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Abstract 

This paper examines the general role of cell concentration on mass transfer 
rate which changes in function of time.  The change in mass transfer rate 
with viscosity which is caused by change in cell concentration is equally 
studied.  Studies in the laboratory indicated that if the shear rate is reduced 
to about 15% higher than the initial case, then the organism retains its 
potential growth. Likewise the shear rate has to be cut back to the same as it 
was in the initial case which means that the mixer cost is heightened 
because of the increased torque.  Comparison of the new power mixer to 
original mixer was done. 

 
 Within a given batch run, the cell concentration changes as a function of time. 
In addition, the viscosity goes up with cell concentration at a given point on the time 
curve of a fermenter.  Figures 1 and 2 give typical data showing the change in 
viscosity as a function of the number of days of fermentation for different kinds of 
systems. 
  

On the other hand, fig 3 shows the change in mass transfer rate with viscosity, 
which is caused largely by a change in cell concentration of the total process.  It is 
true that the rate of oxygen transferred per MJ goes down as the cell concentration 
goes up.  However, this cost must be balanced against the increasing productivity of a 
given Dollar investment in fermentation tank, piping and total plant cost.  Analysis 
needs to be made of the role that mixer cost, including both capital and power,  plays 
in the total productivity cost in order to evaluate desirability of going in this direction. 

 
According to Ryu & Oldshue(1997), which treated an example where the 

final cell concentration was changed from 10 to 20 to 20g//, and consequently the 
oxygen mass transfer dropped from 10 to 8.3 to 6.4 moles oxygen/MJ. 
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Looking at Table 1 below, the cost of electrical power and other essentials 
listed are capital cost of $900/Kw (1982 cost was about $2000/Kw) if the installed 
mixer capacity is used, including the associated blower and air supply, and including 
the installation of the equipment, with the electrical hookup. This will then be for a 
D/T ratio of 0.37. 
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Figure 1. Viscosity at various shear rate for various days in the fermentation cycle 
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Figure 2. Viscosity at Constant share rates for various days in the fermentation cycle 
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Figure 3. Decrease in mass transfer rate with viscosity for a given mixer and air rate. 
 

 
Table A: Cost of Mixing for Production of Antibiotics 
  (Based on Oxygen Transfer Rate) 

COSTS  of Items                                                      Transfer rate 
          Cost of electrical power 
          Equipment cost (expressed as power cost) 
          Efficiency of oxygen mass transfer  
          Dilute system, 10g//* 
          More concentrated, 20g/* 
          Power and equipment cost  
          Cost of dissolved oxygen 
          10g/ 
          20g/ 
          Production cost of antibiotics 
          Fractional cost for mixing (antibiotics production 
          Production Yield 

0.7c/MJ 
0.8c/MJ 
- 
10mols 02/MJ 
6.4mols 02/MJ 
1.5cMJ 
- 
0.15c/mol 02 
0.23c/mol 02 
46c/kg 
0.6 – 1.6%** 
1kg/200 mols 02 

 
        *Cell concentration  
      **of production cost 
 
 Electrical power is assumed at 0.7c/MJ (to obtain c/kW – hour multiply by 
3.6). The equipment is amortized, using present worth, over a 5-year period, which 
results in a figure of 0.8c/MJ. Total cost of the equipment and operation is therefore 
1.5c/MJ. The cost of dissolving oxygen is 0.15c/mol oxygen dissolved at 10g/l. at 
20g/l, is 0.23c/mol 02.(Oldshue,Coyle,1978). 
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 Assuming that it takes 200 moles of oxygen to produce 1kg of product and 
that there is a production cost of $60 total per kg of product, the percentage cost of 
oxygen in the dilute system is approximately 0.7% of the total production cost.  It is 
also assumed in this example that there is a fixed cost of $30/kg which does not 
change with the agitator, and that the variable fermentation cost goes down as the 
productivity of the particular tank in the process increased.  
 This is listed in Column A of Table 2. Column D gives the result, which 
described the use of a 500 hp mixer operating at 20g/l.  While the percent of cost due 
to the mixer has increased, the total production cost per kg of product has gone down 
25% to a value of approximately $45.2/kg. (Ryu & Oldshue, 1997). 
 
 
Table B: Comparison of New Mixer to Original Mixer 

 
 Assuming that this higher power mixer, having a maximum impeller zone 
shear rate 30% higher than case A, decrease the growth ability of the microorganisms 
due to increased shear on these particles, hence changing the flock structure, etc. It is 
further assume that this cut of production of penicillin to 90% is the value it could 
have had based on cell concentration only.  This means that the mixer is producing 
less product than Column D , and the production costs have gone up to $46.7/kg 
(Case E), because all the additional capacity of the larger aerator cannot be used.  It 
can be seen that the aerator has given the ability to transfer 1.1g02/l/hr, in contrast to 
the 200 hp unit value of 0.7g02/l/hr. 
   

