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ABSTRACT

DEVELOPMENT AND EVALUATION OF A DUAL-SUBSTRATE MODEL FOR
A VAPOR-PHASE BIOREACTOR

Christopher Francis Wend, 1994

To design, scale-up, and understand the processes of a vapor-phase bioreactor 
(VPBR), a phenomenologically-based mathematical model is developed to describe 
the VPBR. The numerical solution can then be used to evaluate bench-scale VP- 
BRs in preparation for pilot-scale VPBRs. To appropriately evaluate the model, the 
mass-transfer coefficients must be known for the operating conditions of the VPBR. 
To assess the mass-transfer coefficients within the VPBR, a non-reactive tracer was 
introduced into the VPBR and the mass-balance closed. From these studies, a cor­
rected Onda correlation was developed. Use of the. corrected Onda correlation allowed 
for the calculation and prediction of ah enhancement factor for the liquid-side mass- 
transfer coefficient that was then used in the model. Model results were within 10 % 
of those from the bench-scale VPBRs.
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C H A P T E R  I 

IN T R O D U C T IO N

Many industrial processes produce gas streams that are contaminated with volatile 

organic compounds (VOCs). In addition, remediation technologies such as soil vapor 

extraction (SVE), and air sparging of pumped groundwater, produce lean contam­

inated gas streams. These gas streams are being regulated more tightly with each 

version of the National Ambient Air Quality Standards (NAAQS) and it may come 

to the point where release of VOCs will be strictly prohibited.

A big problem currently faced across the nation is leaking underground storage 

tanks (LUST) that contain petroleum hydrocarbons such as gasoline and diesel fuel. 

As of February, 1993, there were 217,000 confirmed releases from underground storage 

tanks (USTs) awaiting cleanup, 75,000 confirmed cleanups, and 165,000 cleanups 

initiated, but not completed, in the United States (UST Workshop 1993) .

The treatment technologies available for remediating these sites include pump and 

treat and SVE. Remediation activity at approximately 7% of these sites will produce a 

contaminated vapor stream. In addition, the EPA is pushing alternative technologies, 

such as SVE, in the cleanup of LUSTs (UST Workshop 1993). This trend should 

increase the production of contaminated gas streams.

To treat a gas stream for volatile organic compounds (VOCs)1 traditional tech­
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nologies employ either a phase change for the VOCs, or techniques such as thermal 

or catalytic oxidation in vapor incinerators. Vapor incinerators present high capital 

costs along with annual operation and maintenance costs needed for the process. In 

the case of a phase change, the VOC is not destroyed and must subsequently be dis­

posed of in accordance with regulations. This method results in contaminated end 

products that will be increasingly more difficult to treat, or dispose of, due to tighter 

regulations.

To offer an alternative treatment technology, researchers have introduced biofilters 

and more recently vapor phase bioreactors (VPBR). A VPBR is a gas absorption 

column with an active biofilm attached to an inert artificial packing. The biofilm acts 

as a heterogeneous catalyst that mineralizes the VOCs in question. The activity of 

the biofilm is the key to the performance of the VPBR. Constant gas and liquid feeds 

are provided, and the VPBR may be operated in cocurrent or counter-current flow 

configurations. The liquid flow rate is kept small to minimize mass-transfer resistance, 

and recycle of liquid may be practiced, all but eliminating a liquid effluent stream.

Goals and Objectives

The main goal of this work was to develop a phenomenologically-based mathemat­

ical model to describe the steady-state operation of a VPBR. The numerical solution 

of the mathematical model could then be used to understand the processes within 

the VPBR and to aid in scale-up for pilot-scale VPBRs. Once the model was derived
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from a conceptual model, there were a number of input parameters that needed to 

be determined within a reasonable amount of accuracy. The parameters that are 

incorporated in the model may be grouped into four general categories. These are

(1) physical constants (e.g. column dimensions, diifusivity, packing characteristics, 

and geometry)

(2) mass-transfer coefficients and Henry’s Law constant

(3) biofilm physical constants (e.g. density, thickness, effect on diffusivity)

(4) biofilm kinetic constants.

The physical constants in (I) are well documented in literature such as Perry’s 

Chemical Engineering Handbook, 6t/l ed., and the dimensions of the reactor and pack­

ing can be measured or supplied by the manufacturer. The biofilm constants in (3) 

and (4) have a range of values in the literature that can be used to estimate the 

values in the V P B R  For the mass transfer coefficients, it was determined that Onda 

correlations were the most robust in air stripping of VOCs (Lamaiche and Droste 

1989, Roberts, et al 1985), but had not been evaluated in biofilm reactor systems 

performing gas absorption. In addition, the effect of biofilm reaction on the liquid- 

side mass-transfer coefficients was unknown. To adequately predict the enhancement 

factor that would predict the true liquid-side mass-transfer coefficient with reaction 

present, knowledge of the pure physical mass-transfer coefficients was necessary.



Four objectives were set forth for obtaining the goal of developing a model to 

describe a VPBR. These were:

(1) Develop a phenomenologically-based mathematical model.

(2) Develop a computer model to solve the model in item (I).

(3) Evaluate model results against bench-scale data.

(4) Evaluate overall physical mass-transfer coefficients.

Experimental Approach

To determine the actual physical overall mass-transfer coefficients, three exper­

iments were conducted to arrive at an observed pure physical overall mass-transfer 

coefficient for a VPBR with a biofilm present. These experiments are described below.

(1) The reactor organisms wereplated on minimal media without an electron donor, 

and incubated in the presence of various VOCs that were similar to toluene in 

MW, solubility, and Henry’s law constant. The VOC that produced no growth 

was then selected as the hon-reactive tracer for the study.

(2) The Henry’s Law constant for the nonreactive tracer chosen from the above 

item was then experimentally determined using reactor effluent.

(3) Tracer studies in the VPBR were then conducted to estimate an observed overall 

mass-transfer coefficient.

4
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C H A P T E R  2
*

B A C K G R O U N D

Gas Absorption

Gas absorption is the process where one or more chemical species transfers from 

the gas phase across a gas-liquid interface and into the liquid phase. If there is no 

subsequent reaction in the liquid phase, then the absorption process is said to be
t

pure physical absorption. Pure physical absorption into a quiescent liquid occurs

through diffusion alone. If the liquid is agitated, then advection also, plays a role

in transferring the chemical species into the liquid. Most industrial and laboratory 
*

processes fall into this category. To model this process, several theories have been put 

forth. The easiest to visualize and use is the film model. The film model imagines a 

uniform stagnant film of thickness 5 at the surface of the liquid in contact with the 

gas. The assumptions that there is a stagnant layer, and that it is uniformly thick, 

are both poor. However, predictions using this model are usually quite close to the 

predictions made by more sophisticated models such as the still surface and suiface 

renewal models.

The. film model leads to the following mathematical model.

8
( I )



6

V s
5

( 2)

In equation (I), R  is the average rate of transfer of gas per unit area, S* is the 

concentration of dissolved gas corresponding to the partial pressure of the gas at the 

interface between the gas and liquid, S° is the average concentration of the dissolved 

gas in the bulk of the liquid, and V s  is the diffusivity of the gas in the liquid. In 

equation (2), kL is the physical mass-transfer coefficient for the liquid side. The film 

thickness, 6, accounts for the system hydrodynamic properties such as liquid flow, 

geometry, and other physical properties.

When there is.gas absorption with a simultaneous chemical reaction in the liquid 

phase, then the overall rate of absorption can be greater than with physical gas 

absorption alone. To account for this enhanced absorption rate, researchers have 

introduced the concept of an enhancement factor, or reaction factor, defined as

E =  Y l >  I. (3)
k-L .

Where =  mass-transfer coefficient with reaction and k  ̂ =  mass-transfei coefficient 

for pure physical absorption.

Two industrially important processes where gas absorption with reaction leads to 

an enhanced overall absorption rate are;

(1) absorption of hydrogen sulfide gas into solutions of amines.

(2) absorption of carbon dioxide into alkaline solutions of carbonates or amines.
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In both of these situations, the kinetics of the reactions are simple, fairly well un­

derstood, and occur fast enough to proceed in the film layer next to the gas-liquid 

interface. In this case, the calculation of an enhancement factor for the liquid-side 

mass-transfer coefficient may be made (Danckwerts 1970). For first-order reaction 

kinetics and a fast reaction rate, it can be shown that the enhancement factor for && 

is

E =
kL

(4)

where E  is the enhancement factor for Icl, the physical mass-transfer coefficient, 

and h  is the first-order reaction-rate constant. As can be seen from (4), adequate 

knowledge of && is necessary for the estimation of E.

Gas absorption in a packed column is a. standard way of increasing the gas-liquid 

interfacial contact area by forcing gas and liquid through an artificial, uniform, inert 

packing material. The packing may be dumped (random) packing, where uniform 

pieces of packing material are dumped into a vertical cylinder, or structured packing, 

where the packing is made into large pieces and fit into the column as large structural 

units. The gas and liquid phases are then forced through the column in either a 

cocurrent or counter-current configuration. In cocurrent configuration, the gas and 

liquid phases flow in the same direction (typically down) through the column. In 

counter-current configuration the gas flow is opposite to the flow of the liquid.
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Mass-Transfer Correlations

To predict k i  and ko (the mass transfer coefficient for gas-side mass transfer) for 

an application, it is necessary to include turbulent mixing, eddy mixing, diffusion, 

and other phenomena that influence the process of physical mass transfer. These 

phenomena are not easy to predict. Hence, mass transfer correlations have been 

developed to overcome these difficulties.

In the quest to find a method of determining physical mass-transfer coefficients, 

many correlations have been developed. Some of the more popular correlations in­

clude:

(1) Sherwood-Holloway (1940)

(2) Shulman (1955)

(3) Onda (1968)

These correlations are semi-empirical in nature. That is, they are empirically fit with 

bench-scale data, but the model that is fit usually includes dimensionless groups that 

describe the properties and/or the configuration of the system. For instance, these 

correlations take into account the viscosity, density, and velocities of the fluids and 

chemical species involved as well as the physical properties of the packing materials 

used in the columns. Other properties may be included, or excluded, according to 

how the particular researcher developed the correlation..
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Onda correlations were chosen on the basis that they were robust with respect 

to a wide range of flow regimes and they were developed for random packings (e.g. 

Raschig rings). Studies by Roberts, et al, 1985, and Lamarche, et al, 1989, both show

local mass-transfer coefficients along with an effective gas-liquid interfacial area which 

are useful in other mass transfer calculations (e.g. enhancement factor).

Onda Correlations

Onda predicts the individual local mass-transfer coefficients for both the gas and 

liquid phases. An effective wetted surface area is predicted separately to assess the 

gas-liquid interface available for pure mass transfer to occur in the reactor. The 

correlations are given below.

Onda to be a very robust correlation for air stripping. Onda also predicts individual

i I

kh — 0.0051 (5)

i
( 6)

=  o,[l -  e%p[-1.45 W "  ( F n , ) - ^  (IVeL)" ']] (7)

Where

=  Wetted specific surface area [=] vo lum e
area

at =  Total specific surface area [=] area

Lm =  Liquid mass flux [=] area tim e
m a ss
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Gm  — Gas mass flux j—] areatime 

(XL =  Viscosity of liquid [=]

HG =  Viscosity of gas [=] len™ahs°ime 

P l  =  Density of liquid [=] '

PG =  Density of gas [=]

V l =  Liquid diffusion coefficient [=]

V q . =  Gas diffusion coefficient [=].

dp =  Average size of packing [=] length

g =  Gravitational Constant [=]

crc =  Surface tension of packing material [=]

crL =  Surface tension of liquid [=]

ReL — =  Liquid-phase Reynolds number (dimensionless)

Frz, =  =  Liquid-phase Froude number (dimensionless)

RZeL =  P ^ 2at- =  Liquid-phase Weber number (dimensionless)

In the model development in Chapter 3, two-resistance theory is employed to account 

for the overall mass transfer resistance between the gas and liquid phases. In addition, 

the use of overall mass-transfer coefficients is employed to simplify the calculations.
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This approach is standard (Sherwood 1937, Treybal 1980, Sherwood 1975) when the 

gas is lean and volatile. The overall mass-transfer coefficients are calculated using the 

following equations.

I _  _1_ K h V9
K g ~  kG VikL

I
K l KnVako

Vl + 1

(8)

(9).

Where K u  is Henry’s Law constant, V3 is the molar volume of the gas phase, and Vi 

is the molar volume of the liquid phase.

Since the VOCs in this study were quite volatile, the liquid side is the controlling 

phase. The overall liquid-side mass-transfer coefficient (ki)  is then independent of 

gas flow rate (Roberts, et al, 1985). In addition, Onda is within 30% of predicting 

kG (Thom and Byers, 1993). Using the overall mass-transfer data, k i  for the tracer 

study may be calculated.

Biofilm Correlations

Wilson and Geankoplis, 1966, proposed a correlation for mass transfer between 

water and solid spheres at low Reynolds numbers . This correlation is shown in 

equation (10).

’ ( io )

The input parameters are the same as described before, and ki,B is the mass transfer 

coefficient from bulk liquid to biofilm ( ^ ~ r )  •
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Biofilms

The study of biofilms is a relatively new subject in the scientific community. 

The first study occurred in 1943 and further research was slow until the early 1970s 

(Characklis and Marshall, 1990). Research of biofilms represents a new way of study­

ing bacteria in that the bacteria are studied in their natural state, biofilms, instead 

of planktonic batch cultures.

Biofilms are created by bacteria when they attach to a surface. The bacteria secrete 

an extracellular polymer that surrounds the cells and enables the cells to attach to 

each other and to surfaces. It is thought that the biofilm mode of growth serves many 

purposes such as protection against dehydration and predators. Biofilms also provide 

resistance to diffusion of chemical species. This is an advantage when the chemical 

species may harm the organisms. Thicknesses vary from less than one layer of cells 

(monolayer) to >300mm in microbial mats.

The entire structure of the biofilm is quite porous and is generally >95% water. 

Biofilms are characterized by structural, chemical, and ecological heterogeneity. In 

addition, there are usually large amounts of particulates and larger organisms in a 

biofilm.

Since the bacteria in a biofilm are actively reproducing and respiring, there is a re- . 

action rate associated with the substances that the bacteria are consuming. Biofilni ki­

netics are usually described with expressions like Monod or Haldane kinetics. Monod 

kinetics are the most widely used biofilm kinetic expression, and represents a mixture
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of zero and first-order kinetics.

/<(S) =  Vm ( k ^ T s )  . (U )

Where

S =  limiting substrate concentration [=] ^

Umax =  maximum specific cell growth rate [=] ^  -

K 3 =  limiting substrate half-saturation coefficient [=] ^

•Dual Monod kinetics are used in this study to account for the depletion of two 

substrates by the biofilm (12).

MS, 0 )  =  V m  ( A/ +  s )  ( A-o +  o )  ■ ' (12)

Where

S =  electron-donor concentration [=] S f  

O =  electron-acceptor concentration [=] ^

Vmax =  maximum specific cell growth rate [=] ^

K 3 =  electron-donor half-saturation coefficient [=] S f  

K 0 =  electron-acceptor half-saturation coefficient [=] Sf

The kinetic constants are usually determined using batch or chemostat techniques. 

These techniques are well documented in the literature (Characklis and Marshall,

1990).
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BiofiIm Modeling

Biofilm behavior is a cumulative response to biological, chemical, and physical fac­

tors in the environment. To understand these processes more thoroughly, and to aid in 

the study of the factors responsible for a biofilm’s response, phenomenologically-based 

mathematical models are often developed. These models are useful in determining 

which factors control the behavior of the biofilm.

Often, knowledge of the fate of certain chemicals within the biofilm is wanted. 

Thus, models have been produced that describe the utilization of chemical species 

within a biofilm.

