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C hemical engineers have traditionally been in­
volved in a wide variety of industries. Al­
though specific problems encountered in these 

diverse industries may appear different, many of 
them can be solved by using basic chemical engi­
neering principles. In the classroom and in the labo­
ratory, basic principles are generally demonstrated 
by using problems from a number of different indus­
tries, allowing students to learn about both the in­
dustries and the application of these basic principles. 

The increasing importance of industrial opera­
tions based on biochemical engineering has long been 
recognized. Biochemical engineering problems have 
been easily integrated into many courses, including 
mass transfer, heat transfer, and reactor design. 
Integrating biochemical engineering-type experi­
ments into chemical engineering laboratories, how­
ever, has been much more difficult. 

Biochemical engineering experiments must be de­
veloped which demonstrate basic principles and 
which can be easily incorporated into undergradu­
ate chemical engineering laboratories. An experi­
ment has been developed at Georgia Tech that dem­
onstrates the effect of agitation on oxygen mass trans­
fer in a fermentor and that can be conducted by 
undergraduate students in an ordinary undergradu­
ate chemical engineering laboratory. 

BASIC CONCEPTS 

Fermentation is the production of chemicals from 
a substrate by using microbes. Many fermentations 
use microbes which require oxygen to convert the 
substrates (reactants) into the desired product. Oxy-

gen is generally supplied by sparging air at one 
atmosphere pressure directly into the fermentation 
broth (aqueous mixture of substrates, products, 
and microbes). The maximum dissolved oxygen par­
tial pressure in the fermentation broth would be 
saturated. Dissolved oxygen levels in the fermenta­
tion broth of 30% of saturation or higher are re­
quired for many fermentations. 

A high concentration of microbes in the fermen­
tor (reactor) is desirable in order to maximize 
productivity per unit volume of the fermentor. Un­
fortunately, the high concentration of microbes con­
sumes oxygen at high rates and thus oxygen mass 
transfer from the gas phase to the fermentation broth 
is very important. 
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OXYGEN MASS TRANSFER IN A FERMENTOR 

If the flowrate of air to the fermentor is large, a 
negligible amount of oxygen will be consumed and 
the mole fraction of oxygen in the gas phase will be 
essentially constant. For suspension cultures, the 
liquid film mass transfer generally controls the 
overall mass transfer of oxygen from the gas phase 
to the liquid phase. If we assume that liquid phase 
mass transfer is controlling in the fermentor, the 
change in oxygen partial pressure dissolved in the 
bulk liquid with respect to time can be calculated as 
shown in Eq. (1): 
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For a fermentor where the microbial population 
remains relatively constant, the rate of oxygen con­
sumption is relatively constant and quasi-steady state 
can be achieved for dissolved oxygen partial pres­
sure. Thus, k1a can be determined as follows: 

~~2 = k 1a{P; 2 -P0J-{-r02 )"' o (2) 

(3) 

Mass transfer from a gas phase to a liquid phase 
in a stirred tank is very complex. In particular, agi­
tation strongly effects bubble size, bubble retention 
time, and liquid mixing. All of these factors strongly 
influence k1a. Generally, k1a is correlated as shown 
in Eq. (4):[1l 

(4) 

where 

a ', p', ,y' = constants which depend on vessel dimensions, 
agitator dimensions, fluid properties, etc. 

P/v = agitator power per reactor volume; unit power, 
unit volume-1 
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Biochemical engineering experiments must be 
developed which demonstrate basic principles and 

which can be incorporated into undergraduate 
chemical engineering laboratories. 

Qan- = volumetric flowrate of air; unit volume, unit 
time 

For a fermentor which contains a Newtonian 
fermentation broth, the agitator power is a function 
of agitator rpm.l21 Thus for a constant sparger 
air flowrate, k1a can be correlated to rpm as shown 
in Eq. (5): 

(5) 

where 

a,p = constants 
rpm = agitator rpm; revolutions, miu-1 

From Eq. (4 ), a is equal to zero if the sparger air is 
stopped. Thus, according to Eq. (1), the change of 
dissolved oxygen partial pressure in the fermenta­
tion broth with respect to time is equal to the rate of 
oxygen consumption. 

{- ro2) = - ~~2 (6) 

The rate of oxygen consumption in the fermentor is 
equal to the slope of a plot of the dissolved oxygen 
partial pressure versus time. 

Experimentally, the effect of agitation on k1a can 
be determined by setting the agitator rpm at various 
levels and obtaining the corresponding quasi-steady 
state dissolved oxygen partial pressures. Then k1a 
can be determined using the quasi-steady state dis­
solved data and the rate of oxygen consumption. A 
plot of ln(k1a) versus ln(rpm) should give a straight 
line with a slope of~ and an intercept of ln a. 

