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This paper presents a method of describing an airlift bioreactor, in which biodegradation of a
carbonaceous substrate described by single-substrate kinetics takes place. Eight mathematical
models based on the assumption of liquid plug flow and axial dispersion flow through the riser and
the downcomer in the reactor were proposed. Additionally, the impact of degassing zone with
assumed complete mixing on the obtained results was analyzed. Calculations were performed for
two representative hydrodynamic regimes of reactor operation, i.e. with the presence of gas bubbles
only within the riser and for complete gas circulation. The conclusions related to the apparatus
design and process performance under sufficient aeration of the reaction mixture were drawn on the
basis of the obtained results.
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1. INTRODUCTION

Airlift reactors have been widely applied in chemical and biochemical industry to conduct two- or
three-phase processes characterised by slow reactions in the liquid phase or biofilm (Camarasa et al.,
2001).

The analysis of state-of-the-art of research on airlift reactors shows that authors are particularly
interested in hydrodynamics and mass transfer in the apparatus. Typical results on this subject matter
can be found in papers (Gavrilescu et al., 1998; Korpijarvi et al., 1999; Vial et al., 2001).

Knowledge about adequate mathematical models is required for the proper design of each type of
reactor. Airlift bioreactors are characterised by a significant hydrodynamic complexity. It results from
the existence of some hydrodynamic zones related to a characteristic geometrical structure of the
reactor. Additionally, two main operation states of the reactor can be observed in regard to the process.
The first one is observed when gas bubbles are present only in the raiser, and the other one when gas
bubbles are present in each hydrodynamic zone of the reactor. These both states are further referred to
as hydrodynamic regimes of the reactor operation. The assumed kinetic model of the process has an
extra impact on the complex description of the airlift bioreactor operation.

Due to such complexity of the model, it is possible to form a family of its mathematical models. The set
of all such models with the same number of limiting substrates will be known as the family of
mathematical models for airlift bioreactors. In other words, the number of limiting substrates is the
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family invariant. Thus, we can refer to families of single-substrate, two-substrate, etc. models.
According to this family definition, the number of equations for a given model depends on its
attachment to a given family, and additionally on the number of distinguished hydrodynamic zones in a
bioreactor.

Examples of published mathematical models of airlift reactor can be found in many papers (Bales et al.,
1999; Boyadjiev, 2006; Kanai et al., 1996; 2000; Marchuk et al., 1980; Sikula and Markos, 2008;
Znad et al., 2004). The majority of published mathematical models are based on tank-in-series
approximation to describe the structure of media flow or to solve the axial dispersion model by
discretisation method. Bearing in mind the above, this paper is only focused on a group of models
expressed by differential equations and their direct solutions, without performing preliminary
discretisation. These models are called continuous models.

This paper presents the modelling methods of airlift bioreactor, in which biodegradation of
carbonaceous substrate is conducted by an adequately selected bacteria strain. Single-substrate kinetics
was adopted to describe the process. Therefore, all the models presented in this paper belong to the
family of single-substrate models.

The reactor operation in both above-mentioned hydrodynamic regimes was analysed. Two sets of
hydrodynamic zones in the bioreactor were distinguished. The first one, consisting of the riser and
downcomer, and the other one which additionally includes the degassing zone.

The plug flow or axial dispersion flow models, both expressed by appropriate differential equations,
were adopted as the structure of media flow through the riser and downcomer. The model of complete
mixing which included the degassing zone was adopted for the study.

2. THEORY OF AIRLIFT BIOREACTORS OPERATION

The airlift bioreactor can be classified as a bubble column bioreactor with recirculation, owing to the
nature of media flow inside it. There are two basic apparatus projects of the work of such reactors. One
covers the apparatus with an external loop and the other one with an internal loop. A scheme of
conceptual media flow structure in the airlift reactor is presented in Figure 1. In both constructional
cases, the reactor consists of four hydrodynamic zones: zone / (riser), in which the gas-liquid mixture
rises towards the upper part of the apparatus, and zone I/ (downcomer), in which the partially or
completely degassed mixture falls towards the reactor bottom, zone /// known as the degassing zone, in
which gas-liquid mixture is partially or completely degassed and the bottom zone /V.

Depending on whether the gas-liquid mixture undergoes partial or complete degassing in zone ///, we
can distinguish three hydrodynamic regimes of reactor operation. Their presence is closely related to
the gas flow rate and design of the bioreactor.