There have been many models proposed to model the diffusion and reaction of 

chemical species within a biofilm (erg. Rittman and McCarty 1981, Skowlund 1990). 

Most biofilm modeling has been done with biofilm-liquid phases only. These models 

seek to incorporate physical properties such as diffusion, reaction, biofilm density, 

and biofilm reaction rate as some of the quantifiable properties in a biofilm. One­

dimensional models have done quite well in describing substrate and electron-acceptor 

depletion within biofilms.

Biofilters

A form of bioreactor that has been extensively used in the treatment of gas streams 

that produce odor and, more recently, that contain VOCs, is the biofilter. A biofilter
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usually consists of several compartments filled with organic soils and materials which 

support a biofilm and provide an adsorptive surface. The problem with these types 

of reactors is that they can take up a large amount of space and they do not have 

a very quantifiable surface area or adsorptive characteristics. Researchers have been 

able to model biofilters using a gas/biofilm model (Baltzis,.1993).

The accurate knowledge of an artificial, inert, substratum’s physical characteristics, 

and the presence of a liquid phase, are the attractive features of a VPBR.

. Vapor-phase Bioreactors

Vapor-phase Bioreactors (VPBRs) are a blend of traditional gas absorption in a 

packed column with the reaction from a biofilm. The organisms chosen for a VPBR  

biofilm are environmental isolates, or consortia, that have the ability to degrade the 

volatile organic compound(s) that will be applied to the column.

Use of a manufactured packing allows for a more complete assessment of the surface 

area and flow characteristics inside the VPBR. There are a large number of corre­

lations for mass transfer coefficients in gas absorbers using manufactured packing. 

Since the VPBR is a gas absorber, knowledge of the mass transfer coefficients within 

the VPBR is essential for modeling and scale-up.

In VPBRs, the liquid flow rates are quite low compared to traditional gas absorber 

liquid flow rates. The presence of a biofilm reduces the amount of channeling and 

increases the wetted surface area. This sponge effect also increases the thickness of
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the liquid-biofilm phase.

VPBRs are also known as biological trickling filters by Diks, 1992, and bioscrub- 

bers by Overcamp, et al, 1991. Both Overcamp,et al, and Diks employed liquid 

recirculation as an operating configuration. This led to an assumption that there was 

a constant concentration of the chemical species in the liquid phase.
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C H A PT E R  3

M ODEL D EV ELO PM EN T

The development of a mathematical model for a physical system began with a 

conceptual model of the processes involved. The three phases present in a VPBR are 

the biofilm, liquid, and gas phases. Figure I shows a microscale conceptual model of 

the three phases in a flat plate geometry configuration.

Substratum Biofllm Liquid Gas

Figure I: Microscale Conceptual Model.

The flux at the interface of the biofllm is then used to determine the amount of 

removal of contaminant from a differential macroscale slice in a VPBR. Figure 2 shows 

a macroscale conceptual model of a VPBR.
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Liquid In Gas Out

VOCs

Liquid Out Gas + VOCs In

Figure 2: Macroscale Conceptual Model.

Microscale Model Equations

Development of the microscale model equations begins by looking at a control 

volume as shown in Figure 3.

Substratum

Figure 3: Microscale Mass Balance.
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In the biofilm, it is assumed that dual Monod kinetics describe the reaction rate 

with the electron-donor and the electron-acceptor. Dual Monod kinetics may be 

described as,

S W O
/i(S, 0 )  =■ Hr,

A s +  S / \  K 0 +  O
(13)

where the reaction rates are

rs
//.(S,0)/>/

K
(14)

and

T0 -

x /d

K S , o ) Pf
Y x / a

(15)

where pf is the biofilm concentration, Yx/d is the yield of biomass from substrate 

(electron-donor), and Yx/a is the yield of biomass from oxygen (electron-acceptor). 

Taking a mass balance of the electron-donor, electron-acceptor, and a single species 

of bacteria over the. control volume shown in Figure 3, and assuming Pick’s law holds, 

yields,

- I
=  T>d

C+AC

: V a
<+A (

d(

dO

+ PmPf
Y3

+

x /d

p m  P f

S
AT, +  S /  U C  +  0 /

Y3x,/a

S
K s  +  b  J  \ K 0  +  O

O

AC.

AC-

(16)

(17).

Assuming V d and V a are constant and taking limits

( I =  Iim ' SV d Iim
A(-vO

d S d S

dC, (+AC C

AC AC- r Q Yx/d \ K s + SJ \ K o + 0
(18)
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V a Iim
AC—*o

(  dO dO
d( •r\ + ▻ A C =  Iim I l m P f  f  S (19)

AC J ac-*o Yvja VA s +  5 /  VA0 +  0 /  

yields the following 2"d-order, non-linear, non-homogeneous, coupled system of ordi 

nary differential equations.

V d

V a

With the following boundary conditions.

' d S

p m  P f  jC 5  X (  0  \ (20)
d ( 2 " Y * / d  ' W C +  OV

P m P f
(  s  ) (  0  ) (21)

d ( 2 ~ lZ,/a W C +  .9 / W C +  OV

d (
(0) =  0

V d-^r(Ls ) -  K lbH (Sbuih -  S lj )

d O

d C
(0 )  =  o

X5a^ r(A z )  =  I< L B a ( O b u l k  -  O l j )

Where

S  =  electron-donor concentration [=] M- 

O =  electron-acceptor concentration [=] M  

. ' C =  spatial dimension in biofilm [=] m ■

(22)

(23)

(24)

(25)

Lj =  biofilm thickness [=] m
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T>i =  electron-donor difFusivity in biofilm [=] ^

V a =  electron-acceptor difFusivity in biofilm [=] ^

Hmax =  maximum specific cell growth rate [=] day

pj =  biofilm density [=] ^ r

Yxfd =  yield oF cells/electron donor [=]

Yxfa =  yield of cells/electron acceptor [=] ^

K lbA — electron-donor mass-transfer coefficient [=] day

K l a =  electron-acceptor mass-transfer coefficient [=] f -day

K d =  electron-donor half-saturation coefficient [=] M

K a =  electron-acceptor half-saturation coefficient [=] M

Boundary conditions (22) and (24) represent zero flux conditions at the substratum 

while (23) and (25) are matching flux conditions at the biofilm-liquid interface.

Introducing the dimensionless variables, K sd Sbulk , Ks K o
Obulk , X d = Sbulk '

X  —  — 2 —  

A a  “  O6ulfc

equations.

, and S =  ■£-, yields the following dimensionless form of the microscale

d2X d PmP1L) ( _ X d \  f  x * (26)

Cl2X a =  P m P 1L )  /  X d \  /  X 0 
d S 2 Y x f a V a \ K sd +  X d J  \ I \ Sa +  X a

(27)
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With the following boundary conditions.

dXd
(0) =  0

( I )  =
X lsdL f

-  XdL})

a
(0) -  0

dAa . . L i gaLf
(i

For a discussion of the solution method, see Appendix A..

Macroscale Model Equations

(28)

(29)

(30)

(31)

The solution of the microscale model equations gives the flux of the electron-donor 

and electron-acceptor into the biofilm as a. function of liquid concentrations of the 

electron-donor and electron-acceptor. This information can be used with an effective 

surface area to scale up the flux to a macroscale flux in a differential slice taken 

through the VPBR.

Counter-Current Flow

Figure (4) shows a conceptualization of the macroscale mass balance over the 

VPBR configured for counter-current flow configuration. The mass balance yields

■ yd(t +  A l )  =  W ( ' )  -  -  1 G  A 1 (32)
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Xa(H) Va(H)
xa(t +  A/) ya(t +  AZ)
.rd(/ +  A<) Vd(t +

Figure 4: Macroscale Mass Balance (Counter-Current Flow).

Id(i + At)+ ( J t L -  Xd)  At -  ^ L f h At =  xAt)  (33)
Uj X A Md J V1

Va(t + At) = y„(t)---------------------------- At (34)

x„(f + A,) + -  X„) Ai -  = x„(l) (35)
Uj V A  Ha /

Dividing by At and taking the limits as At -> 0 yields the macroscale model equa­

tions.

<hu
dt

dxd
dt

dya
dt

HGdd A Md
V 9

K  GadK Ha
V 9

\Xd Vd \  
K i i d J

(36)

Vd N\ NBddjVi (37)
Kiidx) UJ

( x a
Va X

K Ho J
(38)



24

dxa KLaO- (  Va \  , NBaajVl
*" =  I z - "  +  ~ i t "

(39)

Where,

A rS d  =  % (40)

and

JVjU =  A ^ ( L y ) .

The boundary conditions for counter-current flow are given below.

! / d ( 0 )  =  V do

X d ( H )  =  0

;

Z/a(0) =  Vao

xa(H) = 0

(41)

(42)

(43)

(44)

(45).

Introducing the dimensionless variables, Yd =  X d -  X  -

— XgKHa  ̂ an(j z =  ± ; yields the following dimensionless form of the macroscale

equations.

dz
Q-Id  (A^rf — I 'd ) (46)

dX d
& 2 d ( X d  — Y d )  +  CXsdN s d

dz
(47)
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(48)dYa
dz — ^la (-̂ -o ^a)

dX a
dz

<X2a  { X a . —  a  ) +  Q.'3a B a (49)

Where,

Nsd  =  %  -J^ (A z) (50)

and

A7Bq -  %  - 77^  ( A / ) . (51)

The boundary conditions are given below.

Izci(O) =  I (52)

%X1) =  0
(53)

K(O) =  I (54)

X .(1) =  0 (55)

In the analysis of this coupled, non-linear, non-homogeneous, system of ordinary 

differential equations it is sometimes convenient to express the equations in vector- 

matrix formulation. This formulation is shown below.

dz
(x) =  Ar +  y (56)
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Z ■ 0  ■ 
I 
0

) ■ I ■ 
0  

I
\ . I . / . 0  .

O
OlZdNBd

. OlZaNBa .

—  O l i d O l i d 0 0

—  O l 2 d 0 2 d 0 0

0 0 - Q f l a Q'I O

0 0 — Q'2a tt'2n

(57)

(58)

(59)

Cocurrent Flow

The mass balance over the differential slice of the reactor under cocurrent flow

conditions is shown conceptually in figure (5).

Xa(H) Va(H)
xa(t +  At) ya(t +  At) 
Xd(t +  A/) Vd(t +  Ni.)

Figure 5: Macroscale Mass Balance (Cocurrent Flow).

The difference between cocurrent and counter-current is in the boundary conditions 

and a sign change in the macroscale equations. The resulting system of equations can
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then be written as

—  (.t) =  Ax +  y 
dz

Z ■ i  ‘ \ ■ i  ■
i 0
i I

V .  i  . y .  0 .

V =

O
ctzd Nsd

O
Q'3q. Nb a _

Q i d — Q i d 0 0

- Q i d Q i d 0 0

0 0 ^ l o - O jIa

0  .■ 0 —  Oi2a 0 '2a

(60)

( 61) .

(62)

(63)

Nomenclature

The following list describes the input parameters for the macroscale model equa­

tions.

I\ QdClxiiH
V 9

(64)

Kad -  gas-phase mass-transfer coefficient for electron donor [=] ^

aw =  effective gas-liquid interfacial area [=] ^

H  =  height of column packing [=] in

vg =  gas velocity [=] ^



28

V l
(65)

K Ld — liquid-phase mass-transfer coefficient for electron donor [=]

aw =  effective gas-liquid interfacial area [=] ^ 3

H  =  height of column packing [=] ?ti

vi =  liquid velocity [=] d a y

CiZd =
KHdCjHVlVd

(66)

H  =  height of column packing [—]

Ydo =  influent gas-phase electron-donor concentration [=] ^tTtotafgas

aj =  effective surface area of biofilm [=] ^ 3

I < H d  =  Henry’s Law coefficient for electron,donor [=] Zde j i Z ^ d

M W d =  molecular weight of electron donor [=] g m d l e

Vd =  electron-donor diffusivity in biofilm ,[=] day

Vi — liquid molar volume [=] m3
mole

vi — liquid velocity [=]

■A Qq aulH (67)
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Kaa — gas-phase mass-transfer coefficient for electron acceptor [=] ^  

aw =  effective gas-liquid interfacial area [=] ^4 

H  =  height of column packing [—] m 

=  gas velocity [=] ^

La Q3UjH
CV2a =  ' ^ ---------

V i
( 68)

KLa — liquid-phase mass-transfer coefficient for electron acceptor [=] ^  

aw =  effective gas-liquid interfacial area [=]

H  =  height of column packing [=] m 

vi =  liquid velocity [=] ^

HHgQjHViDa
V tY aoM W a,

(69)

H =  height of column packing [=] in

Yda =  influent gas-phase electron-acceptor concentration [=] ôles totafgas 

aj =  effective surface area, of biofilm [=] 2M

K fja =  Henry’s Law coefficient for electron acceptor [=] ^eYrltiffuh

M W a =  molecular weight of electron acceptor [=] —̂

' 2

V a =  electron-acceptor diffusivity in biofilm [=]
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Vi =  liquid molar volume [=]

vi =  liquid velocity [=] ~
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Assumptions

In the above model equations, certain assumptions were made to facilitate the 

development. These assumptions are listed below.

(1) Plug .flow - the VPBRs were operated without liquid recirculation, allowing the 

reactors to be modeled as plug flow reactors instead of as continuously-stirred 

tank reactors (CSTRs).

(2) Isothermal - the temperature in the laboratory was kept constant, and the gas 

stream was humidified removing the possibility that evaporation could cause a 

temperature change.

(3) Steady-state - residence times for the gas and liquid phases are on the order of 

minutes and hours while the growth rate of the biofilm is on the order of days 

and weeks.

I

(4) Constant biofilm thickness >  500//m - observations of operating VPBRs show' 

biofilms l-2m m thick (Vaughn, 1993): The model predicts an active thickness 

less than 500/zm.

(5) Constant biofilm density - the conditions with thick biofilms and an effective 

thickness less than the total thickness allows for this approximation.

(6) Henry’s Law holds - the low solubility of the compounds studied as well as the 

operating conditions are in the realm where Henry’s law holds.
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(7) Dual Monod kinetics - Characklis and Marshall, 1990, Bailey and Ollis, 1986.

(8) Flat plate geometry for biofilm - effective biofilm thickness less than SOOŷ rn 

with the packing diameter of 6.35 mm.
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C H A PT E R  4

M ETH O DS A N D  M ATERIALS

The VPBR

Figure 6 shows a schematic of the experimental set-up of the V PBR. This set-up

Liquid In 
^

Gas-Phase Electron-Donor In
X

— ( P — "

/

VPBK

Mixer

Humidifier Electron-Acceptor In

Gas Out 
---- >•

Liquid Out

Figure 6: Bench-Scale VPBR Schematic.

was used in all the bench-scale reactors for this and previous studies. The VPBR is 

shown with a. counter-current flow configuration.

Performance data for a VPBR degrading p-xylene using the environmental isolate 

P. putida strain idaho came from previous work (Vaughn, 1993). Table I shows the
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dimensions of the reactors used in this work and those used by Vaughn.

Table I: VPBR Dimensions and Materials
Packing 

Height (m)
Column 

Diameter (?t?.)
Column 

Area, (m2)
Column 

Volume (m3)
Packing

Type
0.61 0.0625 0.0032 0.0019 D.E. pellets
0.61 0.1016 0.0081 0.0049 raschig ring

Table 2 shows the properties of the packing materials used in both this study and 

that of Vaughn, 1993.

Table 2: Packing properties
Packing Size Specific Void
. Type mm Area ( g ) Space %

diatomaceous earth pellets 6.35 444 37.5
ceramic raschig ring 6.35 710 62

The diatomaceous earth pellets were used by Vaughn to develop some preliminary 

performance data using P. putida strain Idaho degrading p-xylene (Table 3). The 

data from those experiments has been used to evaluate the model solutions. The 

VPBR used for some additional performance data was filled with ceramic raschig 

rings and employed an environmental isolate P. puiidn strain 54G degrading toluene.

