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Basic mass transfer
The rate of mass transfer of a gas into a liquid can be represented by the 

basic relationship

C6H12O6

C-Source

NH4
+
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O2 in solution

Additives 

CH1.6O0.5 N0.15

Biomass
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Rate = driving force/resistance
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Tasks of a bioreactor



Tasks of a bioreactor
\Vorlesung\Turbulenz.avi

Turbulenz.avi




Video Mixing

Cross Sectional Simulation of Bioreactor.mp4


Tasks of a bioreactor

Dividing





Tasks of a bioreactor

Movement guidance (loops) Heat Transport: Double coat

Mixing Dynamics



Bioprocess mass transfer

3 phase systems:

gas-liquid

liquid-liquid

Liquid-solid

(gas-solid)

Mass transfer across phase boundaries important, requiring

efficient:

Mixing/ agitation

Aeration/ hold- up

Shear

Heat transfer



Mass transfer: gas-liquid

Critical factors:

OTR- oxygen transfer rate

CER- carbon dioxide evolution rate

Example of CO2 toxicity:

pCO2 in Relative product

Inlet air (%) yield

0 100

1 66

2 15

3 0

4 0



CO2 mass transfer

Example of a dissolved gas which can undergo liquid phase 

reactions

Ct = [CO2] + [H2CO3] + [HCO3
-] + [CO3

2-]

Concentration of each species depends on pH:

pH Major species

<5 CO2

7-9 Bicarbonate

>11 Carbonate



Oxygen Transfer
Important because:

Non-reacting gas in aqueous solution

A major substrate for aerobic processes

Poorly soluble in aqueous culture media

Frequently growth limiting

Often dictates bioreactor configuration

Solubility of O2 in 1 litre H2O at 20°C:

0.3 mM = 9 ppm = mg l-1

But:

solubility decreases with temperature and salt

concentration



Gas / Liquid mass transfer

Video: prinicples of oxygen transfer

12 prinicples of oxygen transfer.mp4


Gas / Liquid mass transfer



Two film model (2)



Resistance to oxygen transfer from air 

bubble to microbial cell

1. Convection 5. Convection

2. Diffusion  6. Diffusion

4. Diffusion  7. uptake

(bubble)

(cell)

(Cell agglomeration)

(Liquid)



Resistance to oxygen transfer from air 

bubble to microbial cell



Oxygen Transfer Rate OTR
c



Volumetric mass transfer coefficient kLa



How is kLa affected? (1)



How is kLa affected? (2)



How can OTR be increased? (1)



How can OTR be increased? (2)





Oxygen Transfer
Standing cultures

In standing cultures, little or no power is used for aeration. Aeration is dependent on the 

transfer of oxygen through the still surface of the culture.

The rate of oxygen transfer will be poor due to the small surface area for transfer. 

Standing cultures are commonly used in small scale laboratory systems in which oxygen 

supply is not critical.  For example, biochemical tests used for the identification of bacteria 

are often performed in test-tubes containing between 5-10 ml of media. 



Oxygen Transfer
Standing cultures - T flasks

T-flasks used in the small scale culture of animal cells are another example of 

a standing culture. T-flasks are normally incubated horizontally to increase the surface 

area for oxygen transfer. 

The surface aeration rate in standing cultures can be increased by using large volume 

flasks.



Oxygen Transfer

Shake flasks are commonly used for small scale cell cultivation. Through continuous shaking of the culture 

fluid, higher oxygen transfer rates can be achieved as compared to standing cultures. Shaking continually breaks 

the liquid surface and thus provides a greater surface area for oxygen transfer. Increased rates of oxygen transfer 

are also achieved by entrainment of oxygen bubbles at the surface of the liquid.

Although higher oxygen transfer rates can be achieved with shake flasks than with standing cultures, oxygen 

transfer limitations will still be unavoidable particularly when trying to achieve high cell densities

Shake flasks



Oxygen Transfer
Shake flasks- factors affecting kLa 

The rate of oxygen transfer in shake flasks is dependent on the 

•shaking speed 

•the liquid volume 

•shake flask design. 