Regime 4 — liquid circulation between the riser and the downcomer is not large for a low gas
volumetric flow rate. Liquid velocity in the annular downcomer zone is then lower than gas bubbles
slip velocity. It means that the gas phase is present only in the riser. An increase in gas velocity causes
an increase in the gas hold-up in the riser at zero value in the downcomer.

Regime B — liquid circulation in the downcomer increases along with the velocity increase in the fed
gas, and at some moment it reaches gas bubbles slip velocity. This is the border between 1* and 2™
regime of the reactor operation. Further increase in gas velocity will result in the downcomer gradual
filling with gas bubbles, but without any effect on velocity change of the circulating liquid as the
difference in the riser and the downcomer gas hold-up is constant. The downcomer gas flow rate still
equals zero.
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Fig. 1. Schematic diagram of hydrodynamic zone and media flow structure in airlift bioreactor

Regime C — by increasing the gas flow rate, it will reach the value at which the downcomer liquid flow
will exceed gas bubbles slip velocity. Then, the gas phase starts to circulate between the riser and the
downcomer. During gas flow rate increase in this operation regime, also gas hold-up in both zones as

well as liquid circulation velocity increase. Downcomer gas velocity is higher than zero and has the
same direction as the liquid.

Beside the impact of gas flow rate on hydrodynamic regime change, some impact of liquid flow rate,

reactors geometry and designing solutions is also observed. The hydrodynamic regimes described
above are presented in Figure 2.
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Fig. 2. Hydrodynamic regimes of airlift reactor operation and idea of their formation

Considering the above aspects of airlift reactors operation, it is necessary to define the hydrodynamic
region for the modelled reactor operation prior to mathematical model formulation. The reactor
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operation in two regimes, i.e. regime 4 and C was analysed in this paper. Regime 4 is representative for
bioreactors with a liquid external loop, and regime C for reactors with a liquid internal loop. All the
calculations included in the work were determined for a reactor with internal circulation of the liquid.

Apart from determining the hydrodynamic regime for the reactor operation, it is also required to adopt
media flow structure in distinguished hydrodynamic zones. In this paper, it was assumed that for zones
I and /I the liquid phase is described by plug flow or axial dispersion flow, whereas for other zones it
was assumed that zone IV is negligibly small and it will be substituted by equations for mixing node in
the model. On the other hand, two different cases were analysed for zone ///. In the first case, similarly
as for zone 7V, its zero volume was assumed, and in the other case, the zone volume is not disregarded,
and thus complete mixing is assumed to occur inside it. For these assumed media flow streams
(Figure 1), carbonaceous substrate concentration at zone / outlet decides on the biodegradation yield
providing that there is no degassing zone. In other cases, concentration at the degassing zone outlet has
a decisive importance. While a bioreactor is being designed, parameters should be selected in order to
minimise this concentration value.

3. AIRLIFT REACTOR HYDRODYNAMICS

The previously mentioned phenomena should be taken into consideration and quantitatively described
in the model equations in order to include the assumed hydrodynamic regimes, namely regime 4 or C,
in which the analysed reactor operates.

Regime A

In compliance with the previously presented hydrodynamic characteristics, in this regime &,;= 0 and
w;; < v, where v is gas bubbles slip velocity. Gas and liquid balances in the bioreactor can be expressed
by Equations (1a) and (1b)

Si€gr (s +U)=S1uog (la)

Sy (1 — &gl )’411 =Sug +Spuyy (1b)
Fg !
where u,, :S—V and u,, _E
1 1

Among the equations constituting the hydrodynamic model of airlift reactors, there is an expression
which equates buoyancy force formed by the difference in medium density in zones / and // with the
resultant force of hydrodynamic resistances related to liquid motion. Such a formulation was used in,
inter alia, elsewhere (Heijnen et al., 1997). The analogical reasoning was applied below. So, Equation
(1c) is for regime A

gH gy =05\ + kg Wb + (b gy + Ky Wiy | (1)

where: H; is height of liquid phase in the reactor, &, is flow resistance coefficient in adequate zones of
the reactor, &, is gas hold-up in an adequate zone, and u; is liquid flow velocity.

Regime C
At sufficiently high gas flow rates, u;; > v, S0 g = uy; — v. Then, we obtain
Si€gr (uyy +0)= Siuog +Si€gn (g —v) (2a)
Sy (1 — &gy )’411 =S +Sy (1 —&q11 )”111 (2b)
gH (e — g0 )= 05\l + kg W+ Uy + ey i 20)
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If liquid flow velocity in zones / and // is combined by continuity equation, then the systems of three
Equations (1) and (2) can be reduced to the systems of two equations with two unknowns: &,; and u;.
They are presented below.

