s·1) P.(W) P,(W) Q0.56 W s m m s 

4.15 2.0 53.9 

4.18 3.0 51.4 39.7 

6.81 2.0 90.8 

6.85 3.0 98.3 78.7 

9.35 2.0 171 .0 

9.37 3.0 193.5 161.8 

0.0 
08120 08,10 08/20 08120 

16,35,15 l6,3BI 16:40:1 i 16,43,03 

I r..i Variabl.s !xi Qn .linft s-
[1 Temperature (T) IJ J0.2 't 30.3 cc I 

!·: ::::::::(Ce) .. ·{·24:~ .:~· 5~= ·:~: 11 
: 0 .... ,_.,.. (OJ [J 5.02 SLPM 5A2 SLPM :ii 

U? ~ ... .,,;"" ~) ·•···· ·······9 ,~~ ... :~ .. ,~~-4 ,.:~ .. :1 

2,228.4 

1,79 1.5 

13,389.7 

10,743.0 

7 1,794.9 

56,850.8 

mli20 
16,"5,39 

osilo 
16,48,15 

08120 
16,50,51 

rate (Q) of 18.0 SL·min- 1 (3 .0· IQ-4 Sm3 ·s-1
) so that six values 

of vol umetric oxygen transfer coefficient (kL a) could be ob­
tained. After the CE curves were measured, the air flow rate 
(Q) was turned off and stirrer speed (N) adjusted to approxi­
mately 250, 400, and 500 rpm, respectively. For each agita­
tion and aeration condition, the system recorded the gassed 
and ungassed power consumption (Pg and P

0
). 

The total duration of the experiment, which involved three 
stirrer speeds and two air flow rates, was approximately 2.5 
hours. 

RESULTS AND DISCUSSION 

As described previously, the experiment is totally moni­
tored and controlled through a microcomputer with a soft­
ware supervisor. The students may alter any given variable 
and view its effect over time. Experimental data are recorded 
at 2-second intervals in the form of a binary file that is subse­
quently transformed into an ASCII file and transferred to a 
computer worksheet such as Excel®. 

Figure I illustrates the main screen of the supervisor soft­
ware and shows the variables, which can be manipulated by 
using the mouse and keyboard, such as the stirrer speed (N) 
and the air flow rate (Q). The response variables, which vary 
according to changes in the manipulated variables, appear in 
their respective fields, as do the power requirements (P) and 
the dissolved oxygen concentration given by electrode (elec­
trode signal , CE). 

Power Requirements • Table I lists the values of power 
input in gassed (Pg) and ungassed (P

0
) broth, monitored and 

controlled through a frequency inverter at various stirrer 

lil/20 
16:53:27 

08/20 08120 
16,56,03 16,58,39 

speeds (N) and air flow rates 
(Q). As can be seen, the gassed 
power requirements (P ) are 

g 

lower than the ungassed values 
(P

0
) under the same agitation 

condition (N), which is due to 
the fact that the introduction of 
gas into the fluid decreases its 
apparent density (p). It can also 
be observed that an increase in 
stirrer speed (N) raises the 
power requirements (P

0 
and Pg), 

indicating the strong influence 
of viscous forces in the opera­
tion of this important unit. 

Gassed power consumption 
values (P ) were correlated with 

g 

the ungassed power consump-

Figure 8. Supervisory screen for viewing the changes occurring during a run. 

tion (P
0
), stirrer speed (N), air 

flow rate (Q), and the impeller 
diameter (D) through a well­
known equation proposed by 
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Michel and Miller1 71 

( 2 3 \0.39 
P0 N Di I 

Pg = 2.46l Q0.56 ) R2 = 0.995 (I 9) 

The experimental data and fitting equation are illustrated in 
Figure 6. The high correlation coefficient indicates that the 
equation represents closely the data obtained from the ex­
perimental system. 

Oxygen Transfer • Similar values of electrode response 
time ( tE) were obtained in triplicate assays at a stirrer speed 
of 400 rpm (6.67 s·1

). The resistance of the liquid film cover­
ing the membrane of the electrode was considered negli­
gible in the range of stirrer speeds studied. Thus, tF = 0, 
and from Eq. (17) , a1 E = tE. Figure 7 illustrates a typi­
cal electrode response curve obtained in the culture me­
dium at 400 rpm (6.67 s·1

). 

Figure 8 shows the supervisory window where the students 
can view changes occurring in the dissolved oxygen concen­
tration given by the electrode (CE) after step changes in the 
stirrer speed (N), with the air flow rate (Q) maintained con­
stant, as described in the methodology of Mignone and 
ErtoJal81 for kL a determination. In the actual window, the vari­
able profiles appear in color, but to facilitate viewing here, 
the profiles of Q, N, and CE are illustrated, respectively, with 
dashed, dotted, and solid lines, and temperature, air flow rate, 
and power requirement were omitted. 

Figure 9 shows typical curves of the electrode response 
after the stirrer speed is subjected to sudden changes. The 
symbols (e and •) represent experimental data acquired and 
stored by software, which are linked by smooth lines. Ac­
cording to the methodology proposed by Mignone and 
Ertola,181 the area below the response curve obtained by plot­
ting vs time corresponds to 

and given t F = 0 and t E = 14.2 s, kLa values in the second 
steady state (kLa\ can be determined by Eq. (21) 

I 
a1 -a1E =-(-)­

kLa 2 
(21) 

Table 2 shows the results of kL a measurements at different 
values of air flow rate (Q) and stirrer speed (N), as well as 
the variables of gassed power consumption per unit volume 
of broth (P N) and superficial gas velocity (v,) calculated 

g 

for the experimental conditions used. 