 

kLa decreases with 

liquid volume

kLa increases with liquid 

surface area

kLa is higher when baffles 

are present

The kLa will increase with the shaking speed. 

At high shaking speeds, bubbles become entrained into the medium to further increases the oxygen transfer 

rate.  The appropriate liquid volume is determined by the flask volume. For example, for a standard 250ml 

flask, the liquid volume should not exceed 70 ml while for a 1 litre flask, the liquid volume should be less than 

200 ml.  Larger liquid volumes can be used with wide based flasks. 



Oxygen Transfer
The presence of baffles in the flasks will further increase the oxygen transfer efficiency, particularly for 

orbital shakers. The following photographs show how baffles increase the level of gas entrainmentment in a 

shake flask being shaken in an orbital shaker at 150 rpm

Note the high level of foam formation in the baffled flask due to the higher level of gas 

entrainment.

The same improvement in oxygen transfer is not as evident with horizontal reciprocating shakers.



Oxygen Transfer
Mechanically stirred 

bioreactors

For aeration of liquid volumes greater than 200 ml, various options are available. Non-sparged mechanically agitated 

bioreactors can supply sufficient aeration for microbial fermentations with liquid volumes up to 3 litres. However, stirring 

speeds of up to 600 rpm may be required before the culture is not oxygen limited. 

In non-sparged reactors, oxygen is transferred from the head-space above the fermenter liquid. Agitation continually breaks 

the liquid surface and increases the surface area for oxygen transfer.



Oxygen Transfer

Sparged stirred tank bioreactors - Exercise

Which of the following would have the highest oxygen transfer rate characteristics?

a) A sparged stirred tank bioreactor being stirred at 200 rpm

b) A non-sparged stirred tank bioreactor being stirred at 200 rpm

c) A shake flask being mixed at 200 rpm

d) All of the above would have equivalent oxygen transfer rate characteristics.



Specific oxygen requirements for a 

range of cells



Oxygen as growth limiting

nutrient



Specific oxygen requirements for a range of cells

Organism 
 

qO2 (mmol O2 g
-1

 h
-1

) 

Aspergillus niger 3.0 

 

Streptococcus griseus 3.0 

 

Penicillium chrysogenum 3.9 

 

Klebsiella aerogenes 4.0 

 

Saccharomyces cerevisiae 

 

8.0 

Escherichia coli 10.8 

 

Diploid embryo WI-38 0.15 mmol O210
-6

 cells h
-1 

 

HeLa 0.4 mmol O210
-6

 cells h
-1 

 
 



Specific oxygen requirements for a range 

of cells



OUR (Oxygen Uptake rate) 

Yeast Culture (at 10 g/L DW): ca. 26.77 mmol O2 L-1 h-1

E. coli max. 120-150 mmol O2 L-1 h-1

Values from literature:

E. coli 0.346 kg O2 kg-1Biomasse h-1

Saccharomyces cerevisiae 0.256 kg O2 kg-1Biomasse h-1

Aspergillus niger 0.096 kg O2 kg-1Biomasse h-1

Penicillium chrysogenum 0.125 kg O2 kg-1Biomasse h-1



Oxygen as a substrate

Like any substrate given by Monod equation:

 = m
S

KS + S

For oxygen this is given by:

OUR= qO2
= qO2m

CL

KO2
+CL

Where qO2 = specific oxygen uptake rate (mmolO2 g-1 h-1)

qO2m = maximum specific OUR (mmol O2 g-1 h-1)

KO2 = saturation constant for O2 (mM)

At steady state:

OUR = X.qO2m = kLa (C* - CL) = OTR



Basic form of kLa-correlations







Methods for measuring kLa

1) Non-steady state method

2) Steady state method, Dynamic method

3) Chemical reaction methods e.g. sulphite

1) Non-steady state method

• Fill reactor with water or medium

• Determine C*- solubility under operating conditions (temperature, pH, pressure gas composition, 

medium composition etc.)