Regime A
8g1(u11 +v)—u0g =0 (3a)
nggg] — 05[(](}7 + k‘ﬂ]] )112[ + (kf[[ + kﬂV )IIZH ]= 0 (3b)

S
where u;;; =S—1[(1—eg, )“11 _”01]-
i
Regime C
S
&1 1y +U)_S—H5gll (111 —0)—ug, =0 (4a)
I

H egr =g )~ 0.5k g + ke gy Wl + (kg + gy W |=0 (4b)

—&

S, (1 7 u
_ 91 g 0!
where u;; =517 Uy 1 .
m\ !~ g —Cgn1

The expression defining gas bubbles slip velocity v can be found elsewhere (Garcia-Calvo et al., 1991),

@%—@Ums
p; '

namely v = 1.53(

By solving the systems of Equations (3) and (4) for hydrodynamic regimes 4 and C, the values of gas
hold-up, liquid flow velocity and gas flow velocity for zones / and /I are obtained. These equations can
also be used to determine borders between particular hydrodynamic regimes. The experimental
verification of the proposed model is presented in the earlier papers (Grzywacz, 2008 and 2009).

It should be stated that solutions of hydrodynamic equations allow to obtain mean values of gas hold-
up. If the reactor operates in hydrodynamic regimes 4 and C, it is correct to adopt mean values of gas
hold-up for further project calculations. However, such an assumption is wrong for the reactor
operation in the hydrodynamic regime B. The formation of border between gassing and degassing zone
in the downcomer is observed for this regime. The location of this border depends on gas flow rate and,
along with its increase, it is moved towards the column bottom. No suggestions have so far been put
forward for solving this problem other than by models based on Computational Fluid Dynamics (CFD).

4. KINETICS OF PHENOL BIODEGRADATION

Aerobic biodegradation of phenol in the bioreactor was assumed as the process example. If the reaction
medium is sufficiently aerate, then the process occurs in the kinetic regime (Grzywacz and Lubas,
2006), and single-substrate kinetics are used for its description. Biomass growth is limited only by the
carbonaceous substrate. The uptake rate of carbonaceous substrate r, and the growth rate of biomass rp
are expressed by these formulas:

rA(CArCB):;f(CA)'CB (5)
WBA
rB(CA’CB):f(CA)'CB (6)
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where w,p — biomass yield coefficient, and f{c,) — specific growth rate of microorganisms.

Also Haldane equation (Pawlowsky and Howell, 1973) was used in this paper:

k-
les)= h @)
Ka +cp +a

The following values of kinetic parameters were assumed for further quantitative analysis (Pawlowsky
and Howell, 1973): k= 0.26 [1/h], K, = 0.0254 [kg/m’], K;, = 0.173 [kg/m’] i wg,= 0.616 [kgB/kgAl.

5. MATHEMATICAL MODEL OF AIRLIFT BIOREACTOR

While developing a bioreactor mathematical model, an adequate number of equations required for its
description should be formulated. The number of these equations depends on the process kinetics and
the number of zones undergoing balancing.

Biodegradation is conducted in the airlift bioreactor, which geometry indicates the existence of four
already described hydrodynamic zones. For modelling purposes, plug flow or axial dispersion flow of
media was assumed in zones / and //. The assumed axial dispersion model allows to test a wide range
of Peclet number variability. For high Peclet numbers, after the application of the plug flow model, it is
possible to significantly simplify numerical calculations.

Each model was prepared for two hydrodynamic regimes of reactor operation, i.e. for regime 4 and C.
Both cases included the presence or absence of degassing zone //1.

The following symbols were used in this paper to order and distinguish the proposed models:
PFM —plug flow model in zones [ and /I, ADM —axial dispersion model for media flow in zones / and
1I. The symbol of hydrodynamic regime for reactor operation follows the dash, i.e. A — for
hydrodynamic regime 4 and C — for hydrodynamic regime C. Then, the next dash introduces the
presence (D) or lack of the degassing zone. For example, ADM-C-D stands for an axial dispersion
model in zones I and /] for the reactor operating in hydrodynamic regime C and defines the presence of
the degassing zone.

Since a single-substrate family is examined and the aerobic process is analysed, a sufficient aeration of
the liquid phase seems to be assumed. If this is the case there is no need to formulate oxygen balances.
This means that gas phase in the system influences only its hydrodynamics.