Removal efficiency data for this study was obtained from bench-scale VPBRs de­

grading toluene. The method of sampling consisted of collecting a 250/d gas sample 

in a gas-tight syringe from the influent gas stream and injecting the sample into a 

Hewlett Packard 5890 series II gas chromatograph to determine the influent gas con­

centration. This process was repeated for the effluent gas stream to determine the 

effluent gas phase concentration and hence the removal efficiency of the VPBR could
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Table 3: VPBR Efficiency for p-Xylene
Influent

Concentration
ppm.

Liquid 
Flow Rate

m l

Gas
Flow Rate

m l
m.in

Removal ■ 
Efficiency 

%
154 5 3000 80
160 5 4000 76
153 5 5000 66
139 5 6000 48
142 . 10 4000 62
142 10 6000 57
1700 5 400 26
1452 5 600 11

be determined. Most runs consisted of triplicate samples to improve the error analysis

of the results.

Identification of Nonreactive Tracer

To assess the pure physical mass-transfer in a VPBR with a biofilm present, it 

was necessary to find a non-reactive tracer. In the context of a VPBR, non-reactive 

means that the organism(s) present were unable to change the tracei in any way. .

To find a non-reactive tracer, several compounds were chosen on the basis that 

molecular weight, solubility, and Henry’s Law constant were to be as similar as pos­

sible to the electron-donor (toluene or p-xylene) that was being mineralized in the 

VPBR. The compounds chosen are listed in Table 4.

To test the chemicals for non-reactivity, samples of the biofilm were ta.ken from 

an operating VPBR. The VPBR from which the samples were obtained contained 

P. putida strain 54G using toluene as the electron-donor. .The biofilm was then
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Table 4: Chemicals and Their Properties Chosen To Be Tested for Non-Reactivity 
With the Biofilm in a VPBR. (T =  29S.15°/V , P  =  'O.S4a<m)

Chemical
Name

Molecular Weight
Q

qmole

Solubility
_2_
TH3

Henry’s Law constant
m o l e f  rac.gas  
m ole  frac.l ta

Benzene 78 1769 356
Toluene 92 515 444

p-Xylene 106 200 415
Chlorobenzene 113 500 259

1,1,1 Trichloroethane 133 826 107

homogenized, plated on minimal media, plates, and grown in the presence of vapor 

from each of the chemicals listed in Table 4. The toluene represented a positive control 

for the experiment. In addition, a negative control was run which consisted of placing 

three plates in a container with no electron-donor present. Only chlorobenzene was 

unable to support organism growth.

Determination of the Henry Constant

To accurately close the mass balance on chlorobenzene in the VPBR., knowledge 

of Henry’s Law constant for chlorobenzene was necessary. To determine the Henry’s 

Law constant, nine 2,Gnil vials were each filled with lbnil of reactor effluent. The 

vials were then sealed with teflon coated septa. 0.5/iZ, 1//Z, and 5/r/ of chlorobenzene 

were then injected through the septa and the vials were allowed to equilibrate at 

T  = . 295° K .  Gas samples were then tested on a Hewlett Packard 5890 (HP5890) 

series II gas chromatograph fitted with Supelco Super-Q packed column and a flame 

ionization detector (FID). The concentration of the head space could then be di­
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rectly determined. With knowledge of the head space volume, the concentration of 

chlorobenzene in the liquid phase was determined. Henry’s Law constant was calcu­

lated as the slope of a line representing gas vs. liquid phase concentrations.

Tracer Studies

The VPBR -with 54G was fitted with a continuous chlorobenzene vapor source. 

The VPBR was then operated at various gas and liquid flow rates, similar to those 

used in previous experiments using toluene.

The VPBR had been in operation for four months and a well developed biofilm 

(I — 2mm  thick) was present on the packing. This provided an excellent wetted 

surface that was. much different than the packing alone.

For each experimental run, the VPBR was allowed three days at constant gas and 

liquid flow rates to reach steady-state. By comparison, gas and liquid phase residence 

times were on the order of one to fifteen minutes. The liquid effluent concentration 

was measured using a potassium carbonate extraction method. Gas phase influent 

and effluent concentration measurements were made using a HP5890 series II gas 

chromatograph as described above.

Five fj,l of the liquid effluent from the VPBR was injected into a sealed vial contain­

ing 6m/ of a 35% by weight potassium carbonate solution and allowed to equilibrate. 

250fil of head space gas was then injected into a gas chromatograph to measure the 

concentration. From a calibration curve, the liquid-phase concentration was deter­
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mined.

From the removal rates of the non-reactive tracer, observed overall mass-transfer 

coefficients were calculated. To make the calculations it was assumed that Henry’s 

Law holds and that the gas stream was a lean gas stream. With these two assump­

tions, a logarithmic mean driving force can be calculated. The following equations 

describe the algebra involved in calculating an observed overall mass transfer coeffi­

cient.

C m #  -  %) = (70)

( 71)

where (X* — X ) ave and (Y — Y*)aue are the logarithmic mean driving forces in the 

reactor defined as

(X* AOave
(X" -  X ), -  (X" -  X ):

In (A'-- .Y  M  
(A * - .V )2 j

(72)

and

( Y  -  Y * )
(y  -  y*)i -  (y  -  YQ2

In H m i i l
Ir-V j2J

(73)

Gm =  gas-phase loading rate [=J 

H  =  height of ,packing [=] m 

Vi =  liquid molar volume [=] '
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Vg =  gas molar volume [=] ^

P  =  total pressure [=] atm

K g =  Overall gas-phase mass-transfer coefficient [=] ^  

K i  =  Overall liquid-phase mass-transfer coefficient .[=] ^  

a =  gas-liquid interfacial surface area [=] ^  

subscript I is the bottom of the column 

subscript 2 is the top of the column

Numerical Methods

Both the microscale equations (26) through (31) and the macroscale equations (46) 

through (55) are non-linear and hence cannot be solved analytically. Therefore, the 

equations must be solved with numerical methods. All numerical solutions were com­

puted on a HP9000 workstation using MATLAB as the programming environment.

Microscale Solution Method

Existence and uniqueness of the microscale equations (26) through (31) are shown 

in full detail in appendix A. The solution method used is an invariant group trans­

formation (Na and Na, 1970) which transforms the boundaryrvalue problem posed in
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equations (26) through (31) to an initial-value problem (see Appendix A). The initial- 

value problem can then be solved using a 5th-order Runge-Kutta-Fehlberg (RKF) 

method for a range of substrate concentrations. The flux at the biofilm interface as a 

function of bulk substrate concentrations can then be determined. This relationship 

is parabolic on a log-log plot. Fitting a 2nd-order polynomial to the log-log plot of 

electron-acceptor concentration vs. electron-donor flux yields a relationship between 

flux at the.interface of both electron-acceptor and electron-donor with the liquid con­

centrations of the electron-acceptor and the electron-donor. This relationship is used 

to calculate the flux of electron-acceptor and electron-donor for use in the solution 

of the macroscale equations. To arrive at this relationship, combine (26) and (27) to 

get

(74)

Now integrate with respect to S.

(75)

to obtain

(76)

Applying boundary conditions (28) and (30) yields,

dS
(77)
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Equation (77) demonstrates that the flux of the electron-donor is proportional to the 

flux of the electron-acceptor anywhere in the biofilm. To relate the flux to the sub­

strate concentration, the following relationship is noticed from the numerical solution 

of (26) through (31).

l0gl° =  “ Il0SlO A'a]2 +  6l0SlO^a +  C (78)

Figure 7 shows a typical curve fit of the results. This allows the flux of the electron-

log (Electron-Acceptor 

Figure 7: Curvefit of Biofilm Flux

donor to be written as a function of the electron-acceptor concentration as follows.

c^ d .  _  |Q[a(log10 Aa)2 + fcIog10 X a + c] (79)

d8

Combining (77) and (79) results in a relationship that can allow the determination 

of NBd and N s a in the macroscale equations.

The flux rate reaches a maximum at saturation of the electron-acceptor and then 

tapers off as the electron-acceptor becomes super-saturated. This condition is reached
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when the electron-donor and electron-acceptor are starting to both become available 

in large quantities. As this situation develops, the removal rate of the biofilm cannot 

keep up with the rising concentration in the bulk liquid and the biofilm becomes fully 

penetrated with both substrates, which corresponds to the flux dropping off. This sit­

uation is hypothetical since the electron-acceptor concentrations in the model always 

drop as the electron-donor concentration increases. This is due to the differences in 

solubility of the two substrates.

Macroscale Solution Method

Existence and uniqueness of solutions for the macroscale equations (46) through 

(55) can be found in appendix B. An examination of the abiotic system of equations 

( N B d and N B a =  0) yields the fact that there are two zero eigenvalues for the linear 

system and that the corresponding equilibrium points are unstable. By solving the 

problem backwards, these equilibrium points become stable and then a Runge-Kutta- 

Fehlberg (RKF) scheme will follow the solution curves throughout the domain. This 

also works for the biotic model.

The counter-current system requires that a shooting method be employed if the 

RKF method is to be used. The required guesses are made on the effluent gas- 

phase concentration and range between the influent gas-phase concentration and zero 

■ concentration. In the cocurrent configuration, the system is an initial-value problem 

and only requires one pass with the solver.
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Biofilm Parameters

The biotic model of the VPBR depends upon the biofilm kinetic parameters for both 

the electron-donor and the electron-acceptor. The electron-donor in the bench-scale 

data was either p-xylene or toluene. In all this work the organisms are aerobic and 

hence, use oxygen as the electron-acceptor. A range of values for the various kinetic 

parameters may be found in the literature (Characklis and Marshall, 1990, Atkinson 

and Mavituna, 1991, Oh, et.al, 1993, Vaughn, 1993). A search for extreme values 

was made as well as a search for those which are closest to the organisms used in the 

bench-scale experiments. This search was restricted to aerobes degrading compounds 

ranging from glucose to the VOCs in question. Tables (5) and (6) show the results of 

this search.
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Table 5: Extreme Ranges of Biofilm Parameters
Parameter (units) Low Value High Value Description

P i  (5) 20 200 biofilm density

P m a x  ( . 4,8 42 maximum growth rate

K i  ( 5 ) 0.001 0.015 half-saturation coefficient 
electron-donor

K .  (5 ) 0.00001 0.00025 ; half-saturation coefficient 
electron- acceptor

■xz / k g  c e l l s  \V k g  d o n o r  / 0.1 0.75 yield from donor

Tz Z k g  c e l l s  \
x I a V k g  a c c e p t o r  / 0.03125 0.2344 yield from acceptor

T / (m) 0.00001 0.1 biofilm thickness
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Table 6: Biofilm Parameters Used in Model
Parameter (units) Value Description/Source

Pf (5) 100 biofilm density/Biofilms 1990

P m a x 36 maximum growth rate/Oh, et ah 1993

K d (5) 0.003 half-saturation coefficient 
electron- don or /  O h, et al 1993

K .  (5) .0.00001 ■ half-saturation coefficient 
electron-acceptor/Atkinson 1991

y Z fcfl ceZZs 'I
X k g  d o n o r  / 0.44 yield from donor/Vaughn (1993)

XZ Z k g  c e l l s  \
xZa X k g  a c c e p t o r  / 0.1457 yield from acceptor/Stoichiometry

L f  ( m ) 0.0005 biofilm thickness/ observed average
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C H A PT E R  5 

RESULTS

The model results depend heavily on the results from the lab and bench-scale work. 

Therefore, the Henry’s Law work and the mass-transfer results will be presented first. 

Then the model evaluation will be presented.

Non-reactive Tracer

The only chemical that showed no growth in Table 4 was chlorobenzene. The 

negative control (no electron-donor present) showed no growth and the positive con­

trol (electron-donor present) did show growth. This strengthened the experimental 

results. Thus, chlorobenzene was selected as the non-reactive tracer.

Henry’s Law Constant

Table (7) shows the results of the Henry’s Law Study. The Henry’s Lgw constant 

for chlorobenzene was found to be 0.0022 a1™0]̂  ±  0.0006 at T1 =  295° K, P  =  

0.84 atm.  The published value for chlorobenzene is 0.00393 ( CRC Handbook of

Chemistry and Physics 62nd ed.). Therefore, the value of Henry’s Law in the lab is 

approximately 54% of the published value. In the dimensionless form of the model
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Table 7: Henry’s Law Constant for Chlorobenzene
Gas Concentration 

atm
Liquid Concentration

m o l e s

Observed Constant

0.00047 0.21 0.0023
0.00072 0.34 0.0021
0.00103 0.51 0.0020
0.00133 0.55 0.0024
0.00129 0.55 0.0024
0.00590 2.79 0.0021
0.00632 3.14 0.0020
0.00503 2.82 0.0018

using the 99% confidence interval this translates to a Henry’s Law constant of 141

m o l e  f r a c t i o n  g a s  p h a s e  

m o l e  f r a c t i o n  l i q u i d  p h a s e
±  41.

■ Tracer Study

The gas and liquid flow rates were varied through a small range to obtain the data 

shown in Table 8. The observed overall mass-transfer coefficients with biofilm present

Table 8: Experimental Data
Liquid Gas Gas-phase Concentration (ppm)
Flow. Flow
Rate Rate Influent Effluent

3 500 85±3 724=9
5 ■ 500 378±32 3204=26
10 500 408±12 3514=12
14 500 3794=31 2764=16
3 1000 2124=8 1854=8

. • 7 600 40±3 354=1
7 ' 900 884:4 814=2
15 900 1014=2 924=1

on the packing material are presented in Tables 9 and 10. The overall mass transfer
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coefficients without a biofilm present are shown in Tables 11 and 12. In Tables 9 

through 12, the low and high values represent the 99% confidence interval on the 

data.

Table 9: Observed Overall Liquid-Phase Mass-Transfer Coefficients With Biofilm
Gas flow rate

m l
m i n

Liquid flow rate
m l

m i n
mean Ki,a

i
d a v  .

low K i,a
i

d a v
high K lo,

i
d a v

O ndaKLa
i

d a y
500 3 1.0 0.6 2.0 2.9
500 5 2.4 1.4 4.6 4.4
500 10 3.0 1.7 5.7 6.6
500 14 6.9 4 13 8.4
1000 3 1.0 0.6 2.0 2.9

Table 10: Observed Overall Gas-Phase Mass-Transfer Coefficients With Biofilm
Gas flow rate

m l
m i n

Liquid flow rate
m l

m i n
mean Koa

. _i_
d a v

low Koa
i

d a y
high K aa

i
d a y

Onda Koa
i

' d a y
500 3 14.4 11.7 20.9 33.1
500 5 32.5 26.3 47.3 47.4
500 10 41.2 33.4 59.9 76.4
500 14 94.7' 76.7 137.7 96.8
1000 3 14.4 11.7 20.9 36.1

Table 11: Observed Overall Liquid-Phase Mass-Transfer Coefficients Without Biofilm
Gas flow rate

m l
m i n

Liquid flow rate "
m l

m i n
mean K l q

i
d a y

low K La
i

d a y
high K La

i
d a y

Onda A±o
i ■ 

d a y
600 7 3.1 1.8 5.9 5.5
900 7 3.3 1.9 6.3 5.8
900 15 3.1 1.8 5.9 8.6

In gas absorption of VOCs that are volatile, the gas-side resistance to mass transfer 

is negligible. In addition, the Onda correlations for the gas side are accurate to within 

±20% of the actual value at the gas flow rates used so that an assumption that 

Onda predicts ka and aw accurately may be made (Roberts, et al 1985). With this
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Table 12: Observed Overall Gas-Phase Mass-Transfer Coefficients Without Biofilm .
Gas flow rate

m l
m i n

Liquid flow rate
m l

m i n

mean K g®
i

d a v

low K g Q
i

d a v

high K q c i

i
d a y

Onda K Ga
i

d a y

600 7 42.5 34.4 80.8 63.0
900 7 45.8 26.6 87.0 67.2
900 15 . 42.7 24.8 81.1 112.5

assumption it is possible to calculate ki  using equations (8) and (9). Table 13 lists 

a comparison of observed local liquid-side mass-transfer coefficients obtained from

bench-scale VPBRs with biofilm to those predicted by Onda.