• Sparge with N2 to calibrate pO2 electrode to 0%

• Sparge with air or O2 to calibrate pO2 electrode for 100% saturation

• Sparge with N2 to give pO2 of 0%

• Sparge with air or O2 and measure slope of increase in pO2 with time:

dCL

dt
= kLa C

*
−CL( )

−d C* −CL( )
dt
C* −CL( )

= kLa
or



Non-steady state method for kLa 

determination

Or:            Ln(C* - CL) = -kLat

Note the form: y = ax + b

O

10

12Time (min)

C L

(mg O2 l -1 )

Time (min)

ln(C L - C L)

(mg O2 l -1)

O

1O

1

2

5

8

10

slope = -kL
a

Plot of ln(C*-CL) 

versus time gives slope 

= kLa



2) Dynamic method



Dynamic method
Uses fermenter with active cells.

( ) OUROTRqXCCak
dt

dC
OLLL

L −=−−=
2

*

D.O. [%]

Time 

Slope: -OUR

t = 0 : shut down of 

air supply

t = tr : air supply is 

resumed

Schematic DO profile against time. At t=0, air supply is shut down 

(dashed line). Afterwards, the DO decreases until the air supply is 

resumed. The slope of the decay gives the OUR. The profile after tr 

can lead to the kla.
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Variation of oxygen tension for dynamic measurement of kLa

Time 

Slope: -OUR

t = 0 : shut down of air 

supply

t = tr : air supply is resumed

t1
t2

cAL1

cAL2
cAL

Air 

off

Air 

on

Slope = kLa



dCAL

dt
= kLa (C*AL – CAL) – qO2 x

Rate of oxygen consumption

Then:  qO2 x = kLa (C*AL – CAL) 

If dCAL/dt = 0 and CAL = CAL

dt
= kLa (CAL – CAL)

dCAL
kLa = const. / then→ Integration

kLa =  

Ln
CAL – CAL1

CAL – CAL2

t2 – t1







Summary: Dynamic determination of kLa-value





Example: Determination of - OUR









Example: Estimating kLa using the dynamic method

A 20 L stirred tank fermenter containing a Bacillus thuringiensis culture at 30°C is used

for the production of microbial insecticide. kLa is determined using the dynamic method. Air 

flow is shut off for a few minutes and then the dissolved-oxygen level drops; the air supply is 

then re-connected. When steady-state is established, the dissolved-oxygen tension is 78% air 

saturation. The following results are obtained:

Time (s) 5                    15

% air saturation 50                  66

a) Estimate kLa

b) An error is made determining the steady-state oxygen level which, instead of 78%, 

is taken 70%. What is the percentage error in kLa resulting from this 10% error in 

CAL



Solution



3) Sulphite method

Based on zero order reactions where SO3
2- oxidized to SO4

2- in presence 

of catalyst e.g. Co2+ or Cu2+ (very rapid):

1/2 since 0.5 mole O2 used per mole SO4
2- formed (so must measure in 

moles), therefore:

1

2

dC
SO4

2−

dt
= kLaC

*

kLa =
1

2

dC
SO4

2−

dt

C
*

This usually overestimates kLa due to enhancement of chemical reaction rate in liquid

film around bubbles

Units of kLa = h-1 or min-1 e.g. 11.5 h-1



Frontier of oxygen transport



2) Steady state method

Uses bioreactor as respirometer

Measure O2 in inlet and outlet gas streams and value of CL

Therefore:

kLa =
OUR

C
*
−CL

Require gas analyzer e.g. paramagnetic oxygen analyzer and pO2 electrode 



Calculation of OUR / CPR with help of gas-

analysis



Basic informations

For calculation of OUR:

- O2-concentration at outlet

- gas volume flow at inlet and / or outlet

- and liquid volume of fermenter (working volume) must be known

Gas flow in = gas flow out

But gas flow out can be calculated – if gas composition at outlet is known

Standard Air composition: 



Calculation of gas volume flow at outlet (N2–balance)





CPR / CER

RQ  ( Respiratory Quotient)

Aerobic: RQ ~ 1

Anaerobic: RQ >> 1



Oxygen transfer rate (OTR)

OTRCCakN LLA =−= )( *

NA = volumetric mass transfer rate (mMO2l
-1h-1)

kL = mass transfer coefficient at phase boundary (ms-1)

a = volumetric mass transfer area (m2m-3 = m-1)

C* = dissolved gas concentration in phase boundary (mM l-1)

CL = dissolved oxygen concentration (mM l-1)

OTR = oxygen transfer rate (mM l-1 h-1)



Oxygen transfer rates (OTR) in bioreactors / 

fermenters
Reactor

Volume (m3)

Impellor Assay method OTR

mM O2L
-1h-1

0.1 Turbine Sulphite 100-223

0.8 Turbine Sulphite 94

1.2 Turbine Sulphite 64

5.0 Turbine Sulphite 45-72

47.7 Turbine Sulphite 42

34.2 Waldhof Yeast 16-22

58.5 Vogelbusch Yeast 26-43





Example 1: Cell concentration in aerobic

culture

A strain of Azotobacter vinelandii is cultured in a 15m3 stirred Fermenter for alginate 

production. Under current operating  conditions kLa is 0.17 s-1. Oxygen solubility in the 

broth is approx. 8 x 10-3 kg m-3.

a) The specific rate of oxygen uptake is 12.5 mmol g-1 h-1. What 

is the maximum possible cell concentration?

b) The bacteria suffer growth inhibition after copper sulphate is  accidently added to the 

fermentation broth. This causes a reduction in oxygen uptake rate to 3 mmol g-1 h-1. 

What maximum cell concentration can now be supported by the fermenter?



Example 2: Specific oxygen uptake in E.coli

culture

It is assumed, that the specific oxygen uptake rate (qO2) of E. coli is 5.0 mmol 

g-1 h-1. Which cell concentration X can be reached in a laboratory reactor with a 

kLa of 25 h-1. When CL = 10 % C*. and for the medium at 37 °C  is C* = 0.17 

mmol L-1



Example 3:



Mixing /Mixing equipment
Video principles of mechanical agitation

13 principles of mechanical agitation.mp4
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Pitched-blade Flat-blade radial

Helic impeller

Rushton turbine 

with three blades.













Agitator design and operation

Radial flow impellers 

Radial flow impellers contain two or more impeller blades which are set at a vertical pitch:

With radial flow impellers, vertical (or axial) mixing is achieved with the use of baffles.

Radial flow mixing is not as efficient as axial flow mixing for radial flow impellers, a much higher input of 

energy input is required to generate a given level of flow as compared to axial flow impellers. 



Radial flow impellers - Shear characteristics 

Radial flow impellers do and are designed to, generate high shear conditions. This is achieved by the 

formation of vortices in the wake of the impeller:

The high shear is effective at breaking up bubbles.  For this reason, radial 

flow impellers are used for the culture of aerobic bacteria.

High shear can also damage shear sensitive materials such as crystals and 

precipitates and shear sensitive cells such as filamentous fungi and animal 

cells

⚫   



Radial flow impellers - Rushton turbine 

The most commonly used agitator in microbial

fermentations is the Rushton turbine. 

Like all radial flow impellers, the Rushton 

turbine is designed to provide the high shear

conditions required for breaking bubbles and

thus increasing the oxygen transfer rate.

The Rushton turbine has a 4 or 6 blades which

are fixed onto a disk. The diameter of the

Rushton turbine should be 1/3 of the tank diameter

A Rushton turbine is often 

referred to as a disk turbine.