The following algorithm was taken for further mathematical models formulation. The plug flow model
in zones / and I/ as well as the axial dispersion model in zones / and /I were discussed independently.
At first, this analysis was performed for hydrodynamic regime 4, and then for regime C. The model
without distinguished zone /I was discussed first, and then the model that included the zone. This
allows for gradual modification of all the formulated equations and stepwise addition of next balance
equations in compliance with assumptions related to bioreactor design and process performance
conditions. The model symbol is given in brackets.

5.1. Model No. 1 — plug flow in zones I and II, lack of zone III, hydrodynamic regime A (PFM-A)

The equations of carbonaceous substrate and microorganisms mass balances in the liquid phase for the
steady state are as follows:
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chI

=, =—ry(cq.cp) (8a)

Upn d;zl =Tp (CAI’CBI) (8b)
U dz,zﬂ =Ty (CAII’CBII) (8c)
Un dZ,ZH =Tp (CAII’CBII) (8d)

Equations (8) should be completed with expressions including the presence of circulation liquid and
fresh raw material mixing node, i.e.:

Fyreqr + Fyprc (HII): Fyre 40 (9b)
Fyyegy(Hy)=Fyiepg (9¢)

By introducing Equation (9a) to (9b) and (9¢) and by defining recirculation ratio as

g1 (10)
Fiy
for the mixing node we obtain:
(1_5)0/11‘ +&cyp =cyo (11a)
¢ Cpi =Cpo (11b)

As the riser and downcomer volumes can be different, the coefficient determining zone / volume ratio
to the sum of reactor zone / and /I volumes was defined:

n__n

TV TR,

(12)

According to Equation (9), zone 7 and /I volumes are V; =C, -V and V), = (1 - )V

The liquid phase residence time in zone / can be defined as:

_ Vl(l_gl)

T
Fy

(13)

and the liquid phase residence time in zone // can be defined as:
L

= (14)
Fy

By introducing previously defined recycle ratio £ and volume distribution coefficient {; to Equations
(13) and (14), we obtain the final expression for residence times in zones / and /I:

1, =¢ -t (1-¢g)-(1-8) (15)
ru=(1—&;[)-r-(1?) (16)
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Vi+W

where T =
v

Now, the relationship for determining recirculation ratio, £, is to be defined. According to Formula
(10), and after determining liquid velocity in zones / and /I from the hydrodynamic model it can be
described as:

_ “111(1_811)(1_@1)
== ull(l_gl)CI (7

Dimensionless state variables will be introduced for further analysis. They are: degree of conversion of
the carbonaceous substrate, a, and dimensionless concentration of biomass, f, defined respectively as:

C,.;y—Cy
a:—Af Ai (183)

B (18b)

By introducing the above-defined dimensionless state variables a and £, model parameters and reactor
dimensionless length z = 4/H to Equations (8), a system of 4 differential equations with boundary
conditions defined for z = 0 and for z =1 is obtained

do,

d_ =Ty (al’ﬁl) (19a)
Z
% = TIFB(OC]’:BI) (19b)
b4
oty =Tty (OLH,,BH ) (19¢)
Iz
@b =Tyl (au’ﬁu ) (19d)
dz
a,(0)=a, (20a)
p,(0)=5, (20b)
a, (0) =q, (l) (20¢)

Bu (0) =B (l) (20d)

along with algebraic equations characterising the mixing node:
a, —Ea, (1)=0 (21a)
fﬂ[l(l)_ﬂo =0 (21b)

5.2. Model No. 2 — plug flow in zones I and I1, complete mixing in zone IIl, hydrodynamic regime A
(PFM-A-D)

Mass balance Equations (19) should be completed with carbonaceous substrate and biomass balances
equations in zone /I on the assumption of complete mixing, in order to include the presence of
mentioned zone //I. Hence, we obtain:
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1

_(al (1)_ am)"' ry (amugm): 0 (22a)
T

1
T_(ﬂl (1)_16111)+r3(a111’ﬂ111): 0 (22b)

Additionally, initial conditions for zone // should be modified:
ay (O) =y (23a)
B (O) =PBu (23b)

Beside balance equations, also some parameters of the considered models will be redefined and
modified. Thus, volume distribution coefficients were now defined in the following way:

S 6
=—L=t fori=LIL I 24
¢; NG 24)

i

Liquid mean residence times in individual zones are then calculated as follows:

7 :(I'T'(l_gl)'(l_é) (25a)
(1-¢)

=6yt 25b

t,=(,1T : (25b)

T =Cy 'T'(l_8111)'(1_9r) (25¢)

5.3. Model No. 3 — plug flow in zones I and II, lack of zone III, hydrodynamic regime C (PFM-C)

The next modification of the plug flow model is based on formulating equations which describe the
reactor operation in hydrodynamic regime C. It turned out that the dimensionless form of the model is
identical with Equations (19) and conditions (20). The only change relates to the expression of liquid
residence time in zone //. Therefore, Equation (14) was modified to the form below:

Vi (l — &y )
n = - (26)
Fyy
and
Tl/:(1_51)'T'(1_811)(1_5) (27)

¢

The other equations and expressions are formulated as in model No. 1.

5.4. Model No. 4 — plug flow in zones I and II, complete mixing in zone II1, hydrodynamic regime C
(PFM-C-D)

Model No. 4 indicated as PFM-C-D contains modifications introduced during the formulation of
models No. 2 and No. 3. It means that the final form of balance equations is identical with equations for
model No. 2. The difference is related to liquid phase residence time in zone //, namely:

Ty =Cy 'T'(l_gu)(l%é) (28)
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As can be observed, mathematical models formulated for plug flow in zones / and /I contain a kind of
balance equations core completed with an additional equation if zone /1] is present. So, it can be said
that there are similarities between these models for the assumed media flow. This similarity was taken
into account when accepting the discussion order of individual models.

Then, the way of forming models for dispersion flow in zone / and /I will be presented. As previously,
models formulation will begin from the simplest case and then, further modifications and additional
balance equations will be introduced as the model complexity level is increasing.

5.5. Model No. 5 — dispersion flow in zones I and I1, lack of zone 111, hydrodynamic regime A
(ADM-A)

The mass balance equations of carbonaceous substrate 4 and microorganisms B for the assumed flow
have the following form:

d;;;” —uy djg’ —ry(c ey )=0 (292)
- d;;f’ —u, ;Z’ +7,(c ey )=0 (29b)
mil d;;/zw Ui d:l;lu ey (CAII’CBII): 0 (29¢)
d;Z‘i” ity = P ()= 0 (29d)

The mixing node equations are identical with Equations (11).

After introducing previously defined dimensionless values to Equations (29), the following forms of

model equations are obtained:

Ple, Ci;;[ - iZ’ o) =0 (30a)
Ple, d;fz’ -~ Cii’ +7,15(a,,8,)=0 (30b)
piﬂ d;:z” B dZ’ + 21, (0. )= 0 (30¢)
piu d;ﬁ” ~ dfzn +1,7(0.8,)=0 (30d)

/

. uH .. . . . .
where Pe is Peclet number defined as Pe=———_ The mixing node equations are identical with

Equations (21).

m

The formulation of adequate boundary conditions is required for solving the above system of equations.

For zone I, they have the following form:

1 daf0)
dh

Pe,
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1 dp,0) _
e dn P (0)+8,=0 (31b)
do, (1) _
- 0 (31¢)
#.0)_ 0 (31d)
dz
whereas for zone /I
1 do, (O) _ _
P_eHT OC”(O)+ a,(l)—O (323)
1 dp,(0)
— 0 1)=0 b
e an Pu@+ A0 (320)
dal[(l) _
P 0 (32¢)
dz

5.6. Model No. 6 — dispersion flow in zones I and 11, complete mixing in zone IlI, hydrodynamic
regime A (ADM-A-D)

It is necessary to complete the model Equations (30) with Equations (22) describing carbonaceous
substrate and biomass balances if degassing zone (//]) is considered to occur. Additionally, boundary
conditions for zone // will be redefined to the form:

1 da,(0

T%%U_all(o)+alll =0 (33a)
1 dg, (0

P_en%() =By (0)+ Bu=0 (33b)

Volume distribution coefficients {; and residence time 7; in i—th zone defined as for model No. 2
indicated as PFM-A-D, i.e. Equations (24) and (25) should be included in the model equations.

5.7. Model No. 7 — dispersion flow in zones I and I1, lack of zone 111, hydrodynamic regime C
(ADM-C)

The expression of residence time in zone // — 7; including gas phase in this zone should be modified in
order to formulate balance equations. This expression is compatible with Equation (27), similarly as for
model No. 3 indicated as PFM-C.