A good discussion of oxygen mass transfer in an 
agitated fermentor can be found in Biochemical En­
gineering Fundamentals. [SJ 

EXPERIMENTAL EQUIPMENT 

A New Brunswick Scientific Bioflow Ile two-liter 
fermentor (Edison, NJ) has been used for this ex­
periment. The fermentor is equipped with a galvanic 
oxygen probe, temperature control, and a turbine 
agitator. Compressed air is sparged directly into the 
fermentation broth and is measured using a rotame­
ter. A less costly vessel such as a New Brunswick 
Multigen fermentor or a similarly equipped stirred 
vessel can be used instead of the Bioflow Ile. 

143 



Data are collected using an Austin 286 PC and an 
AID Board (Mendelson Electronics). Depending 
on the application, the data are logged, manipu­
lated, and/or plotted using a PC-based system. 
PC data collection is not necessary to conduct 
the experiments. Data can be collected manually 
with little trouble. 

A schematic of the experimental equipment at 
Georgia Tech is shown in Figure 1. The system 
cost approximately $15,000 in 1990. The equip­
ment for this experiment is also used to conduct 
both undergraduate and graduate fermentation 
research projects. 

EXPERIMENTAL PROCEDURES 

One liter of distilled water containing 80 g glucose 
is added to the fermentor. Temperature control is 
set at 30°C and agitation at 600 rpm. After the 
system equilibrates, the dissolved oxygen probe is 
calibrated. (Note: if the probe is being used for 
the first time, place the probe in distilled water 
overnight to equilibrate.) Air is sparged into the 
aqueous solution at the rate of approximately 1.6 
Umin until the dissolved oxygen meter indicates 
quasi-steady state dissolved oxygen partial pressure 
and saturated conditions. The dissolved oxygen 
meter is then spanned to 100%. Next, nitrogen is 
sparged at the rate of approximately 1.6 Umin until 
the dissolved oxygen meter indicates steady state. 
The dissolved oxygen meter is then zeroed at 0%. 
The above is repeated by alternately spanning and 
zeroing until the measurements replicate. Gener­
ally, twice is sufficient. 

Next, the agitation is reduced to 500 rpm and 
approximately 10 g of Fleischmann's dry active yeast 
(approximately one and one-half 1/4 oz. packages) is 
added to the water-glucose solution. Allow three 
hours for the yeast to become fully active. The dis­
solved oxygen should be maintained at above 50%. If 
required, increase the flowrate of sparger air and/or 
reduce the yeast concentration to maintain the dis­
solved oxygen at above 50%. 

After the yeast is fully active, increase agitation 
to 700 rpm and allow the system to reach quasi­
steady state dissolved oxygen partial pressure. Next, 
stop the sparger air and start the flow of nitrogen 
(1.6 Umin) into the head space in the fermentor. 
Nitrogen in the head space prevents incidental aera­
tion. Then obtain a plot of dissolved oxygen partial 
pressure versus time. The initial part of the plot will 
not be linear due to probe response. After the initial 
nonlinear part, a linear plot should be obtained which 
represents the rate of oxygen consumption in the 
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fermentor. After collecting the transient data the 
nitrogen flow is stopped and the sparger air is turned 
on. Repeat the above procedure. Compare the above 
two runs for similarity and if they are not similar, 
repeat the measurements. 

Systematically vary the agitation between approxi­
mately 500 and 700 rpm. Allow the system to reach 
quasi-steady state each time, and record the dis­
solved oxygen partial pressure. Generally, ten to 
twenty minutes are required for the system to reach 
quasi-steady state. After completing the above quasi­
steady experiments, set the agitation at 700 rpm 
and allow the system to come to quasi-steady state. 
Repeat the previous procedure again to obtain a 
final plot of dissolved oxygen partial pressure versus 
time. If the plot is not similar to previous plots, 
repeat the procedure. 

TYPICAL EXPERIMENTAL RESULTS 

Plots of dissolved oxygen versus time are shown 
in Figure 2. The nonlinear portion of the plots is 
due to the response of the dissolved oxygen probe. 
The slope of the linear portion of the plots represents 
the rate of oxygen consumption in the fermentor. 
The similar linear slopes of the plots, -20.4 and 
-17.0% saturation min-1 for the initial and final 
plots, respectively, indicate that the rate of oxygen 
consumption is relatively constant during the course 
of the experiment. 

Quasi-steady state dissolved oxygen partial 
pressures at various rpm are shown in Table 1. 
Using the data in Table 1, k1a's were calculated 
using Eq. (3). A plot of k1a versus rpm is shown in 
Figure 3. We estimated a and ~ to be 2.2*10-8min·1 

and 2. 75 (agitation in the form ofrpm), respectively. 

AID Board 

D.0. 
Analyzer 

D.O. 
Probe 

Air Filter r•---- Air Inlet/Nitrogen Inlet 

New Brunswick Bioflow II C Fermentor 

Figure 1. Schematic of experimental equipment 
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The correlation coefficient, r, was 0.986. 

DISCUSSION 

A major advantage for this biochemical engineer­
ing experiment is the simplicity oflaboratory proce­
dures. Yeast (which can be obtained at most super­
markets) is inoculated at relatively high concentra­
tion in the fermentor. The high inoculum concentra­
tion and the relatively short time required for the 
experiments eliminate the need for aseptic condi­
tions. Thus, only ordinary cleaning of the fermentor 
(stirred vessel) and the use of distilled water is re­
quired to prepare for the experiments. 