Table 13: Liquid-Phase Mass-Transfer Coefficients With Biofilm vs. Onda
Gas flow rate

m l
m i n

Liquid flow rate
m l

m i n

mean Jc l

m

d a y

low ItL
m

d a y

high k L

m
d a y

Onda k i

m
d a y

500 3 0.10 0.08 0.15 0.33
500 5 0.18 0.14 0.28 0.38
500 10 0.19 0.15 0.30 0.50

. 1000 3 0.10 '0.08 0.14 0.31

Table 14: Liquid-Phase Mass-Transfer Coefficients With No Biofilm vs. Onda
. Gas flow rate

m l
m i n

Liquid flow rate
m l

m i n

mean k ^

d a y

low k i ,

m
d a y

high k L

m
d a y

Onda k i

m
d a y

600 7 0.22 0.17 0.52 0.44
900 7 0.23 0.13 0.52 0.44

In Table 13 the actual in the bench-scale reactors with biofilm present is 0.36 ±  

0.2 times the predicted by Onda correlations while Table 14 shows that the actual 

in the bench-scale reactors without biofilm present is 0.52 ±  0.04 times the ki, 

predicted by Onda correlations.
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Abiotic Model

The model equations without any reaction are called the abiotic model. This is due 

to the fact that the reaction comes from the biotic part of the column, the biofilm, 

which is not active in the abiotic case. The abiotic model equations may be found in 

equations (56) through (59) where y =  0.

Analytical solution

The equations (56) through (59) with y — 0 are easily solved using standard 

ordinary differential equation solution methods (Guterman and Nitecki, 1988). The 

solution for counter current flow is,

x(z) =

For the case of cocurrent flow the analytical solution is,

I _ _ _ _ _ _ _ _ _ _ _  I e(a2d-a\d')* 1
e ( Q l d _ a 2d )

° 2d  ° 2d

I _ _ _ _ _ _ _ _ _ _ _ _ _ I e ( Q 2d - a l d ) *
J _ 2i j i e ( i » j d - a 2d )  '  2-Ld _e(ald-a2d) 

° 2d  Q 2d

I _ _ _ _ _ _ _ _ _ _ _ _ _ I e ( 02a  — Q l a ) z
l - i t n s . e ( a l < > _ Q 2a )  ' I - S i a e ( O l a - Q 2 a )  

Q 2a  Q 2a

I______  . e(a2o~0la>2
I - ^ i a e ( a i a - Q 2 o )  " T "  i i i a . _ e ( “ l a - a 2 o )a2a <*2a
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These solutions are important in the evaluation of the numerical procedure. The 

next section will address the accuracy of the numerical solution method as compared 

to the analytical solutions.

Numerical solution

The numerical solution was calculated on the dimensionless formulation of the 

abiotic model to predict the dimensionless concentrations of the electron-donor and 

electron-acceptor in the gas and liquid phases throughout the column. In the following 

graphs, the numerical solution is compared to the analytical solutions given in (80) 

and (81) in order to assess the effectiveness of the numerical method on the model.

In Figure 8, dimensionless concentration profiles of both the electron-donor and the 

electron-acceptor throughout the column in liquid and gas phases are shown using an 

influent gas-phase chlorobenzene concentration of approximately 300 ppm, gas flow 

rate of 5 0 0 ^ ; , and a liquid flow rate of 3 .

The absolute values of the difference between the analytical solutions and the 

numerical solutions are shown in Figure 9 and represent the errors in calculating each 

phase and species represented in the abiotic model.Similar results are presented for 

the co-current model in Figures TO and 11, showing model prediction and accuracy 

respectively. Increased accuracy may be attained by reducing the step size in the 

solver. However, this is at the expense of increased computer time in solving the

model.
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0.9999

0.9999

0 .9998,

Figure 8: Dimensionless Abiotic Concentration Profiles (Counter Current Flow). The 
horizontal axis represents the dimensionless height in the column and the vertical 
axis represents the dimensionless substrate concentration. Graph A is the gas-phase 
electron-donor concentration in the column, B shows the liquid-phase electron-donor 
concentration, C the gas-phase electron-acceptor concentration, and D the liquid- 
phase electron-acceptor concentration.
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1.2965

1.2964

1.2964

1.2963

1.2963

1.2962,

Figure 9: Difference Between Analytical and Numerical Solutions (Counter Current 
Flow). The horizontal axis represents the dimensionless height in the column and the 
vertical axis represents the dimensionless difference between the true and approximate 
solution. Graph A is for the gas-phase electron-donor, B the liquid-phase electron- 
donor, C the gas-phase electron-acceptor, and D the liquid-phase electron-acceptor.

V*
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0.9999

0.9999

0.9998.

Figure 10: Dimensionless Abiotic Concentration Profiles (Cocurrent Flow). The 
horizontal axis represents the dimensionless height in the column and the vertical 
axis represents the dimensionless substrate concentration. Graph A is the gas-phase 
electron-donor concentration in the column, B shows the liquid-phase electron-donor 
concentration, C the gas-phase electron-acceptor concentration, and D the liquid- 
phase electron-acceptor concentration.
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Figure 11: Difference Between Analytical and Numerical Solutions (Cocurrent Flow). 
The horizontal axis represents the dimensionless height in the column and the vertical 
axis represents the dimensionless difference between the true and approximate solu­
tion. Graph A is for the gas-phase electron-donor, B the liquid-phase electron-donor, 
C the gas-phase electron-acceptor, and D the liquid-phase electron-acceptor.
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Abiotic model evaluation of tracer study

The tracer study also provided abiotic removal rates in the column with both a 

nonreactive biofilm present and without a biofilm on the packing. These results were 

compared against the abiotic model using Onda correlations that were corrected using 

the tracer study results so that the abiotic model could be used for estimation of an 

enhancement factor in the reactive VPBR. Table 15 shows the results of the model 

compared with bench-scale data using the bench-scale results.

Table 15: Comparison of Abiotic Performance With Abiotic Model
Liquid Flow
Rate (f^")

Gas Flow 
Rate

Bench-Scale 
Removal %

Model 
Removal %

3 500 •4.7 5.1
5 500 9.0 7.9
10 500 14.0 14.4
3 1000 2.4 2.6
7 600 10.3 10.4
7 900 8.6 . 7.1

Microscale Model Results

, The microscale solution also yields typical biofilm concentration profiles when the 

electron-acceptor is limiting and when it is not limiting. The parameter values used 

were influent gas-phase concentrations of 1500 ppm and 150 ppm respectively. Figure 

12 shows the dimensionless concentration profiles in the biofilm when the electron- 

acceptor is not limiting. The profiles of the electron-donor and electron-acceptor 

coincide due to the dimensionless variables.
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Dimensionless Biofilm Thickness

Figure 12: Concentration Profiles With No Electron-Acceptor Limitation

Dimensionless Biofilm Thickness

Figure 13: Gradient Profiles With No Electron-Acceptor Limitation



58

electron-donor

electron-acceptor

Dimensionless Biofilm Thickness

Figure 14: Concentration Profiles With Electron-Acceptor Limitation

electron-acceptor

k  2

electron-donor

Dimensionless Biofilm Thickness

Figure 15: Gradient Profiles With Electron-Acceptor Limitation
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In Figure 14 the electron-donor concentration is high enough that the available 

electron-acceptor is depleted in the biofilm resulting in a biofilm that is fully pene­

trated by the electron-donor and poorly penetrated by the electron-acceptor.

Performance Data

Before the tracer studies were started, the bench-scale VPBR degrading toluene 

had a mature biofilm (i.e. >  1000 îrn) throughout the column. Several performance 

runs were collected and the results presented in Table 16.

Table 16: Bench-Scale Performance Data
Influent Liquid Flow Gas Flow VPBRG as

Concentration (ppm) R a te ( f ^ ) Rate (35;) Phase Removal (%)
136 3 700 92
335 3 700 89

391.5 3 1000 79
767 3 1000 38

Observed Enhancement Factor

An Enhancement Factor is defined to be the ratio of the observed rate of gas 

absorption into the liquid with reaction present to the rate of gas absorption into the 

liquid if there was no reaction present (Danckwerts, 1970). .

From the bench-scale data in Tables 3 and 16, this enhancement factor can be 

calculated by first calculating the overall absorption rate of the electron donor into



60

the liquid of a VPBR with reaction present using bench-scale data. Then, using 

the abiotic model to predict the absorption rate in a VPBR without reaction, the 

absorption rates with no reaction can be calculated for the conditions under which the 

bench-scale data were collected. The ratio of these two values will yield an observed 

enhancement factor. Tables 17, 18, and 19 show the results of this calculation.

Table 17: Observed Enhancement Factor (Liquid Flow Rate 3 ^L ) (Data from this 
study)

Gas Flow Influent Observed Abiotic Enhancement
R a te Concentration (ppm) Removal (%) Removal (%) Factor

700 136 92 2.8 33
700 335 89 2:8 32

1000 391 79 2.0 40
1000 767 38 2.0 19

Table 18: Observed Enhancement Factor (Liquid Flow Rate 5 ^ h ) (Data from Vaughn
(1993))

Gas Flow Influent Observed Abiotic Enhancement
Rate ( ^ ) Concentration (ppm) Removal (%) Removal (%) Factor

3000 154 80 0.9 90
4000 160 76 0.7 113
5000 153 ' 66 0.5 123
6000 139 48 0.5 109
400 1700 26 9 2.8
600 1452 11 . 6 1.8

Table 19: Observed Enhancement Factor (Liquid Flow Rate 10 ^^)(D ata from 
Vaughn (1993))

Gas Flow Influent Observed Abiotic Enhancement
Rate ( ^ ) Concentration (ppm) Removal (%) Removal (%) Factor

4000 142 62 1.2 50
6000 142 57 0.8 69
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Model Vs. Bench-scale

The biotic model was solved using the “best” estimate of the input parameters. 

The next two sections show the difference in the model results by first assuming pure

the reaction from the biofilm is sufficiently near to the gas-liquid interface that an 

enhancement of the liquid-side mass-transfer coefficient occurs.

Onda

In Table 20, the results of the model with pure physical mass-transfer coefficients 

are shown. The pure physical mass-transfer coefficients determined in the tracer study 

were used in the calculation of the results presented. The results are only slightly 

better than the abiotic model. These results do show similar removal rates to the 

simulations done by Overcamp, et al, 1992, and Ockeloen, et al, 1992.

Enhancement factor

In the case where the overall reaction is first-order and there is complete reaction 

within the liquid phase, where the bulk liquid concentration is equal to zero, the 

absorption rate with reaction can be shown to be

physical mass transfer with a reaction in the bulk liquid and then assuming that

(82)
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Table 20: Model and Experimental Results
Gas

Flow
Rate

Liquid
Flow
Rate
(fHr)

Influent
Concentration

{ppm)

Removal Efficiency (%)
Experimental No

Enhancement
Enhancement

3000 5 154 80 5.4 74
4000 5 160 76 4.1 69
5000 5 153 66 3.2 65
6000 5 139 48 2.7 61
400 5 1700 26 13.3 31
600 5 1452 11 9.6 22

4000 10 142 62 6.9 76
6000 10 142 57 4.7 68
700 3 136 92 13.8 80
700 3 335 89 13.8 80

1000 3 392 79 10 73
1000 3 767 38 9.9 34

The equation for the absorption rate without reaction but no bulk liquid-phase con­

centration is

R =  kLS* (83)

Taking the ratio of the absorption rates and using (4) produces

R
R

h ' =  E (84)

This shows how the enhancement factors calculated in Tables 17, 18, and 19 can be 

used as a coefficient for ki, in the model and that under certain circumstances, E 

could be estimated using equation (4).

Using the enhancement factor in the model yields results that are more representa­

tive of the bench-scale data. Table 20 shows the model results using an enhancement

factor.



63

C H A PT E R  6 

D ISC U SSIO N

Henry’s Law

The Henry’s Law constant for chlorobenzene was found to be approximately 54% of 

the published value. This difference is possibly due to the presence of some biomass 

in the effluent and the dissolved chemical species used in the mineral salts medium 

that supported the biofilm. This result points to the need for laboratory studies, on 

operating VPBRs, to confirm the Henry’s Law constant for the chemical species that 

are to be absorbed.

Tracer

The tracer study was valuable in assessing the efficacy of the Onda correlations. 

Onda correlations for were approximately 2.78 times the observed in VPBRs 

packed with 0.25 inch ceramic Raschig rings and no biofilm present. This discrepancy 

appears to be due to the low liquid flow rates. With biofilm present, the ki  calculated 

with Onda was approximately 2 times the observed ki,

The difference from the observed values and Onda, for both biofilm and no biofilm, 

is most probably due to the fact that the VPBRs are operated at a very low liquid
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flow rate which is well outside the liquid flow range at which Onda was correlated 

(Onda, et al, 1968). Onda correlations were correlated to liquid Reynold’s numbers 

between I and 1000 (Onda, et al, 1968). The Reynold’s number for this study was 

0.05. Since Onda is an empirical correlation, it is quite possible that it has trouble 

extrapolating that far outside its empirical fit.

The difference between the biofilm and no biofilm values is probably due to a num­

ber of factors including wetted packing area, and different surface tension character­

istics. These discrepancies appear to be reduced as the liquid flow rate is increased 

but further study is needed.

Mass Transfer Coefficients

In the calculation of the local mass-transfer coefficients, the gas-liquid interfacial 

surface area predicted by Onda was assumed to be correct for the liquid flow rates 

of 5 and 10^^. Onda predicted aw ~  11 f°r the gas-liquid interfacial surface 

area while the surface area available for biofilm is 710 This indicates plenty of 

channeling, which is quite possible at the extremely low liquid flow rates under which 

the VPBRs were operated. This prediction is supported by laminar flow theory which 

would predict a liquid film thickness of w 100,//m. Using the liquid hold up correlation 

by Buchanan in Perry’s Chemical Engineering Handbook Qth Edition, the liquid layer 

thickness is estimated to be »  2000pm. kL observed would predict a diffusion layer 

of 200-700 pm. Hence the bench-scale coefficients are within reason.
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Model Without Reaction

t

The tracer study provided data on the removal of a VOC in- a gas absorption 

column with a nonreactive, mature biofilm present. This gave a good starting point 

for model evaluation. By using the bench-scale data to calculate a mass transfer 

coefficient, the model without reaction could then be used to predict the bench-scale 

column performance. The model was found to be within i  10% of the bench-scale 

removal rates of the nonreactive tracer. This result gives confidence in the numerical 

scheme and the macroscale model equations.

Model With Reaction

Table 3 shows the removal efficiency, from the gas phase, of the p-xylene degrading 

VPBRs (Vaughn, 1993). In addition, Table 16 supplied some additional bench-scale 

data with toluene degradation for use in evaluating the model.

When the model with reaction was solved using the pure physical mass-transfer 

coefficients, the removal rates were as much as 85% in error with the observed removal 

rates. When an enhancement factor was calculated from the bench-scale reactors and 

used in the model, the results were considerably closer. The model was within ±10% 

of the bench-scale results when there was no indication of electron-acceptor limitation 

in the reactors. Under the conditions, of severe electron-acceptor limitations, the 

model was up to 50% in difference with the data. Here, it should be noted that there
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was little data available under these conditions and more data needs to be collected to 

assess VPBR performance under extreme electron-acceptor limited conditions. Also, 

a gas chromatograph using a FID injecting gas samples was found to be accurate to 

only ±10%. With this in mind, the model was well within expected accuracy.