5.8. Model No. 8 — dispersion flow in zones I and 11, complete mixing in zone IlI, hydrodynamic
regime C (ADM-C-D)

During the formation of model No. 8, model No. 5 were assumed as the basis. Then, it was completed
identically as in models Nos. 6 and 7, i.e. the degassing zone’s presence was included by completing
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Equations (30) with Equations (22) describing carbonaceous substrate and biomass balances in this
zone. Also residence time in zone /I - 7; including the gas phase was redefined. Such a procedure is
identical with that performed in an analogical situation for the plug flow, i.e. in model No. 5.

Similarly as for plug flow models in zones / and /I, the presence of identical core of balance equations
for all the analysed cases can be observed during the formulation of axial dispersion models in these
zones. This core is completed with further equations related to the introduction of zone /I into the
model. Regarding hydrodynamic regime C in the mathematical model results in introducing the
modification of expressions which define the model parameters, i.e. mean residence times in zones and
volume distribution coefficient.

There is some invariable core of balance equations in both analysed groups of mathematical models,
that is in models characterised by the plug flow in zones / and /I as well as in the axial dispersion
models. This core of equations is being completed along with the increase of model complexity. The
introduction of zone /II results in adding the same expressions, i.e. equations characteristic for this
zone. Mathematical description of the reactor operating in the hydrodynamic regime C requires only
redefining parameters occurring in the model characterising the hydrodynamic regime 4. This way of
forming and modifying the equations demonstrates that models describing the airlift bioreactor under
the assumed hydrodynamic conditions are similar in the mathematical structure.

6. SIMULATION CALCULATIONS AND QUANTITATIVE COMPARISON OF MODELS

The mathematical models shown above constitute the base for analysing airlift bioreactor operation
under defined hydrodynamic conditions, i.e. in the hydrodynamic regime 4 or C and for the assumed
structure of media flow, i.e. for plug flow or dispersion flow. The appropriate boundary value problems
were solved in order to obtain distributions of the degree of conversion of the carbonaceous substrate
and biomass dimensionless concentration as the functions of the reactor’s length. Differential equations
were integrated using the fourth order Runge-Kutta method. Newton algorithm was used to fit
boundary conditions among the reactor zones. The computations were performed for selected process
parameters. The obtained results are shown as graphs of a(z) function.

The calculations were performed for the bioreactor with a liquid internal loop and the following design
dimensions: zone / height - H;=1.75 [m], zone [ internal diameters - d;= 0.064, 0.054 and 0.044 [m],
zone [I internal diameter - dy=0.08 [m]. These are the parameters of the reactor, for which the
experimental verification of hydrodynamic model was described in earlier papers (Grzywacz, 2008 and
2009). The following values of process parameters were used in the computations: t=8, 10, 15 [h],
cys=0.08, 0.1, 0.12 [kg/m’]. All the numerical simulations presented below were performed for the
values of process parameters which correspond to stable steady states.

The degree of conversion profiles of carbonaceous substrate o(z) obtained within the numerical
simulations were compared according to the following scheme:

e overall results of calculations for all the analysed models, at fixed, identical process conditions,

e determination of the impact of the assumed structure of the liquid phase stream,

e determination of the impact of selected process parameters,

e determination of the effect of the riser size,

e determination of the effect of the degassing zone size.

At first, the results of calculations according to particular models for fixed identical process conditions
were compared. These comparisons were made for both, previously mentioned, hydrodynamic regimes,
i.e. for the hydrodynamic regime 4 (Figure 3a) and the hydrodynamic regime C (Figure 3b). The
graphs show that the obtained profiles have a similar qualitative course, and quantitative differences
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between them are minor for all the analysed cases, i.e. for models Nos. 1, 2, 5, 6 for the hydrodynamic
regime 4 and for models Nos. 3, 4, 7, 8 for the hydrodynamic regime C.

The next comparison regards the results of simulations for the plug flow bioreactor model and the axial
dispersion model. Calculations for the dispersion flow were made for the following values of Peclet
number Pe;=2, 10, 20, 40. Researchers agree that Peclet numbers are twice or three times as high as in
zone I. Therefore, the values of Peclet numbers in zone /I equal to Pe;= 4, 20, 40, 80 were used for the
simulation. The profiles of the degree of conversion determined for the dispersion flow and plug flow
models are shown in Figure 4. It can be observed that the results of simulations for the same
hydrodynamic regimes but with the dispersion flow are characterised by a higher conversion degree
than those for the plug flow. However, the impact of Peclet number is minor.