The disk design ensures that most of the motor power 

is consumed  at the tips of the agitator and thus

maximizing the energy used for bubble shearing.



Radial flow impellers - Rushton turbine

Flow pattern developed by a centrally-positioned radial-flow impeller



Axial flow impellers

Axial flow impeller blades are pitched at

 an angle and thus direct the liquid flow 

towards the base of the tank. 

Examples of axial flow impellers are 

marine impellers and hydrofoil impellers.

The resultant flow pattern is thus predominantly

vertical; ie. along the tank axis 

Axial flow mixing is considerably more energy 

efficient than radial flow mixing.



Axial flow impellers
They are also more effective at lifting solids from the base of the tank.  Axial flow impellers have low

shear properties. The angled pitch of the agitators coupled with the thin trailing edges of the impeller 

blades reduces formation of eddies in the wake of the moving blades.

Low shear conditions are achieved by pitching the impeller blades at an 

angle and by making the edges of the impeller blades thing and smooth. 

Axial flow impellers are used for mixing shear sensitive processes such as crystallization and precipitation 

reactions. They are also used widely in the culture of animal cells.

Their low shear characteristics generally makes them ineffective at breaking up bubbles and thus 

unsuitable for use in aeration of bacterial fermentations



Axial flow impellers
Intermig Impeller

The Intermig impeller is a axial flow which is used for microbial fermentations. The impeller is shown 

in the  following diagram:
 

The agitation system has two impellers. The bottom impeller has a large axial flow section. The tips of the impeller 

contain finger like extensions which create a turbulent wake for breaking bubbles. As the high shear region exists

only at the tip, the overall shear conditions in the reactor are lower than would be generated by a radial flow impeller 

such as a Rushton Turbine. Intermig impellers are used widely for agitation and aeration in fungal fermentations.







If the agitation speed is too low or the air flow

rate is too high, then a phenomenom known 

as a flooded impeller will occur.

Flooded impeller

When the impeller is flooded, bubbles will 

accumulate underneath the impeller and coalesce. 

This leads to the formation of large bubbles

and poor oxygen transfer efficiencies.

Characteristic of flooding for different impellers

D/d = 5; H/D = 1, i = amount of blades for impeller



Constant fluid velocity 

Steady flow over a submerged

object 

Reynolds-Number

Re =
D

i
2 • Ni• 



Re =
D

i
• v • 



D: Pipe-Diameter; v: average linear velocity

  fluid density;  fluid viscosity

D: Impeller-Diameter; Ni: stirrer speed

  fluid density;  fluid viscosity





Mixing /Mixing equipment

Flow

Flow

Flow

Mechanism of mixing:

- distribution (macromixing)

- dispersion

- diffusion (micromixing)



Mixing: assessing mixing effectiveness

For a single-phase liquid in a stirred tank with several baffles and

small impeller: tm = 4 tc tc: circulation time

Industrial scale (1-100 m3): 30 – 120 s mixing times

Time after which the concentration of tracer 

differs from the final concentration Cf 

by less than 10% of the total concentration 

difference (Cf – Ci).



Mixing: assessing mixing effectiveness

Nitm

Rei

103

103 104

102

Nitm = 
1.54 V

Di
3

(At high Rei)

At low Reynold, Nitm increases significantly with decreasing Rei

Rei > 5x103, Nitm approaches a constant value which persists at high Rei

Nitm at high Reynolds-numbers depends only on the size of the tank and stirrer 

Nitm : represents the number of stirrer rotations required to homogenise

the liquid

For Rusthon turbines:

Ni:  speed of impeller tm:   mixing time

V:   liquid Volume Di:  impeller diameter



Mixing: assessing mixing effectiveness



Mixing and agitation

where:

Di = stirrer diameter

N = agitation speed (s-1)

 = density (g cm-3)

 = dynamic viscosity (g cm-1 s-1)