Studies in the laboratory indicate that if the shear rate is cut down to only 
15% higher than Case A, then the organism retains its growth potential.  This mixer in 
Case F has a D/T ratio 40% higher and therefore, instead of $900/kW, it costs 

 

Comparative Items                         Original Low  
                                                         Power Mixer               …New High Power Mixer… 
     (A)     (D) (E) (F) (G) 
Agitation power, Kw    150     380 380 380 380 
Aeration Power, Kw     37     95 95 95 95 
Relative product yield (arbitrary 
units) 

   100    200 180 200 200 

Cell concentration, g/l    10    20 20 20 20 
Oxygen uptake rate, g 02/hr    0.7    1.1 1.1 1.1 1.1 
Fixed fermentation cost, $/kg    30    30 30 30 30 
Total production $/kg of product    60   45.2 46.7 45.16 45.34 
Cost of oxygen transfer operation 
(mixing equipment, power), $/kg 

  0.42   0.52 0.57 0.58 0.72 

Present cost of oxygen transfer 
operation  

  0.7   1.1 1.2 1.3 1.6 

Present cost savings     -   25 22 25 24.5 
Maximum impeller zone shear rate 
(relative) 

  1.00   1.30 1.30 1.15 1.00 
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$1200/kW, including the associated blower.  Putting this into the cost example, even 
though it changes drastically the initial cost of the equipment, and the productivity are 
improved to the point that the actual production cost is approximately $45.2/kg as it 
was in Case D. 
  

If studies indicate that the shear has to be cut back to the same as it was in 
Case A, this means the mixer cost is now $1575/kW because of the increased torque 
and D/T, and it does raise the production cost up to $45.3 (Case G), but it is still a 
very small percentage of the total production cost, and is a very small percentage in 
terms of mixer cost of the total production. 
  

The main point here is that in this particular example, mixer horse-power and 
capital cost can effect tremendous changes in productivity because of their low cost in 
terms of the total cost 
 
Other Mass Transfer Considerations 
 The desorption of C02 is an essential part of effective fermentation.  The 
pressure and liquid depth that enhance absorption of oxygen discourage the 
desorption of C02. Tall, thin tanks with the same volume of air, yielding a higher 
superficial velocity, normally give more grams of oxygen transfer per total 
horsepower of mixer in air than do short, squat tanks.  There also is less absorption of 
C02 under the same conditions. Therefore, some idea of the role of C02 desorption 
rates, back pressure of C02 and other things must be obtained in order to evaluate this 
particular phenomenon.  In addition, the fluid mixing pattern in the fermenter must be 
considered. As broth becomes more viscous, and tanks become taller, more impellers 
are used and there is a possibility of much longer top to bottom blending times being 
involved which do affect the dissolved C02 – oxygen level throughout the system. In 
general, the dissolved C02 – oxygen level will assume some value intermediate 
between the values that would be predicted based on concentration driving forces at 
the bottom and the top due to the gas stream. 
 
Examples of Problems Encountered in Biochemical Engineering Design 
 
1.  A mixer applying 150 kW to the mixer shaft is operating in batch fermentation at a 
cell concentration of 20g/l.  Associated with the mixer is a blower, which is providing 
air at a total expansion horsepower of 37kW leaving the sparge ring. The cost of 
power is 0.5c/MJ. Use overall energy efficiency for the equipment of 0.9. The cost of 
the mixer plus the associated blower required, plus installation of both is $900/kW 
with an impeller diameter to tank diameter ratio of 0.35. 
  

By using large diameter impellers at slower speeds, the maximum impeller 
zone fluid shear rate can be changed, and the cost of the mixer/kW must be changed 
accordingly.  The cost of the mixer can be approximated to change inversely 
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proportional to the maximum impeller zone fluid shear rate to the 2.3 
exponent.(Deindoerfer&Gaden 1955). 
 Cost  (MIZSR)-2.3  
  

The particular antibiotic requires 200 mols of oxygen for each kg of product 
produced.  The total production cost of the antibiotic is estimated at $60/kg, of which 
$30 is a fixed cost, independent of productivity of the fermenter, and $30 is associated 
with the actual fermentation tank itself. 
  

At 20g/l cell concentration, the mixer is capable of transferring 6.4 mols of 
oxygen per MJ. 
  

It is proposed to increase the solids concentration in the system to 40 g/l, 
which will effectively double the productivity of the fermentation tank itself.  The 
oxygen transfer activity of the mixer is lowered, due to the increased viscosity, to 4 
mol of oxygen per MJ. 
  

Assuming that the mixer is operated for 250 days per year, and using a 5-year 
evaluation period, calculate the cost of mixing, capital and operating costs in this 
process, and the percentage cost of mixing under the present operation. 
  