a) zin riser 0 02 04 06 08 1
084 T [ T I T I T T T [ T I T I T ‘ T 0.84
o, -~ modelno. 1,5, 6 T+ i a,
0.83 - 1 model no. 1,5, 6 __ 0.83
0.82 - — 0.82
0.81 -1 — 0.81
0.80 — - — 0.80
model no. 2 1 s
0.79 - model no. 2 7 0.79
0.78 | | | | | ] | | | | | ] | ! | ] | 0.78
"0 02 04 06 08 1 z in downcomer '
b) zin riser 0O 02 04 06 08 1
081 i T &II |371' ] T I T T I T I T T T I T 081
a, 0.80 = mode o=, — modelno.3,7 — 0.80 ¢,
0.79 — 1 model no.8 1 079
L model no.8 4 i
0.78 - - — 0.78
0.77 - — 0.77
0.76 - —_ — 0.76
0.75 B 1T model no.4 ] 0.75
074 model no.4 = 0.74
073 F 1 ‘ 1 | | ‘ 1 | | T 1 | | | | | L | 1 ] 073
0 0.2 04 0868 0.8 1 z in downcomer '

Fig. 3. Comparison of the degree of conversion of carbonaceous substrate a(z) obtained from models No. 1, 2, 5
and 6 for hydrodynamic regime 4; a) (z =10 [h], c¢4;=0.1 [kg/m*], uge = 0.002 [m/s], d; = 0.064 [m], Pe;=10,
Pe;;=20) and results for models no. 3, 4, 7 and 8 describing hydrodynamic regime C; b) (z= 10 [h],
c4r= 0.1 [kg/m’], up, = 0.035 [m/s], d; = 0.064 [m], Pe;=10, Pe;=20)

Then, the effects of fundamental operating parameters on the obtained degrees of conversion of the
carbonaceous substrate were compared. Firstly, the computations were made for selected residence
time values of liquid phase in the reactor (Figure 5). The presented results correspond to the
expectations, i.e. the higher the residence time t, the higher the carbonaceous substrate conversion
degree. Further simulations were made for some selected values of carbonaceous substrate
concentration at the inlet stream, i.e. for c,=0.05, 0.1, 0.2 and 0.4 (Figure 6). As can be observed,
increased c,y demonstrates the inhibitory impact of the carbonaceous substrate. And then, an analysis of
the effect of fed gas (air) quantity, and its superficial velocity ug,, was performed. The results of these
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calculations are presented in Figure 7. Gas hold-up increases along with u, (cf. Figure 2). Given that,
the degree of conversion a is reduced. This can be explained in the following way. If oxygen is not the
limiting substrate because of assuming sufficient aeration of reaction mixture, the supplied air affects
only the bioreactor hydrodynamics. The presence of oxygen in zones of bioreactor, in which
biodegradation occurs, reduces the liquid volume. Then, the reduction of the carbonaceous substrate
conversion degree is observed.

The determination of reactor geometry impact on the obtained values of the carbonaceous substrate
conversion degree was the next step of the analysis. In the research, changes in bioreactor geometry
were simulated by changing the volume of the distribution coefficient {;. According to the definition
(21), this coefficient is the ratio of zone / volume to the whole volume of the reactor. Calculations were
made for three values of coefficient {;: 0.33, 0.51 and 0.77. The obtained conversion degrees of the
carbonaceous substrate differed depending on the hydrodynamic regime, for which the calculations
were made. For the hydrodynamic regime A, the obtained results of simulations were presented in
Figure 8a, whereas for the hydrodynamic regime C in Figure 8b. For both cases, that is for the
hydrodynamic regime A and the hydrodynamic regime C, the increase of {; causes a reduction of the
carbonaceous substrate conversion degree at the outlet from zone /I. A higher value of {; coefficient
means a lower volume for zone 7/, and lower values for the degree of conversion a;(1). A degree of
conversion of the carbonaceous substrate at the outlet from zone 7 acts differently when coefficient {;
increases. For the reactor operation in the hydrodynamic regime A4, an increased volume distribution
coefficient {; causes an increase of o,(1), whereas for the reactor operation in the hydrodynamic regime
C, an increase of volume distribution coefficient {; causes a reduction of the conversion degree. It shall
be emphasised that, according to Figure 1, the bioreactor ability to degrade the carbonaceous substrate
depends on the carbonaceous substrate conversion degree at the outlet from zone / provided that the
degassing zone is not present, or from zone [/II if the degassing zone is present. Therefore, this
conversion degree should be maximised. Thus, if the bioreactor operates in the hydrodynamic regime
A, then it is advantageous to increase the volume of zone /, only if sufficient aeration conditions are
met. However, if biodegradation occurs in the hydrodynamic regime C, then the reactor should be
designed so as zone / had a smaller volume than zone /1.