For most bioreactors the relative velocity between the nutrient solution and individual cells should be

approximately 0.5 ms-1 (i.e. highly turbulent)

 Small 

fermenter 

Large 

fermenter 

 

Water 

( = 10-2 g cm-1 s-1 

= 1 centi Poise) 

 

4 x 10
5
 

 

6.9 x 10
6
 

 

Culture medium 

( = 5 g cm-1s-1 

= 500 centi Poise) 

 

8 * 102 

 

1.4 * 102 

 

Reynold ’s numbers for typical bioreactors

Re = NRe =
Di

2 • N • 


[-]



Example : Estimation of Mixing time

A fermentation broth with viscosity 10-2 Pa s and a density 1000 kg m-3 is 

agitated in a 2.7 m3 baffled tank using a Rushton turbine with diameter 0.5 m 

and a stirrer speed 1 s-1. Estimate the mixing time.
1 Pa·s = 1 kg/(m·s)



Power number

NP =
imposed force

inertial force

P0 = stirring power (kW)

N = stirrer speed (s-1)

Di = stirrer diameter (cm)

 = medium density (g cm-3)

NP =
P0

N
3
Di

5




Correlation between power number and 

Reynolds number for Rusthon turbine, paddle 

and marine propeller without sparging

1.

2.

3.



Correlation between power number and Reynolds 

number for anchor and ,helical-ribbon impellers 

without sparging

1.

2.



Correlation between power number and 

Reynold’s number

In the laminar flow region of mixing speeds (NRe <10)

NP = K1 (NRe)
-m

where:

K1 = a constant, independent of reactor size but dependent on 

reactor geometry and impellor shape/ size

m = 1

The power required for agitation is independent of culture 

density but correlated with viscosity:

P0 = K1
.N2.Di

3. 



Correlation between power number and 

Reynold’s number

In the turbulent flow range of mixing speeds (NRe>104) the power number (NP) is

constant and independent of the Reynold ’s number:

NP = K2 = constant m = 0

Under these conditions the power number is independent of viscosity:

P0 = K2
.N3.Di

5. 

In the transient range of mixing speeds (NRe = 10-104) there is no simple correlation

between NP and NRe



Correlation between power number and 

Reynold’s number

Impeller type K1

(NRe = 1)

K2

(NRe = 105)

Rusthon turbine

Paddle

Marine Impeller

Anchor

Helical ribbon

70

35

40

420

1000

5-6

2

0.35

0.35

0.35



cP = K2





Example: Calculation of power requirements
A fermentation broth with viscosity 10-2 Pa s and a density 1000 kg m-3 is agitated in a 

50 m3 baffled tank using a marine propeller 1.3 m in diameter. The tank geometry is:

Calculate the power required for a stirrer speed of 4 s-1.

1 W = 1 kg m2 s-3 1 Pa·s = 1 kg/(m·s)



Effect of viscosity

For Newtonian fluids the dynamic viscosity is constant at constant temperature and is dependent on the 

ratio of the shear stress to the rate of shear as described by Newton ’s law of friction:

where:  = Shear stress (kg m-1)

 = Shear rate (s-1)

For non- Newtonian cultures the dynamic viscosity is dependent on temperature and rate of shear. Such 

fluids include:

Pseudoplastic- apparent viscosity decreases with increasing shear rate

Dilatant- apparent viscosity increases with increasing shear rate

Bingham plastic- will not flow unless a stress, T0 is imposed as given by:

 =
T


= constant (for Newtonian fluid)