At 40g/l of cells, the process horsepower required may be estimated as being 
proportional to the cell concentration to the 1.4 exponent.  
 (Process mixer hp)  (cell concentration)1.4 

  
This takes into account the transfer rate due to the change in viscosity and the 

additional transfer rate needed because of the increase in total biomass in the system. 
  

Calculate the cost of mixing in the new revised system at 40g/l, the total 
mixer horsepower (air horsepower is in the same proportion as at 20g/l), and 
reduction in antibiotic production cost. 
 
Solution:  
  0.5c/MJ x  187   x   1    =   0.7c/MJ 
                   150       0.9 
 
         900  x  100    
  3.6 x  5 x  250 x 24  =  0.8c/MJ 
  
  Total = 1.5c/MJ 
 
  200  =  31.3MJ/kg of product  
  6.4   
             This yield 47c/kg 
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 0.47  = 0.8% cost of mixing 
              60 
 40    1.4   =  2.6 
 20  
  
 150  x  2.6  =  390kW mixer  
  
 37.0  x  2.6  =  96.2 kW air 
 
 200     =  50MJ/kg product  =  75c/kg 
              4 
 
 $15.00 + (0.75 – 0.47) = $15.28/kg - operating cost  
                              +  30.00           - fixed cost 
                                  $45.28  - Total cost 
 
 Mixing cost    =  0.75          =       1.6% 
                         45.28               
 
 Cost savings   =   60   -   45.28    =   25%  
                                    60 
 
2.   The new larger mixer has a higher maximum impeller zone shear rate, which is 
estimated at 1.4 times as high as a small unit at the same D/T ratio.  Assume that this 
higher shear rate has cut the productivity of the increased cell concentration to 90% of 
its normal value.  In this case, assuming that the mixer is not changed, calculate the 
cost of mixing and the percentage mixing cost/total product cost, and the savings 
compared to the original 150kW mixer. 
 
Solution  2          
                    
                   75         =    83c/kg 
        0.9  
 
 $30/kg  +    (0.83– 0.47) = $17.02/kg      -  operating cost  
                                           +  30.00 - fixed cost 
                      $47.02          - Total cost 
 
 Mixing cost =  0.83 
   47.02 =  1.8% Cost of mixing 
 
 Cost savings =    60-47.02    =   22% cost saving 
          60 
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3.  A new mixer has been designed at the same total horsepower, but with a shear rate 
1.2 times as high as the previous 150kW unit. 
 Calculate the new capital cost of mixing and calculate the total mixing cost 
and increase in productivity over the original smaller unit. 
 
Solution 3 
        Mixer cost   12    2.3  = (1.17) 2.3 
     1.4  = 1.4 
  
                    0.8 ¢/MJ x 1.4  =      1.12 
          +0.70 
        1.82¢/MJ 
 200 = 50MJ/kg 
   4   
                   50 x 1.82 =   91¢/kg 
  
                $15.00 + (0.91 – 0.47)  =  $15.44 
       +30.00 
       $45.44 
             091   = 2% Cost of mixing 
            45.44           
           
            60-45.44          =     24% cost saving 
     60  
 
4.  A large diameter impeller at a slower speed would require a larger mixer drive, to 
reduce the shear rate to the same as it was in the original 150 kW unit.  Again 
calculate the cost of the mixer, mixing cost per MJ and calculate the percent mixing 
cost/total product cost, as well as the percentage savings over the original 150 kW 
mixer. 
 
Solution 4  
  
             Cost = (1.4) +2.3  =  2.17 
 2.17 x 0.8  =  1.74¢/MJ 
             + 0.70 
     2.44¢/MJ 
 2.44 x 50 = $1.22/kg 
  
         $15 + (1.22-0.47)  =  $15.75 
    +30.00 
    $45.75 
  
            1.22                 =          2.7% Cost of mixing 
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 45.75 
 
60-45.75 = 24% Cost saving 
     60 

 
Conclusion 
 The use of higher mixer mass transfer abilities can be examined in two ways 
namely: 
a. The effect it has on a given type and concentration of starting seed, which 
includes biomass growth rates and total yield. 
b. The effect it has on product from a new, more productive strain or an 
increased initial seed concentration. 
 It is also established that tall, thin tanks with equal volume of air, yield a 
higher superficial velocity, normally give more pounds of oxygen transfer per total 
horse power of mixer in air than short squat tanks. 
 

List of Abbreviations 
D  Impeller diameter 
MJ  Mega joule 
W  Width of square of rectangular tank 
                        total air 
F  Superficial gas velocity, Cross-section area of tank 
C*              Equilibrium oxygen concentration corresponding to partial pressure       

                           in air stream 

С  Liquid oxygen concentration 
T  Tank diameter 
MIZER             Maximum impeller zone shear rate 
g/l  Grams per liter 
kWh  Kilowatt-hour 
Kw  Kilowatt 
kg  Kilogram 
CO2                  Carbon dioxide 
O2                     Oxygen 
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