Experimental data for kL a, determined by the proposed 
method, ranged from 0.0187 to 0.0469 s· 1 (67.3 - 168.8 h·1

), 

in complete agreement with the various agitation and aera­
tion conditions tested. Therefore, the results confirm the 
method 's reliability and consistency. 

106 
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1
) 
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Figure 9. Electrode response at a constant air flow rate 
(Q = 3.0 x 10·4Sm3s·1) , after the following step changes in 
stirrer speed: 

(•J 251-411 rpm (4.18 - 6.85 s·1
); kLa = 0.0346 s·1; 

{• ) 411-562 rpm (6.85 - 9.37 s· 1
), kLa = 0.0469 s·1; 

(-) continuous lines. 

TABLE2 
Results of kL a Measurements at Various 

Air Flow Rates (Q) and Stirrer Speeds (N) 

N(s·1) Q· 104(Sm3s·1) P,N (Wm·3) v; 103(ms·1) kL a(s·1
) 

4.15 2.0 2,695 3.25 0.0187 

4.18 3.0 1,985 4.87 0.0201 

6.81 2.0 4,540 3.25 0.0253 

6.85 3.0 3,935 4,87 0.0346 

9.35 2.0 8,550 3.25 0.0331 

9.37 3.0 8,090 4.87 0.0469 

0.06 
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Figure 10. Comparison of the experimental values of kLa 
compared with the values of kLa calculated by the 

equation (Eq. 1) proposed by Cooper, et al.1"1 
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As mentioned earlier, the most classical relation for the 
volumetric oxygen transfer coefficient (kl a) in agitated and 
aerated tanks, proposed by Cooper, et al.,1 61 is given by Eq. 
( 1 ). This equation was fitted to the experimental values and 
the parameters were estimated through nonlinear regression. 191 

The criterion for the best fit and parameter optimization was 
the sum of squares of residuals (SSR). The fitted correlation 
is 

R2 = 0.98 (22) 

The parameters estimated by the nonlinear regression are 
unequivocally within the range of values mentioned in the 
literature. 1101 

Figure IO illustrates the congruence between the experi­
mental kl a values and the data calculated by Eq. (22). The 
correlation coefficient (R2), as well as Figure I 0, demonstrate 
that a good fit was obtained, indicating that Cooper's correla­
tion (Eq. 1) can be used to estimate, with good precision, the 
volumetric oxygen transfer coefficient (~ a) in these systems. 

CONCLUSIONS 

• The experiment can be completed rapidly, i.e., in about 2 
1/2 hours, which is appropriate for an undergraduate ex­
perimental class. 

• All the transient phenomena can be monitored and con­
trolled on-line by the students, and the data can be stored 
for subsequent manipulation and calculation. This pro­
cedure, which is typical of an industrial supervision pro­
cess, puts students in direct contact with a reality they 
will face in their careers as process engineers. 

• The easy handling of data facilitates data processing in 
optimization programs for the industrial operation pro­
cesses the students are learning to deal with. 

• Student training in automated laboratory facilities that 
simulate industri al processes offers opportunities for ac­
quiring and enhancing their professional skills in today's 
competitive industrial environment. 

NOMENCLATURE 

C, constant of Eq . (I) 

C
2 

constant of Eq. (3) 

C dissolved oxygen concentration in the broth in steady 
state (kgO

2
m·3) 

C' dissolved oxygen saturation concentration in the 
broth (kgO

2
m·3) 

CE dissolved oxygen concentration given by the 
electrode or electrode signal (kgO

2
m·3) 

CF dissolved oxygen concentration on stagnant film 
(kgO

2
m·3) 

CE dimensionless electrode signal (-) 
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CF dimensionless oxygen concentration on diffusion film (-) 

Cx cell concentration (kg· m·3) 

D; impeller diameter (m) 

D, tank diameter (m) 

kL a volumetric oxygen transfer coefficient (s·') 

N stirrer speed (s·' or rpm) 

OTR oxygen transfer rate (kgO
2
m·3s·') 

OUR oxygen uptake rate (kgO
2
m·3s·') 

P power consumption (W) 

P
0 

ungassed power consumption (W) 

Pg gassed power consumption (W) 

Q air flow rate (Sm3s·' or SL·min- ', where S indicates 
standard condition: 0°C and I atm) 

Qo
2 

specific oxygen uptake rate (kgO
2
kg·1s·1

) 

Qo
2 

Cx global oxygen uptake rate (kgO
2
m·3s·2) 

R2 correlation coefficient (-) 

time (s) 

v, superficial air veloci ty (ms·') 

V broth volume (m3
) 

Greek Letters 

a constant of Eq. ( I) 

p constant of Eq. (I) 

a 1 area_below the response curve obtained by plotting 
I - CE vs time during cell growth (s) 

a 1E area below the response curve obtained by plotting 

I - CE vs time after step assay (s) 

0 constant of Eq. (3) 

' E electrode response time (s) 

' F film response time (s) 
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