T − T0


=  = constant

1 Ns/m2 = 1 Pa·s =  10 Poise 

1 Centipoise = 1 cP = 10-3Ns/m2.



Common non-Newtonian fluids

Fluid type Examples

Newtonian all gases, water, disperions of gas in water, low-molecular-weight

liquids, aquous solutions of low-molecular-weight compounds

Non-newtonian

Pseudoplastic rubber solutions, adhesives, polymer solutions, some greases, starch

suspensions, cellulase acetate, mayonaisse, some soap and detergent

slurries, some paper pulps, paints, wallpaper paste, biological fluids

Dilatantsome cornflour and sugar solutions, starch, quciksand, wet beach sand, iron

powder dispersed in low-viscosity liquids, wet cement a aggregates

Bingham some plastc melt, margarine, cooking fats, some greases, 

toothpaste, some soap and detergent slurries, some paper pulps

Casson plastic Blood, tomato sauce, orange juice, melted chocolate, printing ink







Viscosity of filamentous fermentations

Microorganism Application Viscosity 
 

P.chrysogenum penicillin Pseudoplastic 

 

Coniothyrium hellbori steroid 

hydroxylation 

Bingham 

 

 

Streptomyces noursei nystatin Newtonian 

 

 

A. niger  Bingham 

 

Streptomyces niveus novobiocin Bingham 

 

Streptomyces griseus streptomycin Bingham 

 

Streptomyces sp.  Newtonian and 

Pseudoplastic 

 

Endomyces sp. glucoamylase Pseudoplastic 

 
 

Note: animal cell fermentations Newtonian



Viscosity ranges for different impellers

1

10

102

103

104

105

106

107

Impeller type



Shear stress

Rate of shear

  s
he

ar
 s

tre
ss

Bingham 

plastic

Newtonian

Dilatant

Pseudoplastic

T
o

T

Correlation between shear rate and shear stress in culture media 

with Newtonian and non- Newtonian properties



Heat Transfer

➢ In large reactors, the two main limitations on size are the abilities of the design 

to provide an adequate supply of oxygen and to remove metabolic heat 

efficiently

➢ Large reactors use either internal coils or a jacketed vessel for heat removal

  • Internal coils provide advantages over cooling jackets, as they provide a 

 larger surface area for heat transfer

  • In some systems the coils can rapidly become fouled by microbial 

  growth, decreasing heat transfer and often adversely affecting mixing



Heat Transfer
Cell metabolism us usually the largest source of heat in fermenters, the capacity of 

the system for heat removal can be linked directly to the maximum cell concentration 

in the reactor. 

-Hrxn -  Mvhc
 – Q + Ws = 

   

dE

dt

Rate of heat absorption or

Evolution due to metabolic

Reaction

Neg: exothermic reaction

Pos: endothermic reaction

Mass flow rate of

evaporated liquid leaving

the system

Latent heat of 

Evaporation 

Rate of shaft work done on

System (e.g by stirring)

At steady state: dE

dt
= 0   Q = -Hrxn -  Mvhc + Ws 

Rate of heat flow



Q = -Hrxn 

Assuming that heat dissapated from the stirrer and the cooling

effects of evaporation are negligible with the heat of reaction:

Outlined earlier, approx. 460 kJ heat is released for each 

mole oxygen consumed.

If QO2: rate of oxygen uptake per unit volume (gmol m-3 s-1)

Hrxn = (-460 kJ gmol-1) QO2 V

Q = -Hrxn  = (460 kj gmol-1) QO2 V = qO2 x V = UAT

Overall heat-transfer coefficient

(Wm-2 K-1)

Surface area

Fastest rate of heat transfer: if T maximum 

(hypothetically , this  occurs when the cooling water remains at its inlet 

T: T = TF – Tci  (TF : fermenter T, Tci: water inlet T)



Q = -Hrxn  = (460 kJ gmol-1) QO2 V = qO2 x V = UAT

→  Xmax = 
UA(TF – Tci)

(460 kJ gmol-1) qO2 V

Consequences: 

if max. cell concentration is lower than that desired -> improvement of heat-transfer 

facilities.