The fact that there is a liquid-biofilm phase everywhere in the VPBR would indi­

cate that the increased efficiency was due to an increase in effective interfacial surface 

area. However, when the model was run with the dry surface area instead of the 

surface area predicted by Onda and without an enhancement factor, the iesults were 

approximately twice the results found in Table 20 for no enhancement factor. There­

fore, the increased surface area was not sufficient to account for the increased removal-, 

rate of the VPBR.

In a VPBR, mass transfer of the influent electron-donor and electron-acceptor 

occurs at several levels. These are

(1) Macroscale transport of the electron-donor and electron-acceptor into, and 

through, the reactor in the gas phase.

(2) Mass transfer across the gas-liquid interface.

(3) Transfer into and through the biofilm with catalytic reaction present that is 

dependent upon the presence of both electron-donor and electron-acceptor.

Each one of these steps has its own transport characteristics and hydrodynamic prop­

erties that use certain assumptions and parameters that are experimentally deter­

mined.
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Item (I) determines the total amount of the electron-donor 'and electron-acceptor 

that are being applied to the VPBR.

Item (2) presents plenty of weaknesses. This is primarily due to the semi-empirical 

nature of the mass-transfer correlations, as well as the unknown quantities involved 

with calculating an enhancement factor.

Item (3) comes into play when one considers that the electron-acceptor in this study 

is oxygen with a solubility of approximately 7ppm at T =  295°K  and P  =  0.84 atm.  

The electron-donor is either toluene or p-xylene with solubilities of 515 ppm and 

200 ppm,  respectively. As a result, it is easy to apply too much electron-donor to the 

VPBR and effectively shut down the reaction.

One method of determining when the VPBR will be electron-acceptor limited is to 

compare the ratio of Thiele moduli for the two substrates. Based on the solubility of 

oxygen, it is possible to determine a limit for the electron-donor concentration that 

would force electron-acceptor limitation. This method assumes that mass transfer of 

both the electron-donor and the electron-acceptor across the gas-liquid interface is 

of equivalent magnitude, there is no external mass-transfer resistance at the biofilm, 

and zero-order kinetics. The ratio is expressed as

&  =  VdY*/dSt  =  i -  (85)

Using Sa =  Tzẑ , and the parameter values used in the model, it can be shown that the 

maximum electron-donor liquid-phase concentration is approximately Sd =  7.8 —f -. 

This corresponds to a gas phase concentration of approximately 300 ppm using the
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experimental Henry’s Law constant. This is a value that can be used for design 

purposes since none of the bench-scale VPBRs showed signs of oxygen limitation for 

concentrations at or below this value.

Mass transfer and reaction of the electron-acceptor were not measured in this 

study. This is primarily due to the sensitivity of the equipment needed to close a 

mass balance on oxygen in a VPBR.

The low liquid flow rates used in the VPBRs has made it difficult for the Onda 

correlations to be completely reliable in predicting k .̂ In fact, the Onda correlations 

were shown to be high by a factor of 2 for the situation without biofilm, while the 

values predicted by Onda for were approximately 3 times the bench-scale values 

in the case with biofilm and no reaction.

It was assumed that ka and aw were adequately predicted by Onda. When there 

is a lot of reaction present, it is reasonable to speculate that aw, as predicted by 

Onda, may be low. This is because there will be very few places along the biofilm 

surface that will remain saturated with electron-donor for any period of time. Hence, 

even dead zones to the fluid flow will not be in equilibrium and could contribute to 

the mass transfer across the gas-liquid interface. It should be noted, however, that 

the inaccuracies of the pure mass-transfer coefficients did not explain the removal 

rates observed in the bench-scale VPBRs. This has led to the promotion of the

enhancement factor in the VPBR.
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The enhancement factor represents an important value whose prediction from a 

correlation will have to be developed in future studies. However, when the influent 

electron-donor concentrations are under 300ppm, the kinetics of the biofilm approach 

first order. Using equation (26), assume that K s S  and K 0 <C O and an estimate 

for k\ in equation (4) can be made. Let

ki — ^maxPf
YxJsK s

(86)

Under this condition, an estimate may be made for the enhancement factor using 

equation (4) and the information in Tables 5 and 6. Table 21 shows the values for 

fci calculated for the maximum, minimum, and average kinetic parameters. The

Table 21: Estimates of Zc1
Minimum Model Maximum

h h h

8,530 2,730,000 84,000,000

diffusivity of p-xylene at T — 295°/v is 6.89e-5 . Table 22 shows a comparison

of the calculated and observed enhancement factors for the case where the electron- 

donor is p-xylene.

Table 22: Predicted vs. Observed Enhancement Factors
Predicted Predicted . Predicted Mean Observed

Minimum E.F. Model E.F. Maximum E.F. E.F.

7.7 .137 761 109
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Item (3) presents difficulties due to limited knowledge of the biofilm kinetic and 

physical properties. However, solutions of the model using the extreme ranges of 

b i o f i l m  parameters shown in Table 5 showed very little difference in the removal rate 

of the VPBRs. This is because the enhancement factor used was constant and not 

sensitive to the changes in the kinetics. But, the kinetic parameters do influence 

the amount of dissolved electron-donor and electron-acceptor present in the liquid 

effluent. Also, if the model had an enhancement factor function that cotild respond 

to the changes in biofilm reaction rates, then the model would be sensitive to biofilm 

kinetic parameters.

The model results without an enhancement factor are consistent with those re­

ported by Overcamp, et al, 1992, and Ockeloen, et a.l, 1992, for the VOCs used. In 

the studies by Overcamp, et .al, and Ockeloen, et al, the reactor was operated in 

recirculation mode which saturated the liquid phase and shut down any enhancement 

factor. Without an enhancement phenomenon present the only mass-transfer process 

is pure physical mass transfer. The performance under these conditions is an order 

of magnitude smaller than the VPBRs in this study.
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C H A PT E R  7 

CO NCLUSIO NS

A phenomenologically-based mathematical model has been presented that couples 

the microscale substrate removal rate in a biofilm with a macroscale representation 

of a gas absorption column. The removal rate accounts for both the electron-donor 

and electron-acceptor consumption using dual Monod kinetics.

A stable numerical scheme was coded into a computer program to solve the model. 

The results were used to evaluate.the model against bench-scale VPBRs and VPBRs 

using non-reactive tracers:

The non-reactive tracer studies provided for a corrected Onda correlation that 

accounts for the presence of biofilm on the packing and the low liquid flow rates. 

The corrected Onda correlations were found to predict removal rates for non-reactive 

VPBRs. However, they did not account for the removal rates observed in the bench- 

scale VPBRs. To adequately predict the bench-scale results,, an enhancement factor 

was introduced to predict the mass transfer due to the presence of the reactive biofilm 

near the gas-liquid interface.

Under conditions where the reaction rate is first-order with respect to the electron- 

donor, the enhancement factor can be predicted using biofilm kinetic parameters and

corrected mass transfer correlations.
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Recommendations

A comparison has been made between bench-scale VPBRs and a phenomenologically- 

based mathematical model. When adequate knowledge of the pure physical mass- 

transfer coefficients, biofilm parameters, and the enhancement factor for the liquid 

side mass-transfer coefficient is available, the model was found to predict VPBR per- 

formance to within 10% of the bench-scale VPBRs.

When the proper balance of electron-donor and electron-acceptor concentrations 

are maintained, the VPBRs show good removal of VOCs from a gas stream. Since 

the reaction drives the enhancement factor, control of electron-acceptor limitation is 

imperative for proper reactor performance. The model and bench-scale iesults both 

show that under high influent electron-donor concentrations, the reactor performance 

suffers. This situation can be estimated by setting the ratio of Thiele moduli of 

the electron-donor and electron-acceptor equal to one and solving for the maximum 

electron-donor concentration based on saturation of the electron-acceptor concentra­

tion.

In VPBRs, the biofilm acts like a wetting agent and reduces the amount of chan­

nelling. This sponge effect also increases the thickness of the liquid-biofilm phase. 

When the biofilm is not substrate limited by the electron acceptor, the reaction rate 

approaches first-order in electron-donor. Under these conditions, an enhancement fac­

tor can be calculated to account for the increased removal efficiency of the bench-scale

VPBRs.
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In the implementation of a VPBR, it appears that a low liquid flow rate will 

keep the biofilm close to the gas-liquid interface and the enhancement factor will be 

maximized. Operation modes such as recirculation should be avoided since problems 

such as changes in pH could reduce the reaction rate of the biofilm, reducing the 

efficiency of the reactor. If liquid effluent is a problem, it might be best to treat any 

liquid effluent separately in a CSTR. Series operation of several VPBRs should be 

sufficient to meet a large portion of effluent emission standards. A final polishing of 

any remaining gas phase VOCs could be accomplished with traditional technologies. 

VPBRs will plug if given optimum operating conditions. Hence, it is imperative in 

the design phase to allow for fluidization of the column for periodic removal of excess 

biomass.

Other numerical schemes will have to be investigated to determine if a more effi­

cient. solution method can be obtained. Collocation and Galerkin schemes would be 

an obvious first choice. The solution can then be compared with the results from the 

RKF implementation to determine their accuracy in resolving some of the steep con­

centration profiles which are encountered in the influent liquid-phase concentrations.
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N O M E N C L A T U R E
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I
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aj =  Effective surface area of biofilm [=] 

at — Total specific surface area [=] v^{^e 

aw =  Wetted specific surface area [=] 

dp =  Average size of packing [=] length 

g =  Gravitational Constant [=] -̂ tJf 

k\ =  First-order reaction-rate constant 

ka — Gas-side mass-transfer coefficient with reaction 

&L =  Liquid-side mass-transfer coefficient without reaction 

=  Liquid-side mass-transfer coefficient with reaction .

Vg =  Gas velocity [=] ^  .

vi =. Liquid velocity [=] ^

z — j j  =  Dimensionless (macroscale)

V a =  Electron-acceptor diffusivity in biofilm [=] ^

Vd =  Electron-donor diffusivity in biofilm [=]

V q =  Gas diffusion coefficient [=]

V l =  Liquid diffusion coefficient [=] ■

V s  — Diffusivity of the gas in the liquid [=]

E  =  Enhancement Factor (dimensionless)

F vl =  lĵ g t =  Liquid-phase Froude number (dimensionless)

Gm  =  Gas mass flux [=]

H  — Height of column packing [=] m

K qo, =  Overall gas-phase mass-transfer coefficient fqr electron acceptor [=] 

Kcd =  Overall gas-phase mass-transfer coefficient for electron donor [=] ^  

K Ha -  Henry’s Law coefficient for electron acceptor [=]
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K Hd =  Henry’s Law coefficient for electron donor [=], rZhVrZu^vid 

K t a == Overall electron-acceptor mass-transfer coefficient [=] ^

Ku,  =  Overall electron-donor mass-transfer coefficient [=] ■ <■

K 0 =  Electron-acceptor half-saturation coefficient [=] ^

K s =  Electron-donor half-saturation coefficient [=]

Ksa =  5 ^  =  Dimensionless

7<"sd =  =  Dimensionless

L j -  Biofilm thickness [=] m

Lm  =. Liquid mass flux [=] a ™sJ -

M W a =  Molecular weight of electron acceptor [=]

M W d  =  Molecular weight of electron donor [=]

O =  Electron-acceptor concentration [=] ^

R  =  Average rate of transfer of gas per unit area 

R  .=  Average rate of transfer of gas per unit area with reaction 

R cl =  =  Liquid-phase Reynolds number (dimensionless)

S  =  electron-donor concentration [=] M-

S 0 =  Average concentration of the dissolved gas in the bulk of the liquid

S* =  Concentration of dissolved gas corresponding to the partial pressure of 
the gas at the interface between the gas and liquid

W e t  =  p ^ a t  =  Liquid-phase Weber number (dimensionless)

X a

xa

X d

X d

Ya

o
O b u l k

XgKrrn 
Va o  r

S  ■ .
S b u l k

xjKrrd
Vdo

y a _  _
Va o

=  Dimensionless (microscale)

=  Dimensionless (macroscale) 

=  Dimensionless (microscale)

=  Dimensionless (macroscale) 

Dimensionless (macroscale)
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Yd — -̂ sl =  Dimensionless (macroscale)

Yda — Influent gas-phase electron-acceptor concentration [=] Mafgas 

Yd0 =  Influent gas-phase electron-donor concentration [=]

Yx/a =  Yield of cells/electron acceptor [=]

Yx/d =  Yield of cells/electron donor [=] 

aia =  

ago =

«3a =

Oi\d —

KnnUwH
V g

KjjnUwH
V 1

K H g a f K V l rDg
ViYaoM W a

KnnawH
V g

Oi2d

OlM

K  T.nawH  
vi

K H d a f K V j V d
ViYdoMWi

8 =  Film thickness =  m

8 = -S- =  Dimensionless 
l j

C =  spatial dimension in biofilm [=] m

HG =  Viscosity of gas [=]

fiL =  Viscosity of liquid [=] J * - -

/xmaa; — maximum specific cell growth rate [=] ^

Pf =  Biofilm density [=] 

pG =  Density of gas [=]

P L  =  Density of liquid [=]

crc =  Surface tension of packing material [=] l ° ^ h 

(Tl =  Surface tension of liquid [=]

Vg =  gas molar volume [=] ^

Vi =  liquid molar volume)=]
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A P P E N D I C E S
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A P P E N D IX  A

M ICROSCALE SO LUTIO N M ETH O D

The following development is an extension of the methods developed by Na and 

Na (1970) and Fink (1973) for solving nonlinear diffusion equations with catalysis. 

This method does not directly solve for a particular concentration, but is suited for

The main difference in this work from that of Na and Fink is the application of dual 

Monod kinetics. A formulation for dual substrate kinetics using Haldane or substrate . 

inhibition kinetics for the electron-don or and Monod kinetics for the electron-acceptor 

will also be developed.

Using dimensionless equations (26) through (31), introduce the variables K — 

K.i- and K a =  T^a-  to get the formulation given next.
S u i . i u  5 O h u l k  °

solving a range of concentrations within a. reasonable amount of time and accuracy.

(87)

( 88)

With boundary conditions,

(89)
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Where,
I—

I

$Ii-H

■

IIi-H (90)

OIl

A

(91)

(I) =  V . ( l - X 0(l)) (92)

/2 I ^ m a x P f L f
(93)

±2 P m a x P f  L j
(94)

(95)

*  =  t "
(96)

To solve this system it is necessary to introduce two transformation parameters 

Aa and A a which will transform this boundary-value problem into an initial-value 

problem.

Let Xd =  AdX^ and X a — A0A'* and set XJ(O) — I and XJ(O) =  I, so that

Ad =  X^(O) and A0 =  X o(0). This transforms equations (87) through (92) into the
'

following form.

< # 2  ^  4- X j j  +  X j
(97)
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<Px; „ (  x; \  K -x; \
dp V 2 Iv j{d* +  XS J V K a* +  X * )

(98)

With boundary conditions,

A'J(O) =  1 (99)

d> >  =  0
(100)

/7 Y*
Ai i s {l) ~ *  (I -  /W Q (I ) )

(101)

x ; ( o )  =  i (102)

OIlO
 

* ti
3

 
- (103)

A.d*‘ m -  V-. ( i  -  a „x : ( i )) (104)

Where K d* =  ^  and K a* =

To solve, pick a range of values for K d* and K a* and solve equations (97) and (98) 

with initial conditions (99), (100), (102), and (103). To solve this numerically, let

' * 5 '

dXl
d5
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Then equations (97) arid (98) may be written as a system of first-order differential

equations.

