LECTURE TEN: Gas Liquid Mass Transfer in bio-reactors

This lecture covers: Applications of gas-liquid transport with reaction, Effective diffusivity,
internal and overall effectiveness factor, Thiele modulus and apparent reaction rates

Gas-liquid mass transfer in bioreactors

Microbial cells often grown aerobically in stirred tank reactors
-oxygen supply is often limiting
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Figure 1. u vs dissolved oxygen.
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Figure 2. Oxygen pathway.

1) Diffusion across stagnate gas film

2) Absorption

3) Stagnate liquid layer (rate-limiting step)
4) Diffusion and convection



at equilibrium
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What is the value for the interfacial area?

Important system parameters:
- liquid physical properties (surface tension, viscosity)
- power input/volume (stirring, propeller size)
- superficial gas velocity

empirical correlations (TIB 1:113 '83)
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O, transport in tissues
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Figure 3. Krogh cylinder model.

One-dimensional steady-state diffusion:
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Boundary conditions:
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Figure 4. Dissolved oxygen vs. radius for various values of @.

0O, diffuses further before consumption as @ decreases.

When R"~ 0.05,C, =0 @ 7 = 1when ®> 0.2

~50-100 um
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necrotic core

Figure 5. Tumor micrometastases.

Reaction & Diffusion

-Diffusion in a porous solid phase
Ex. Precious metals on ceramic supports or drug/nutrient delivery through tissues
-Derive steady state material balance accounting for diffusion and reaction in a

spherical geometry
-Thiele modulus (¢)

[S]o= surface concentration of a growth
substrate (ex. glucose and 0O,)



Figure 1. Sphere of Cells

Assume pseudo-homogeneous medium and Fick’s Law describes diffusion
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Figure 2. Rate of reaction versus species concentration
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Steady-state Shell Balance

In some cases, S still hasn't
penetrated to the center

Figure 3. Time progression as species, S, enters the sphere

Thin shell r to (r+Aar)
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2 Boundary conditions:



C r=R = CS.U
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C; is finite everywhere, or
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Nondimensionalize
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Boundary conditions: S=1 @ p=1
S is finite everywhere

, kRCIT (RE/D) _ characteristic diffusion time

D (1/ knc;';l) - characteristic reaction time

If diffusion is slow = diffusion dominates
If reaction is slow = reaction dominates

If °’<<1 - reaction limited regime
If $°>>1 - diffusion limited regime

substrate substrate can’t make
throughout it to the center

Figure 4. Reaction and diffusion limited regimes
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Figure 5. S versus p for various values of ¢

Define “effectiveness factor” n
overall rate of reaction

" rate if C.=C,, everywhere

overall reaction rate in sphere at steady state = [inward flux @ r=R (p=1)]*Area
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Figure 6. Log-log plot of effectiveness factor versus thiele modulus

Higher values of Thiele modulus = effectiveness goes down

*For a variety of reaction kinetics, geometries and rate laws, plots of n vs ¢ all look
the same.



Shrinking Core Model

In cases with noncatalytic and irreversible reaction, diffusion limit is describable by
the “shrinking core model”.
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Figure 7. Shrinking core model

Rapid, irreversible reaction limited by rate of diffusion of a reactant from the surface
The following must be written down for the shell balance:

1. Rate of reaction

2. Rate of diffusion

3. Rate of movement of the core