For example: area A could be increased by installing a longer coiling coil, or U could 

be improved by increasing the stirrer speed


	Folie 1:       Transfer phenomena
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 13
	Folie 14: Bioprocess mass transfer
	Folie 15: Mass transfer: gas-liquid
	Folie 16: CO2 mass transfer 
	Folie 18: Oxygen Transfer
	Folie 19: Gas / Liquid mass transfer
	Folie 20: Gas / Liquid mass transfer
	Folie 21: Two film model (2)
	Folie 22: Resistance to oxygen transfer from air bubble to microbial cell
	Folie 23: Resistance to oxygen transfer from air bubble to microbial cell
	Folie 24: Oxygen Transfer Rate OTR
	Folie 25: Volumetric mass transfer coefficient kLa
	Folie 26: How is kLa affected? (1)
	Folie 27: How is kLa affected? (2)
	Folie 28: How can OTR be increased? (1)
	Folie 29: How can OTR be increased? (2)
	Folie 30
	Folie 31: Oxygen Transfer
	Folie 32: Oxygen Transfer
	Folie 33: Oxygen Transfer
	Folie 34: Oxygen Transfer
	Folie 35: Oxygen Transfer
	Folie 36: Oxygen Transfer
	Folie 37: Oxygen Transfer
	Folie 38: Specific oxygen requirements for a range of cells 
	Folie 39: Oxygen as growth limiting nutrient 
	Folie 40: Specific oxygen requirements for a range of cells
	Folie 41: Specific oxygen requirements for a range of cells
	Folie 42
	Folie 43: Oxygen as a substrate
	Folie 44: Basic form of kLa-correlations
	Folie 48
	Folie 49
	Folie 50: Methods for measuring kLa
	Folie 51: Non-steady state method for kLa determination
	Folie 52: 2) Dynamic method
	Folie 53: Dynamic method
	Folie 54
	Folie 55
	Folie 56
	Folie 57
	Folie 58: Summary: Dynamic determination of kLa-value
	Folie 59
	Folie 60: Example: Determination of - OUR
	Folie 61
	Folie 62
	Folie 63
	Folie 64
	Folie 65
	Folie 67: 3) Sulphite method
	Folie 68: Frontier of oxygen transport
	Folie 70: 2) Steady state method
	Folie 71: Calculation of OUR / CPR with help of gas-analysis
	Folie 72: Basic informations
	Folie 73: Calculation of gas volume flow at outlet (N2–balance)
	Folie 74
	Folie 75
	Folie 76: Oxygen transfer rate (OTR)
	Folie 77: Oxygen transfer rates (OTR) in bioreactors / fermenters
	Folie 78
	Folie 79: Example 1: Cell concentration in aerobic culture
	Folie 80: Example 2: Specific oxygen uptake in E.coli culture
	Folie 81: Example 3:
	Folie 82
	Folie 83: Pitched-blade
	Folie 84
	Folie 85
	Folie 86
	Folie 87
	Folie 88
	Folie 89
	Folie 90
	Folie 91
	Folie 92
	Folie 93
	Folie 94
	Folie 95
	Folie 96
	Folie 97
	Folie 98
	Folie 101
	Folie 102
	Folie 103
	Folie 104: Mixing: assessing mixing effectiveness
	Folie 105: Mixing: assessing mixing effectiveness
	Folie 106: Mixing: assessing mixing effectiveness
	Folie 107: Mixing and agitation
	Folie 108: Example : Estimation of Mixing time
	Folie 109: Power number
	Folie 110
	Folie 111
	Folie 112: Correlation between power number and Reynold’s number
	Folie 113: Correlation between power number and Reynold’s number
	Folie 114: Correlation between power number and Reynold’s number
	Folie 115
	Folie 116
	Folie 117: Example: Calculation of power requirements
	Folie 118: Effect of viscosity
	Folie 119: Common non-Newtonian fluids
	Folie 121
	Folie 122
	Folie 123: Viscosity of filamentous fermentations
	Folie 124: Viscosity ranges for different impellers
	Folie 125: Shear stress
	Folie 126: Heat Transfer
	Folie 127: Heat Transfer
	Folie 128
	Folie 129