32

K d*x-\ 
Kd*+Xi ) (

XZ
K a*+x3

X4

K dtXi 
K dt+xi ) ( )

With initial conditions,

/ ■ 0  ■ \ ■ 0  ■

0 I

X
0 0

X .  0  . / .  I .

Once the solution is computed, if is possible to determine Ad and Aa.

(106)

(107)

Ad =
I

W + £ t ? ( i )
(108)

Aa
X:

(109)

Now the original solution to the problem may be obtained with Xd =  AdX^ and

x .  =

By applying a range of parameters, the concentration and gradient profiles can be 

obtained for the entire range of possible electron-donor and electron-acceptor concen­

trations. This information is then used in the macroscale equations.

The case where inhibition kinetics are used for the electron-donor is similar to the 

above development. The difference is in the formulation with the inhibition constant

K i .
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The dimensionless microscale equations are written as,

V d-
(#2

* (#2

V m P f Xd
\

(  X 0III

^Ksd +  Xd + i n
V K sa +  X 0

P m P f ^ Xd /  X .
Il

P Iv K sd +  Xd + fe y
X K sa +  X 0,

(n o )

( i n )

With boundary conditions (28) through (31).

Introducing the variables K d =  K a — ob°,k ’ ane  ̂ ^ id

following formulation.

^  yields' the

df2

d2X a _  2 ( ________________
^ 2  -  ^  +  Xd +  ^

Where the boundary conditions are listed in equations (89) through (92). 

Using the transformation variables Ad and A a yields,

( 112)

(113)

(114)

x ; x a'* x :
, x ^  +  x ;  +  # x f y  +

, (HS)

With initial conditions (99), (100), (102), and (103). The rest of the solution

method follows as before.
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A P P E N D IX  B

EX ISTEN C E A N D  U N IQ U E N E SS

The theory of existence and uniqueness for systems of l st-order ordinary differential 

equations is well established (Sanchez, 1968). This theory will be applied to the model 

equations over their physical domains to demonstrate existence and uniqueness of 

solutions. Existence and uniqueness of solutions must be demonstrated, if possible, 

to ensure that the numerical solution of the differential equations is possible.

The theorem states that given the equation

4(Z) = " (116)

that is defined in some domain B  C 3Rn+1 and that /  and §£:,i = are

defined and continuous in B.  Then for every point (x0, t 0) € B y there exists a unique 

solution f  =  <f(t) of (116) satisfying ${t0) =  x0 and defined in some neighborhood 

of ((T0, t0) .

The domain B  for the dimensionless microscale model equations is

B  =  {(%!,.. . ,Zg) : 0 < X i <  I, Z =  I , . .. , 5} (117) •

where S5 =  8 in equation (106). The right hand side of equation (106) may be
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written as

/ (£ )

^ r n P f  f  X l  \  (  X l  A

y X I a - p Ci X A",d+^1 /  V /V50+X3 /
Xl

P m P l  Z Xi X Z Xi X
yx/aPa \K,d+Xl )  X  A ' , a + X 3 /

%3

(118)

to match the notation in the existence-uniqueness theorem, / (x )  is defined on J3 

since the denominator in the dual Monod kinetic expression is never zero over B. 

Furthermore, / (x )  is continuous on B  since

Iim /(x )  =  / ( X r0 ) V x"*0 G B.
X - C X -C

(119)

It now remains to be shown that is defined and continuous on B for i =  I , . . . ,  4. 

The necessary partial derivatives are shown next.

d
dxi (/(Z)) =

dx.'1

(/(Z)) =

P  /  / K . p )(■ X.3
Y x l a p P  \ { K s P + X i Y

I

A jo+ xs

P m  P  j K . p )( X3
y X  I a p  a (A id + ^ l  V  

0
A ,  a +X 3

0 ■
(/(Z)) = 0

0
.  0 .

P m P  j '  X ( K , a

y X l a p P V A’sd+X] J  X(A" 
0

S 0 +3^3 )2

P m  P  J ( K , a

y X f a p a X/ v , d+ x i  y X (a  
I

aa+Xs)^

■ 0  *

-(/(Z)) =

O
 O

.  0

( 120)

( 121)

( 122)

(123)
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A similar approach is available for the macroscale equations. The domain for the 

dimensionless form of the macroscale equations is

B  =  { ( x i , . . .  , .t 5 ) : 0 <  T 1- < I, z =  ! , . . . , 5 }  (124)

where X5  =  z in equation (56). By using the approximation to the biofilm flux 

found in equation (78), the right hand side of (58) can be written as

where

V =

O a d i o t a *10810 'Y<d 2 +  61oSio A'« + c]

Qf3a ( ( 7 /n ] Q[a(log10 A'a)2 + H og10 Ara +  c]

(125)

BI =  { ( x i , ..  . , x 5) : 0 < Xi <  I, z =  I , . . .  ,5} 

The right hand side of (56) may now be written as

Q-IrZ (AW — Yd)

/ ( z )

(126)

(127)
+  oadiot"^810^ ) '  + ^0810^  + '=]

Q l a  (A a — yza)

* 2 .  (AW -  % ,) +  l o H '° 810 + 61oSio %. +  c]

/ ( x )  and are defined and continuous on BI and hence there exists a unique

solution to (56) using the approximation in (127).



87

A P P E N D IX  C

C O M PU T E R  CODE

The ordinary differential equation solver used is a slightly modified version of the 
solver written for MATLAB.

f u n c t i o n  [ t o u t , y o u t ]  = ode45bo(FunFc n , t 0 , t f i n a l , yO, a l p h a l , 
a l p h a l o , a l p h a s , a l p h a S o , a l p h a s , a l p h a S o , YO,YOo, 
KH,KHo,H,MW,MWo,betal, L f , t o l , t r a c e )

% The F e h l b e r g  c o e f f i c i e n t s :  
a l p h a  = [ 1 / 4  3 / 8  12/13 I 1 / 2 ] ' ;
b e t a  = [ [ I  0 0 0 0 0] / 4

[ 3 9 0 0 0 0] / 3 2
[ 1932 -7200 7296 0 0 0] /2 197

. [ 8341 -32832 29440 -845 0 0 ] /4 1 0 4
[-6080 41040 -28352 9295 -5643 0 ] /2 0 5 2 0  ] ' ;

gamma = [ [902880 0 3953664 3855735 -1371249 277020]/7618050
[ -2090  0 22528 21970 -15048 -27360] /752400

pow = 1 / 5 ;
i f  n a r g i n  < 6 ,  t r a c e  = 0; end 
i f  n a r g i n  < 5 ,  t o l  = l . e - 6 ;  end

% I n i t i a l i z a t i o n  
t  = t O ;
hmax = ( t f i n a l  -  t ) / 5 ;
hmin = ( t f i n a l  -  t ) / l e l 0 0 ;
h  = ( t f i n a l  -  t ) / 1 0 0 ;
y = y 0 ( : ) ;
f  = y * z e r o s ( l , 6 ) ;
t o u t  = t ;
y o u t  = y . ' ;
t a u  = t o l  * max(norm( y , ' i n f  O ; I ) ;

i f  t r a c e
c l c ,  t ,  h ,  y

end
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% The main loop
w h i l e  ( t  < t f i n a l )  & (h >= hmin)

i f  t  + h > t f i n a l ,  h = t f i n a l .  -  t ; end

% Compute t h e  s l o p e s
f ( : , I ) = f e v a l (FunFcn, t , y , a l p h a l , a l p h a l o , a l p h a 2 , 

a l p h a 2  o , a l p h a S , a l p h a S o , YO,YOo,KH,KHo,H, 
MW,MWo,betal ,Lf); 

f o r  j  = 1 :5
f ( : , j + 1 )  = f e v a l (FunFon,  t + a l p h a ( j ) * h ,  y + h * f * b e t a ( : , j ) , 

a l p h a l , a l p h a l o , a l p h a 2 , a l p h a 2 o , a l p h a S , a l p h a S o , . . .
YO,YOo,KH,KHo,H ,MW,MWo, b e t a l , L f ) ;

end

% E s t i m a t e  t h e  e r r o r  and t h e  a c c e p t a b l e  e r r o r  
d e l t a  = norm(h*f*gamma(: , 2 ) , ’ i n f ' ) ;  
t a u  = t o l * m a x ( n o r m ( y , ’ i n f ’ ) , I . 0 ) ;

% Update  t h e  s o l u t i o n  on ly  i f  t h e  e r r o r  i s  a c c e p t a b l e  
i f  d e l t a  <= t a u  

t  = t  + h ;
y = y + h*f*gamma(: , I ) ; 
t o u t  = [ t o u t ;  t ] ; 
y o u t  = [ y o u t ; y . ’] ;

end
i f  t r a c e

home, t ,  h ,  y 
e n d '

% Update  t h e  s t e p  s i z e  
i f  d e l t a  "= 0 . 0

h = min(hmax, 0 . 8*h* ( t a u / d e l t a )  pow); 
end 

end;

i f  ( t  < t f i n a l )
d i s p ( ’ SINGULARITY LIKELY.’ ) 
t

end
The microscale code employs the transformation methods in appendix A. A sample 

of this code is given next.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%
%
%
%

f l u x a v e . m  d i a t .  e a r t h  p e l l e t s  
ca rb o n /o x y g e n  b a l a n c e

I
%
%
%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Onda c o r r e l a t i o n  i s  i n c l u d e d

%
%

% %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%
% S e t  up p a r a m e t e r s  %
% °Z
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c l e a r ;

'/.VOLg = i n p u t  ( '  i n p u t  VOLg ' ) ;  
VOLg = 4000;

% d ry  s u r f a c e  a r e a / v o l  (nT2/irr3)
% i n c r e a s e  due t o  b i o f i l m  

% H e n r y ' s  law c o n s t a n t  x y l  (mol /mol)
% H e n r y ' s  law oxygen (mol f r a c / m o l  f r a c )
•/, column h e i g h t  (m e te r s )

% g a s  cone ,  a t  bo t tom  of  to w er  (mol f r a c . )  
YO (0 .000###)  ' ) ;

% l i q u i d  cone ,  a t  t o p  (mol f r a c )
% I i q . 02 cone ,  a t  t o p  (mol f r a c )

g a s  = VOLg; 
a  = 6 4 1 . 3 ;  
y.a = ( I .  l ) * a ;
KH = 200;
KHo = 52142 .86 ;
H = 0 . 6 ;
YO = 0 .0 0 0 1 5 ;
'/.YO = i n p u t  ( ’ i n p u t  
YOo = 0 .209500 ;
Xl = 0;
Xlo = 0;

VOLl = 5;
'/oVOLl = i n p u t  ( '  i n p u t  VOLl

l i q u i d  = VOLl;
VOLg = V0Lg*24*60/1000000; 
VOLl = V0L1*24*60/1000000; 
r  = 1 .2 5 ;
A = p i * r ~ 2 ;

Vg = V0Lg*10000/(A*2.54~2);

' ) ;

% OiT37day)
% (m-3/day)
% r a d i u s  ( i n c h e s )
% a r e a  ( i n c h e s "2)

% g a s . v e l o c i t y  (m/day)
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Vl = VOLl*1 0 0 0 0 / (A*2. 5 4 ~ 2 ) ; % l i q u i d  v e l o c i t y  (m/day)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% ]Z
% • c a l c u l a t e  K la  & Kga f o r  c a rb o n  s o u r c e  w i th  Onda %
'!% %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Vgs = V g /86400 ; 
V ls  = V l /86400 ;

i n v o l l = ! . 8 0 5 3 e - 5 ; 
m volg=2 . 91e-2 ;

% Vg (m/sec)
% V l ' (m/sec)

% m ola r  v o l . l i q u i d  
% m ola r  v o l .  gas

rh o g  = I .185;  
r h o l  = 9 9 7 .0 8 ;  
mug = I . 8 3 e - 5 ; 
mul = 0 . 8937e-3 ;  
g =  9 . 8 1 ;  
dp = 0 .0 0 6 3 5 ;
Gm = rhog*Vgs;
Lm = r h o l * V l s ; 
q = ( - 0 . 7 4 ) / ( d p - 0 . 7 ) ;  
s igma = 0 .0 7 2 ;  
s igmac = 0 .0 2 8 1 ;
Re = L m /(a * m u l ) ;
F r  = L m ~ 2 * a / ( r h o l - 2 * g ) ;
We = Lm”2 / ( r h o l * s i g m a * a ) ;

% gas  d e n s i t y  25C (kg/m~3)
% l i q u i d  d e n s i t y  25C (kg/nT3)
% gas  v i s c o s i t y  (k g /m -se c )
% l i q u i d  v i s c o s i t y  (k g /m -se c )
% g r a v . a c c .  (m / s “2)
% diam. of  p a c k i n g  (m)
% gas  mass l o a d i n g  r a t e  ( k g /n T 2 -s )
% l i q u i d  mass l o a d i n g  r a t e  (kg/m~2-s)

% s u r f a c e  t e n s i o n  (k g / s ~ 2 )
% c r i t .  s u r . t e n .  ( k g / s ~ 2 )
% Reynolds  number 
% Froude  number 
% Weber number

temp = 1 .45*  ( s i g m a c / sigma) "1O .75*Re~ ( 0 . 1) *We~ (0 .2 )  / F r  ( 0 . 0 5 ) ;

aw = ( 1 - e x p ( - t e m p ) ) *a; "/,wet a r e a / v o l

Dl = 6 . 8 9 e - 5 ;
Dg = 0 .7 2 5 7 6 ;  
D ls  = D l / 8 6 4 0 0 ; 
Dgs = Dg/86400;

% d i f f . o f  x y l . i n  l i q . ( n T 2 / d a y )
% d i f f . o f  t o l .  i n  gas (m~2/day)
% d i f f  of  x y l .  i n  l i q  (m~2/sec)
% d i f f  of  t p l .  i n  g a s  (m-' 2 / s e c )

Kltemp = 0.0051*(Lm/(aw*mul))~( 2 / 3 ) / ( ( m u l / ( r h o l * D l s ) )  0 . 5 ) ;
Kl = K l tem p*( a * d p ) ~ 0 . 4 / ( r h o l / (mul*g)) ~ ( 1 / 3 ) ;

Kgtemp = 2*(Gm/(a*mug))-(0 .7)*(mug/(rhog*Dgs))-(l/3);
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Kg = K gtem p / (a*dp)~2*a*Dgs;

Kl = Kl*86400; % m/day
Kg = Kg*86400; % m/day

X co e f l  = i n p u t ( ’ i n p u t  c o e f l  f o r  KGB ’ ) ;  
Xcoef2 = i n p u t ( ' i n p u t  c o e f 2 f o r  KLB

c o e f l  = I ;  
c o e f 2 = 1 ;

K GB=(l/Kg+(l /K l)*(KH*m voll /mvolg ) ) ' ' ( - ! )  ; 
KLB=KGB*KH*mvoll/mvolg;

KGB = c o e f 1*KGB;
KLB = c o e f  2*KLB;.

a l p h a l  = (KGB*aw*H)/Vg; 
a l p h a 2  = (KLB*aw*H)/Vl;

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
X X
X biofilm parameters carbon source X
X X
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
K lf  = I . 0 9 * L m * (m u l / ( rh o l* D ls ) ) ~( - 2 / 3 ) * (dp*Lm/mul)~( -2 /3 )* 8 6 4 0 0 ;  
XKlf 
r h o f

K l ;
1 0 0 ; 

mumax = 1 4 .4 ;
De = (0 .8 )*D 1 ;
XLf = i n p u t ( ' i n p u t  Lf 
Lf = 0 .0 0 1 ;

X biofilm density (kg/nTS)
X maximum growth rate (I/day) 

X diffusivity in biofilm 
X film thickness (m)'

V lf  == VI;
VOLlf = VOLl; 
a f  == ( l ) * a ;
Xaf = a;
MW = 106;
Xks = i n p u t ( ' i n p u t  Ks 
Ks = 0 .0 0 3 ;
Xki == i n p u t  ( ' i n p u t  Ki 
k i  = I e l O ;