Initial preparation requires less than thirty min­
utes for the students or laboratory assistant. Little 
or no additional effort is required during the three-
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Figure 2. Initial and final dissolved oxygen partial 
pressures versus time 

TABLE 1 
Quasi-Steady State Dissolved Oxygen Partial 

Pressures at Various RPM 

Dissolved Oxygen Partial Pressure 

RPM % of Saturation 

600 82 
700 87 
700 87 
500 67 
600 82 
650 85 
550 77 
500 68 
700 88 
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hour yeast activation period. The experimental mea­
surements can be made in approximately three hours. 
The experimental conditions previously described 
were developed using a two-liter New Brunswick 
Scientific Bioflow Ile Fermentor. If other fermentors 
or stirred vessels are used, these conditions may 
have to be adjusted. In particular, high shear from 
the agitator can be detrimental to the yeast. 

If a microscope and methylene blue stain are avail­
able, the students can also determine the number of 
active and inactive yeast cells that are present.l41 

The concentrations of active and inactive cells are 
not required to determine a and ~- Inclusion of this 
step does reinforce the biological nature of this ex­
periment. The total cell concentration for the typical 
experiment previously presented was 3.6 x 108 cell/ 
ml (65% viable and 35% non-viable). 

The general nature of this experiment should also 
be emphasized. Although the system investigated in 
this case involved a fermentation, similar experi­
ments could be conducted to investigate the effect of 
agitation on mass transfer from a gas phase to a 
liquid phase in other unit operations. 

CONCLUSIONS 

This biochemical engineering experiment involves 
basic principles of mass transfer and chemical reac­
tions. In particular, the effect of agitation on k1a is 
demonstrated using a fermentor. The equipment and 
material requirements for the experiment are mod­
est and students and laboratory assistants can gen­
erally master the experimental techniques with little 
difficulty. It can be used to demonstrate basic chemi 
Continued on page 163 . 
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real gases are studied, but sensible treatment is 
possible and nothing has to be unlearned by those 
very few students who later will wish to become 
expert in statistical thermodynamics. 

The Maxwell-Boltzmann distribution of molecu­
lar speeds is easily obtained from the most probable 
distribution of energy, which itself was easily ob­
tained (as we saw) from simple thought-experiments 
with a few labeled molecules. With the MB distribu­
tion, all the concepts of kinetic theory of average 
speed, mean free path, and collision frequency may 
be immediately shown. Similarly, and of more inter­
est to students, each of the transport properties can 
be calculated and collision theories of chemical ki­
netics can be developedPl Compelling comparisons 
of all such theories with experiment make it real 
and believable to the students. With this kinetic 
theory, it is natural to realize that chemical reaction 
does not occur in one step as we typically write an 
overall stoichiometric change, e.g., 

H 2 +Br2 • 2 HBr 

Rather, reaction occurs by a complex array of usu­
ally bimolecular encounters which together consitute 
the reaction mechanism, which for the hydrogen/ 
bromine flame is 

Br2 • 2Br 

Br+H2 • HBr+H 

H+Br2 • HBr+Br 

H + H Br • H 2 + Br 

Br+Br • Br2 

The rate of each of these molecular events of the 
mechanism depends on its particular reactant colli­
sion frequency, the relative energy involved in the 
collision, the energy states of each colliding reac­
tant, and the relative geometry of the colliding reac­
tants at the moment of impact. Reaction occurs only 
in collisions that occur with an above-some-mini­
mum threshold energy, and even then only in colli­
sions that occur with certain geometric orientation. 
Finally, the macroscopic (or observed) rate of the 
overall stoichiometric change is some sort of a com­
plex average of these many different microscopic 
events. And, under a variety of assumptions, this 
averaging can be calculated, and comparisons with 
experiment may be made. 

It is pedagogically essential to present numerous 
comparisons with experiment and to present many 
case studies and practice problems to inspire and 
provide exercise for the students in their develop­
ment of new skills.r11 
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CONCLUSION 

You may invent a laser-based process for isotope 
separation, or be concerned with fundamental prob­
lems in combustion leading to greater fuel efficien­
cies and less pollution, or be concerned with ion 
implantation for the development of new alloys of 
new and unusually doped materials of interest in 
electronics, or require some property of matter that 
may be unknown or unmeasurable. From whatever 
perspective, however, a molecular view is essential, 
and a purely traditional or classical perspective un­
acceptably slows invention, hinders creativity, and 
frustrates original design. 

This enrichment of the chemical engineering core 
curriculum will have served its purpose if its atti­
tudes can be internalized. That is, long after the 
student has forgotten just exactly how this or that 
particular argument or calculation goes, he or she 
will nonetheless instinctively think about any prob­
lem in terms of what the molecules must be doing. 
That is the real, bottom-line goal of molecular en­
richment of our core curriculum. 
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