X Vl i n  b i o f i l m  
X VOLl i n  b i o f i l m  

X e f f . s u r f a c e  a r e a  of  b i o f i l m

X m o l e c u l a r  w e igh t  
'); X Monod c o n s t a n t

O ;

Y = 0 . 4 4 ; X yield (kg bio/kg sub)
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p h i  = (mumax*rhof *L f ' '2 /  (Ks*De*Y) ) "O . 5; 
p s i  = K l f *Lf /De;
Ksp = .Ks*1000*mvoll/MW; 
kappa  = Ksp*KH/YO;
Ki = ki*(1000*mvoll/MW)~2*KH/Y0;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% %
% c a l c u l a t e  Klao & Kgao f o r  oxygen w i t h  Onda %
% • %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Vgs = V g /86400 ; % Vg (m/sec)
V ls  = V l /8 6 4 0 0 ; % Vl (m/sec)

m v o l l = l . 8 0 5 3 e - 5 ; % m ola r  v o l .  l i q u i d
mvolg=2 . 9 1 e - 2 ; % m ola r  v o l . gas

rh o g  = I .185; % gas  d e n s i t y  25C (kg/m~3)
r h o l  = 9 9 7 .0 8 ; % l i q u i d  d e n s i t y  25C (kg/nT3)
mug = I . 8 3 e - 5 ; % gas  v i s c o s i t y  (k g /m -se c )
mul = 0 . 8 9 3 7 e - 3 ; % l i q u i d  v i s c o s i t y  (k g /m -sec )

g = 9 . 8 1 ; •/. g r a v . a c c .  (m/s"2)
dp = 0 .0 0 6 3 5 ; % diam. of  p a c k i n g  (m)
Gm = rh o g * V g s ; % gas  mass l o a d i n g  r a t e  ( k g /n T 2 -s )

Lm = r h o l * V l s ; .% l i q u i d  mass l o a d i n g  r a t e  ( k g / m '2 - s )

q = ( - 0 . 7 4 ) / (dp“b . 7 ) ;
s igma = 0 .0 7 2 ; % s u r f a c e  t e n s i o n  ( k g / s " 2 )

s igmac = 0 .0 2 8 1 ; % c r i t . s u r . t e n . ( k g / s~2)
Re = L m /(a * m u l ) ; % Reynolds  number
F r  = L r t r2 * a / ( rh o l~ 2 * g )  ; % Froude  number
We = Lm',2 / ( r h o l * s i g m a * a )  ; % Weber number

temp = I . 4 5 * ( s i g m a c / s ig m a )"O .75*Re~( 0 . l)*We"( 0 . 2 ) / F r " ( 0 . 0 5 ) ;

aw = ( 1 - e x p ( ^ t e m p ) ) * a ; %wet a r e a / v o l

Dlo = 1 . 7 2 8 e - 4 ; I  d i f f . o f  02 i n  l i q .  (m' '2/day)

Dgo = 1 .77984 ; ' I  d i f f . o f  02 i n  gas (m ^2 /day)

Dlos  = D lo /86400 ; % d i f f  of  02 i n  l i q  (m~2/sec)

Dgos = Dgo/86400; % d i f f  of  02 i n  g a s  (mT2/sec)
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Kltemp = O. 0 0 5 1 * (Lm/(aw*mul)) " ( 2 / 3 ) / ( ( m u l / ( r h o l * D l o s ) ) " 0 . 5 ) ; 
Klo = K l t e m p * ( a * d p ) ' ' 0 . 4 / ( r h o l / (mul*g))  " ( 1 /3 )  ;

K g tem p=  2 * (Gm/(a*mug)) " ( 0 . 7 ) * (mug/( rhog*Dgos) ) " ( 1 / 3 ) ;  .
Kgo = Kgte m p / (a*dp)~2*a*Dgos;

Klo = Klo*86400; I  m/day
Kgo = Kgo*86400; % m/day

%coef3 = i n p u t ( 1 i n p u t  c o e f 3 f o r  KGBo ’ ) ;
%coef4 = i n p u t ( ’ i n p u t  c o e f 4  f o r  KLBo O ;

c o e f 3 = I ;  
c o e f 4 = I ;

KGBo=(1 /K g o + (1 /K lo )* (KHo*mv611/mvolg)) ~ ( - 1 ) ; 
KLBo=KGBo*KHo*mvoll/mvolg;

KGBo = c o e f 3*KGBo;
KLBo = coef4*KLBo;

a l p h a l o  = (KGBo*aw*H) /  Vg; 
a lp h a 2 o  = (KLBo*aw*H) 7  VI;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
I  y
% b i o f i l m  p a r a m e t e r s  oxygen /•
% 1
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
K lfo  = I . 09*Lm*( m u l / ( r h o l * D l o s ) ) " ( - 2 /3 ) * (dp*Lm/mul)“ ( -2 /3 )* 8 6 4 0 0 ;
'/.Klfo = Klo;-

■ % b i o f i l m  d e n s i t y  (kg/m~3)
% maximum growth  r a t e  ( l / d a y )

% d i f f u s i v i t y  i n  b i o f i l m  
) ;  % f i l m  t h i c k n e s s  (m)

r h o f  = 100; 
mumax = 1 4 .4 ;
Deo = ( 0 .8 ) * D lo ;
%Lf = i n p u t ( ' i n p u t  Lf 
Lf = 0 .0 0 1 ;
V l f  = VI;
VOLlf = VOLl; 
a f  = a;
MWo = 3 2 ;

% Vl i n  b i o f i l m  
% VOLl i n  b i o f i l m  
% e f f . s u r f a c e  a r e a  o f  b i o f i l m  
% m o l e c u l a r  w eigh t

'/.Kso = i n p u t  ( ' i n p u t  Kso ' ) ;  % Monod c o n s t a n t
Kso = l e - 6 ;
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'/.Kso = 0 .0 0 0 1 ;
Yo = 0 .1 4 5 7 5 ;  % y i e l d  (kg b i o / k g  o)
p h io  = (mumax*rhof *L f '‘2 / (Kso*Deo*Yo)) " 0 . 5 ;  
p s i o  = K lfo*Lf /D eo ;
Kspo = Kso*1000*mvoll/MWo; 
kappao = Kspo*KHo/Y0o;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% ;/•
% c a l c u l a t e  e f f e c t i v e n e s s  f a c t o r  %
% %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

c l = c l o c k ;

Ki = k i j  
k ap p a  = K s ;

p h i 2 = p h i " 2 ;
i= 0 ;
c l  = z e r o s ( 3 , 3 ) ;  
d e l  = c l ;  
r l  = c l ;

p h i 2 o = p h io ' ‘2 ; 
d o  = z e r o s ( 3 , 3 )  ; 
d c l o  = d o ;  
r l o  = d o ;
% k l  = 5 e 2 ;
% k l = i n p u t ( ' i n p u t  k l  ( le4=>So=2 . 5e-6)  ' )  ;

k l l  = 5e4;  
k ! 2  = l e l * k l l ;

% k l 2  = k l l ;  
d h l  = k l l ;
1 =  0 ;

f o r  11=1 :1 ;
f o r  k l  = k l l : d h l : k l 2 - d h l ;

1 = 1 + 1 ; 

k o l  = IeG ;
% ko = 5e3;

ko2 = l e l * k o l ;
% ko2 = k o l ;
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dho = k o I ;
j  = 0; 

f o r  j 1 = 1 : I ;
f o r  ko = k o I : d h o :k o 2 - d h o ;

% geom etry  f a c t o r  
% l e f t  boundary  p o s i t i o n  
% r i g h t  boundary  p o s i t i o n  
% i n i t i a l  c o n d i t i o n s  a t  l e f t  boundary  
% conve rge nce  t o l e r a n c e  
% w atch  d a t a

x0= [0 I 0 I ] ' ;
t o l = l e - 8 ;
t r = 0 ;

[ t , x ] = o d e 4 5 2 d ( , t h i e l e 2 d ) , t 0 , t f , x 0 , k l , k o , p h i 2 , p h i 2 o , k a p p a , . . .  
k a p p a o , K i , p , t o l , t r ) ;

d c = x ( l e n g t h ( x ) , 1 ) ;  % d e r .  boundary  v a l u e  a t  t f

A l = l / ( c + d c / p s i ) ; 
c= c * A l ; 
dc=dc*Al;
K=kl*Al;
K l ( j , 1 ) = K ;  
a l ( j , l ) = A l ;

c l ( I : I : l e n g t h ( x ) , i )  = A l * x ( : ,2 ) ; 
d e l ( I : I : l e n g t h ( x ) , i )  = A l * x ( : , 1 ) ; 
r l ( l : I : l e n g t h ( t ) , i )  = t ;

c o = x ( l e n g t h ( x ) , 4 ) ; ' % boundary  v a l u e  a t  t f
d c o = x ( l e n g t h ( x ) , 3 ) ;  % d e r .  boundary  v a l u e  a t  t f

A l o = I / ( c o + d c o / p s i o ) ; 
co=co*A lo ; 
dco=dco*A lo ;
Ko=ko*Alo; ■
K l o ( j , l ) = K o ;  
a l o ( j , l ) = A l o ;

c l o ( l : I : l e n g t h ( x ) , i )  = A l o * x ( : , 4 ) ;

c = x ( l e n g t h ( x ) , 2 ) ; % boundary  v a l u e  a t  t f
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d c l o ( l : I : l e n g t h ( x ) , i ) ' = A l o * x ( : , 3 ) ; 
r l o ( l : I : l e n g t h ( t ) , i )  = t ;

D c ( j ,1 )  = dc;
Dco( j ,1 )  = dco;
C ( j ,1 )  = c;
C o ( j ,1 )  = co;
C s ( j ,1 )  = c l ( l , i ) ;
C s o ( j ,1 )  = c l o ( l , i ) ;

% p h i  sub f
p h i f ( j , l ) = ( ( p h i 2 * K ) / ( 1+K+kappa/(K*Ki))* ( I / (K o+l) ) ) "O.5;
0Z e t a  sub O
e t a o C j , I ) = d c . * ( (K o + l )* (p + 2 )* (1 + K + k ap p a / (K * K i) ) / (p h i2 * K )) ;

p h i f o ( j , I ) = ( (phi2o*Ko)/ ( 1+K+kappa/(K*Ki)) * ( I / ( K o + l ) ) ) " 0 .5 ;  
e t a o o ( j , l ) = d c o . * ( ( K o + l ) * ( p + 2 ) * (1+K+kappa/(K*Ki)) / (phi2o*Ko)) ;

%ko = ( 2 ) * k o ; 

end;
k o l  = l e l * k o l ; 
ko2 = l e l * k o 2 ;  
dho = l e l * d h o ; 
end;

So = ( ( l / K s ) * K l ) . " ( - l ) ;
Soo = ( ( l / K s o ) * K l o ) . " ( - 1 ) ;
Xkl = ( 2 ) * k l ;
end;
s a v e  f l u x a v e ; 
k l l  = l e l * k l l ;  
k l 2  = l e l * k l 2 ;  
d h l  = l e l * d h l ;  
e n d ;
eel = etime(clock,cl);
s a v e  f l u x a v e ;
end;
q u i t ;
end;
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f u n c t i o n  x d o t = t h i e l e 2 d ( t , x , k l , k o , b l , b o , k a p p a , K i , p ) ;
x d o t ( l ) = b l * k l * ( x ( 2 ) / ( x ( 2 ) + k l + ( x ( 2 ) ' 12 ) * k a p p a / ( k l * K i ) ) ) * x ( 4 ) / ( x ( 4 ) + k o )  ; 
x d o t ( 2 ) = x ( l ) ;
x d o t ( 3 ) = b o * k o * ( x ( 2 ) / ( x ( 2 ) + k l + ( x ( 2 ) " 2 ) * k a p p a / ( k l * K i ) ) ) * x ( 4 ) / ( x ( 4 ) + k o ) ;
x d o t ( 4 ) = x ( 3 ) ;

Once the  microscale code is completed,  the program curvfit .m provides the coefficients 
for the  flux in the macroscale code.

' / ,plot  c u r v e  f i t  f o r  no i n h i b i t i o n

x = [ - 7 . 5 : 0 . 1 : - 3 ] ;
v = p o l y f  i t ( l o g lO ( S o o ) . , l o g lO ( D c )  ,2)  ; 
y = p o l y v a l ( v , x ) ;
p l o t ( l o g l O ( S o o ( 2 : 9 , 9 ) ) , I o g lO (Be( 2 : 9 , 9 ) ) , J+ ' , x , y ) , . . .  

x l a b e l ( ' a ' ) , . . .  
y l a b e l ( ' b ' )

The  macroscale code prompts  for an estimated enhancement factor tha t  must  be 
determined and supplied by the user.

end

end;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
%
%
%

a 2 k l . m
c a rb o n /o x y g e n  b a l a n c e

d i a t .  e a r t h  p e l l e t s
%
%
%
%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% . Onda c o r r e l a t i o n  i s  i n c l u d e d
%

%
%
%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% S e t  up p a r a m e t e r s
%

%
%
%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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clear;

VOLg = i n p u t ( ' i n p u t  VOLg ; ) ;  
XVOLg = 400;

g a s  = VOLg; 
a  = 6 4 1 . 3 ;
‘/.a = ( I . l ) * a ;
KH = 200;
KHo = 52142 .86 ;
H = 0 . 6 ;
XYO = 0 .0 0 1 5 ;
YO = i n p u t ( ’ i n p u t  
YOo = 0 .209500 ;
Xl = 0;
Xlo = 0;

% d ry  s u r f a c e  a r e a / v o l  (m~2/m''3)
% i n c r e a s e  due t o  b i o f i l m  

,% H e n r y ' s  law c o n s t a n t  x y l  (mol/mol)
X H e n r y ' s  law oxygen (mol f r a c / m o l  f r a c )  
X column h e i g h t  ( m e t e r s )
X gas cone, at bottom of tower (mol frac.) 

YO (0 .000###)  ' ) ;

% liquid cone, at top (mol frac)
% I i q . 02 cone ,  a t  t o p  (mol f r a c )

XVOLl = 5 ;
VOLl = i n p u t ( ' i n p u t  VOLl ' ) ;

l i q u i d  = VOLl;
VOLg = VOLg*24*60/1000000; 
VOLl = V0L1*24*60/1000000; 
r  = 1 .2 5 ;
A = p i * r “2;

Vg = V0Lg*10000/(A*2.54“2 ) ;  
Vl = V 0Ll* 10000 / (A *2 .54 -2 ) ;

% (rrT'S/day)
% (nT3/day)
% radius (inches)
X area (inchest)

X gas velocity (m/day)
X liquid velocity (m/day)

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
X %x ' c a l c u l a t e  Kla  & Kga f o r  c a rb o n  s o u r c e  w i th  Onda X
X %xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
Vgs = V g /86400 ; X Vg (m/sec)
V ls  = V l /8 6 4 0 0 ;  X Vl (m/sec)

m v o l l= 1 .8 0 5 3 e -5 ;  X m ola r  v o l . Iiq m 'S /m ole
m vo lg = 2 .9 1 e -2 ;  X m ola r  v o l .  gas  m 'S /m ole

rh o g  = I .185; X g a s  d e n s i t y  25C (kg/irT3)
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r h o l  = 9 9 7 .0 8 ; % l i q u i d . d e n s i t y  25C (kg/m~3)
mug = I . 8 3 e - 5 ; % gas  v i s c o s i t y  (k g /m -se c )
mul = 0 . 8937e-3 ; % l i q u i d  v i s c o s i t y  (k g /m -se c )
g = 9 . 8 1 ; % g r a v .  a c c .  (m/s~2)
dp = 0 .00635 ; % diam. of  p a c k in g  (m)
Gm = rhog*V gs ; % gas  mass l o a d i n g  r a t e  (kg/m~2-
Lm = r h o l * V l s ; 
q = ( - 0 . 7 4 ) / C d p ~ 0 . 7 ) ;

% l i q u i d  mass l o a d i n g  r a t e  (kg/m

s igma = 0 .0 7 2 ; % s u r f a c e  t e n s i o n  ( k g / s~2)
' /,sigmac = 0 .0 2 8 1 ; % c r i t . s u r .  t e n .  ( k g / s ~ 2 )
s igmac=sigma;
Re = Lm/( a * m u l ) ; ’ % Reynolds  number
Fr = Lm -2*a/(rhol~2*g); . % Froude  number
We = L m ~ 2 / ( rh o l* s ig m a * a ) ; % Weber number

temp = I . 4 5 * ( s i g m a c / s i g m a ) " 0 . ’75*Re-( 0 . l)*We“ ( 0 . 2 ) / F r ' ( 0 . 0 5 ) ;

aw = ( l - e x p ( - t e m p ) ) * a ; 0Zwet a r e a / v o l

'/,aw = 2*aw;
Dl = 6 . 8 9 e - 5 ; % d i f f . o f  x y l . i n  l i q . ( m ~ 2 / d a y )
Dg = 0 .7 2 5 7 6 ; 0Z d i f f . o f  t o l .  i n  gas (m~2/day)
Dls  = D l /86400 ; % d i f f  of  x y l .  i n  I i q  (n T 2 / se c )
Dgs = Dg/86400; 0Z d i f f  of  t o l .  i n  g a s  (m "2 /sec )

Kltemp = 0 . 0 0 5 1 * (Lm/(aw*mul)) “ ( 2 / 3 ) / ( ( m u l / ( r h o l * D l s ) ) " 0 . 5 ) ;
Kl = K l tem p*( a * d p ) " 0 . 4 / ( r h o l / (mul*g)) ~ ( 1 / 3 ) ;

Kgtemp = 2* (G m /(a*m ug))" (0 .7 ) * ( m u g / ( r h o g * D g s ) ) " ( l / 3 ) ;
Kg = K gtemp/(a*dp)"2*a*Dgs;

Kl = K l+86400; 0Z m/day
Kg = Kg*86400; 0Z m/day

c o e f l  = i n p u t ( ' i n p u t  c o e f l  f o r  Kg ' ) ;
c o e f 2 = i n p u t ( ’ i n p u t  co e f2  f o r  Kl ' ) ;

Kl = c o e f 2*K1;
Kg = c o e f l*Kg;

' / ,coefl  = I ;
' /,coef 2 = I ;
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KGB=(1/K g+( 1 /K1)* (KH*mvoll /mvolg)) " ( - 1 ) ;  
KLB=KGB*KH*mvoll/mvolg;

■'/.KGB = coefl*KGB;
%KLB = coef2*KLB;

a l p h a l  = (KGB*aw*H)/Vg; 
a l p h a s  = (KLB*aw*H)/Vl;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% %
% b i o f i l m  p a r a m e t e r s  c a rb o n  s o u r c e  . %
% %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
K lf  = I . 09*Lm*( m u l / ( r h o l * D l s ) ) " ( - 2 / 3 ) * (dp*Lm/mul)~( -2 /3 )* 8 6 4 0 0 ;

'/.Klf = KLB;
'/.Klf = (1.3)*KLB; 
r h o f  = 20; 
mumax = 36;
De = (0 .8 )*D 1 ;
'/.Lf = i n p u t  ( ‘ i n p u t  Lf 
Lf = 0 .0 0 0 5 ;
V l f  = 0 . 5*V1;
'/.Vlf = VI;
VOLlf = VOLl; 
a f  = ( l ) * a ;
'Zaf = a;
MW = 106;
'/.Ks = i n p u t  ( '  i n p u t  Ks 
Ks = 0 .0 1 5 ;  -
'/,Ki = i n p u t  ( ‘ i n p u t  Ki ' ) ;  
k i  = I e l O ;
Y = 0 . 6 4 ;  % y i e l d  (kg b i o / k g  sub)
p h i  = (mumax*rhof*Lf“2 / (Ks*De*Y)) ~ 0 .5;
p s i  = K l f *L f /De;
Ksp = Ks*1000*mvoll/MW; 
kap p a  = Ksp*KH/Y0;
Ki = ki*(1000*mvoll/MW)~2*KH/Y0;

% b i o f i l m  d e n s i t y  (kg/m“3)
% maximum growth  r a t e  ( l / d a y )  
% d i f f u s i v i t y  i n  b i o f i l m  

O ; % f i l m  t h i c k n e s s  (m)

% Vl i n  b i o f i l m

% VOLl i n  b i o f i l m  
% e f f . s u r f a c e  a r e a  of  b i o f i l m

% m o l e c u l a r  w eigh t  
’ ) ;  % Monod c o n s t a n t

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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% . %
% c a l c u l a t e  Klao & Kgao f o r  oxygen w i th  Onda %
% % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% d i f f . o f  02 i n  l i q . ( m ~ 2 / d a y )
% d i f f . o f  02 i n  gas (m ' '2 /d ay )

% d i f f  of  02 i n  l i q  (m~2/sec)  
% d i f f  of  02 i n  g a s  ( irT2/sec)

Kltemp = 0 . 0 0 5 1 * (Lm/(aw*mul)) ^ ( 2 / 3 ) / ( ( m u l / ( r h o l * D l o s ) ) . 5 )  ; 
Klo = K l te m p * (a * d p )"O . 4 / ( r h o l / (m u l* g ) ) " ( 1 / 3 ) ;

Dlo = 1 . 7 2 8 e - 4 ;  
Dgo = 1 .77984 ;  
Dlos  = D l o /8 6 4 0 0 ; 
Dgos = Dgo/86400;

Kgtemp = 2*(Gm/(a*mug)) " ( 0 . 7 ) * (mug/( rhog*Dgos) ) ~( 1 / 3 ) ;  
Kgo = Kgtemp/ (a*dp) '‘2*a*Dgos ;

Klo = Klo*86400; % m/day
Kgo = Kgo*86400; % m/day

c o e f 3  = i n p u t ( ’ i n p u t  c o e f 3 f o r  Kgo ' ) ;
c o e f 4  = i n p u t ( ’ i n p u t  c o e f 4 f o r  Klo ' ) ;

Klo = coe f4*K lo ;
Kgo = coef3*Kgo;

'/,coef 3 = I ;
‘/ ,coef 4 = I ;

KGBo=(1 /K g o + (1 /K lo )* (KHo*mvoll /mvolg)) ~ ( - 1 ) ;  
KLBo=KGBo*KHo*mvoll/mvolg;

%KGBo = coef3*KGBo;
%KLBo = coef4*KLBo;

a l p h a l o  = (KGBo*aw*H) /  Vg; 
a lp h a 2 o  = (KLBo*aw*H) /  VI;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% %
% b i o f i l m  p a r a m e t e r s  oxygen % 
% - % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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K lfo  = I . 09*Lm*( m u l / ( r h o l * D l o s ) ) " ( - 2 / 3 ) * (dp*Lm/mul)" ( - 2 /3 ) * 8 6 4 0 0 ;

'/.Klfo = l*KLBo; 
r h o f  = 2 0 ;  
mumax = 36;
Deo = ( 0 . 8 ) * D lo ;
'/.Lf = i n p u t  ( ; i n p u t  Lf ' ) ; 
Lf  = 0 .0 0 0 5 ;
V l f  = 0 . 5*V1;
'/.Vlf =Vl;
VOLlf = VOLl; 
a f  = a;
MWo = 32;
'/,Kso = i n p u t  ( ' i n p u t  Kso ' ) ;  
Kso = 2 . 5 e -5 ;

% b i o f i l m  d e n s i t y  (kg/m~3)
•/. maximum grow th  r a t e  ( I / d a y )
% d i f f u s i v i t y  i n  b i o f i l m  
% f i l m  t h i c k n e s s  (m)

% Vl i n  b i o f i l m

% VOLl i n  b i o f i l m  '
I  e f f . s u r f a c e  a r e a  of  b i o f i l m  

'% m o l e c u l a r  w e igh t  
% Monod c o n s t a n t

o)
'/.Kso = 0 .0 0 0 1 ;
Yo = 0 .2 8 5 7 ;  % y i e l d  (kg b i o / k g
p h i o = (mumax*rhof*Lf" 2 / (Kso*Deo*Yo)) 0 . 5 ;  
p s i o  = K l f o*Lf /Deo;
Kspo = Kso*1000*mvoll/MWo; 
kappao = Kspo*KHo/Y0o;

a l p h a s  = 1000*H*KH*af*m'voll*De/(Y0*Vlf*MW) ; 
a lphaS o  = 1000*H*KHo*af*mvoll*Deo/(Y0o*Vlf*MWo);

'/,alphas = 0;
' /,alphaSo = 0;

b e t a l  = Y*De/(Yo*Deo);

w = l ;
w h i l e  w ==l ; 
c l e a r  t  y;
'/,Yl = i n p u t ( ’ i n p u t  y ( l )  ' ) ;  
'/.Ylo = i n p u t  ( ' i n p u t  y o ( l )  ' ) ;  
Yl=YO;
Ylo = YOo;
Xl = 0;
Xlo = 0; 
x O ( l )  = Y1/Y0; 
x0 (2 )  = (X1*KH)/YO; 
x0 (3 )  = Ylo/YOo;
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xO(4) = (Xlo*KHo)/YOo;
xO = xO' ;
t o l  = l e - 1 0 ;
t r a c e  = 0;
tO = 0;
t f  = 0 . 1 ;
y=[xO xO xO x O ] ;

%[ t , y ]  = o d e 4 5 b o ( ' b i o x 2 ' , t O , t f , x d , a l p h a l , a l p h a l o , a l p h a 2 , a l p h a 2 o , 
% a l p h a s , a l p h a S o , YO,YOo,KH,KHo,H,MWj MWo,b e t a l , L f , t o l , t r a c e ) ;

' / . i t i s  = y ( l e n g t h ( y )  , I )
' / , i t i s o  = y ( Ien g th C y )  ,3)
%w = i n p u t ( ' i n p u t  w ( I  t o  c o n t i n u e )  J ) ;
w = 0;
end;

c l e a r  t  y;
'/.gl = i n p u t  ( ’ i n p u t  g u e s s  f o r  y ( l ) > l  ' )  ; 
g l  = YO; 
g l o  = YOo;
'/.gl = l e - 4 ;
x O ( l )  = ( 0 . 3 ) * g l / Y 0 ;
x 0 (2 )  = 0;
x 0 (3 )  = (0 .9 9 ) * g l o /Y 0 o ;  
x 0 (4 )  = 0;
'ZxO(I) = 0 .44238 ;
•/.x0(2) = 0 .000063324;
'ZxO (3) = 0 .9 9 0 5 ;
'ZxO (4) = 0 .8 9 1 ;  
xO = xO' ;

[ t , y ]  = o d e 4 5 b o ( , b i o x l ' , t O , t f , x O , a l p h a l , a l p h a l o , a l p h a 2 , a l p h a 2 o ,  
a l p h a s , a l p h a S o , YO,YOo,KH,KHo3H,MW1MWo,b e t a l , L f , t o l , t r a c e ) ;

save. a 2 k l ; . .

t l = t ; 
z = H *t; 
t  = f l ip u d ( t ) ;  
t  = o n e s ( s i z e ( t ) ) - t ;  
x t ( : , I) =? y ( : , 1)*Y0;
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x t ( : ,2 )  = y ( : ,2 )*Y 0 /K H ;  
x t ( : , 3 )  = y ( : ,3)*Y0o; 
x t ( : , 4 )  = y ( : ,4)*YOo/KHo;

x t  = f l i p u d ( x t ) ;

t 5  = o n e s ( s i z e ( t l ) ) - f l i p u d ( t l ) ; 
y5 = f l i p u d ( y ) ;

s = (55392*M W /( l000))*x t ( :  , 2 ) ; % s [=] kg/irT3
so = (55392*M W o/(1000))*x t ( : , 4 ) ; % so [=] kg/m"3

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

r v o l  = H* (A* ( 2 .5 4 )  ' '2) /10000 ; 
a r e a  = a * r v o l ;
P = 0 . 8 4 ;
T = 2 9 3 .1 5 ;

% r e a c t o r  p a c k i n g  volume (m“3)
% r e a c t o r  p a c k i n g  s u r f a c e  a r e a  (m"2) 
% p r e s s ,  (atm)
% temp. (atm)

co n c o u t  = x t ( l e n g t h ( x t ) , 1)*P*MW/(T*8. 2 0 6 e - 5 ) ; % (mg/1)
l o a d o u t  = g a s / 1 0 0 0 * c o n c o u t ; . % (mg/min)

c o n c i n  = x t ( I , I ) *P*MW/(T*8. 2 0 6 e - 5 ) ; 
l o a d i n  = g a s /1 0 0 0 * c o n c in ;

% (mg/1)
% (mg/min)

rem = l o a d i n - l o a d o u t ;

l o a d i n l  = l o a d i n * 6 0 / a r e a ;  
f l u x  = r e m * 6 0 / a r e a ;

% l o a d i n g  f l u x  (m g / (hr*m"2))  
% removal  f l u x  (m g / (h r* m '2 ) )

p e r f  = r e m / l o a d i n ;

p e r f l  =
( ( ( l - p e r f ) ~ ( - l ) ) ~ ( l / t f ) * 0 . 3  -  0 . 3 ) / ( ( ( 1 - p e r f ) " ( - 1 ) ) ~ ( 1 / t f ) * 0 . 3 ) ;  

s a v e  a 2 k l ; 
end;

' / , q u i t ;



105

e n d ;

f u n c t i o n  x d o t = b i o x l ( t , x , a l p h a l , a l p h a l o , a l p h a 2 , a l p h a 2 o , a l p h a s , . . .  
a l p h a S o ,YO,YOo,KH1KHo,H ,MW,MWo, b e t a l , L f ) ;

s = (Y0*55392*MW/(1000*KH))*X( 2 ) ; % s [=] kg/m"3
so = (Y0o*55392*MWo/(1000*KHo))*x(4) ; % so [=] kg/rrTS

i f  s <= l e - 2 0 ;
s = l e - 2 0 ; ;  

end;

i f  so <= l e - 2 0 ;  :
so = l e - 2 0 ;  

e n d ; •
ds  = 1 0 ~ ( ( - 0 . 1 2 3 . * ( l o g l 0 ( s o ) ) ~ 2 ) . - ( 0 . 7 2 8 9 * l o g l 0 ( s o ) ) + 0 . 2 2 6 2 )  ;

dso = b e t a l * ( s / s o ) * d s ; % c a l c u l a t e  02 g r a d .

‘/ , i f  dso == 18;
% dso  = 1 8 ;
'/,end;

ds  = ( 1000*H*KH*s/(55392*MW*Y0*Lf) ) * d s ; % make d i m e n s i o n l e s s
dso  = (1000*H*KHo*so/(55392*MWo*Y0o*Lf))*dso; % make d i m e n s i o n l e s s

x ( 2 )  = ( 1 0 P 0 * K H * s ) / ( 5 5 3 9 2 * Y 0 * M W ) ; 
x (4) = (1000*KHo*so)/(55392*Y0o*MWo') ;

x d o t ( l )  = a l p h a l * ( x ( l ) - x ( 2 ) ) ;

x d o t (2)  = a l p h a 2 * ( x ( l ) - x ( 2 ) ) - a l p h a 3 * d s ;

x d o t ( 3 )  = a l p h a l o * ( x ( 3 ) - x ( 4 ) ) ;

x d o t (4) = a l p h a 2 o * ( x ( 3 ) - x ( 4 ) ) - a l p h a 3 o * d s o ;

x d o t  = x d o t ; ;

end;
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