0 86 Zin riser 0 02 04 06 08 1
. T ‘ T I T I T T T [ T | T I T | T .
a Pe, =4 ql a
! - Pe,=2 T ] "
088 | N ?_ Pe”=20, 40, 80 088
- Pe,=10,20,40 | i
0.87 — — —{ 0.87
piston flow
0.86 piston flow -~ " - 1 086
0.85 [T I N S [T I IR B! 0.85
0 02 04 06 08 1 Z in downcomer '
Fig. 4. Comparison of the simulation results for model with plug flow media (------ ) with simulation results for

model with dispersion flow media (—) for various Peclet number, for hydrodynamic regime C with degassing
zone; 7= 15 [h], ¢4=0.1 [kg/m3], uge =0.07 [m/s], d; = 0.064 [m], (= 0.1
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Fig. 5. Simulation results for various liquid residence time values in bioreactor. Calculations for model with

dispersion flow and for hydrodynamic regime C with degassing zone; ¢4 = 0.1 [kg/m’], uge = 0.07 [m/s],
d/ =0.064 [m], (1]1 = 01, Pe1=10, P€11:20
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Fig. 6. Simulation results for chosen concentration of carbonaceous substrate at the inlet stream: a) 0.05, b) 0.1, ¢)

0.2 1d) 0.4. Calculations for model with dispersion flow and for hydrodynamic regime C with degassing zone;
cy=0.1 [kg/m’], tog = 0.07 [m/s], d; = 0.064 [m], {;;= 0.1, Pe;=10, Pe;=20
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Fig. 7. Influence of superficial gas velocity (uo) on degree of conversion of carbonaceous substrate. Model with

dispersion flow and for hydrodynamic regime C with degassing zone. a) ug, = 0.035 [m/s] (gg; = 0.1),
b) ug, = 0.07 [m/s] (g5 = 0.2); T =10 [h], c4r= 0.1 [kg/m’], d; = 0.064 [m], £y = 0.1, Pe;=10, Pe; =20
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Fig. 8. Influence of riser volume (zone I) on degree of conversion of carbonaceous substrate: 1) ;= 0.33,

2) {;=0.51,3) {=0.73. a) Regime A Calculations for model with dispersion flow and for hydrodynamic regime
A with degassing zone. 7 =15 [h], ¢4,=0.1 [kg/m®], &= 0.1, Pe;=10, Pe;=20; b) Regime C — Calculations for
model with dispersion flow and for hydrodynamic regime C with degassing zone. 7= 15 [h], c,y= 0.1 [kg/m’],
Cur=0.1, Pe;=10, Pe;;=20
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Fig. 9. Comparison of the simulation results for model without degassing zone (a - ) with the results for

model with degassing zone (- - -) for various volume this zone: b) {;; = 0.01, ¢) {;;; = 0.1, d) {;; = 0.2; Dot lines

(++---+) signed the degree of conversion of the carbonaceous substrate at the inlet of zone /1. Calculations for the
model with the dispersion flow and for hydrodynamic regime C; =15 [h], c4+= 0.1 [kg/m’], d; = 0.064 [m],
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The other analysed parameter was volume of the degassing zone. Three volumes of the degassing zone
111 with three corresponding coefficients {j;; presented below were analysed: 0.01, 0.1 and 0.2. The
obtained results were compared with profiles for the case without the degassing zone. The comparison
results are presented in Figure 9. It can be observed that the presence of zone //I reduces the degree of
the carbonaceous substrate conversion at the outlet from zones 7/ and /1. As has already been mentioned,
for the presence of zone /I, the bioreactor output depends on the value of conversion degree at the
outlet from this zone. Therefore, the carbonaceous substrate conversion degree at the outlet from zone
111 is also marked in this figure. As can be observed, an increased volume of zone /II at a constant
volume of zone/ has practically no impact on the reactor output. That is because an extra
biodegradation of the carbonaceous substrate in zone /I occurs, practically up to the values obtained
with the models without the degassing zone. In that case, the assumption of such a small effect of the
presence of the degassing zone on the carbonaceous substrate conversion degree at the outlet from the
reactor is correct. So, it is possible to use the models without zone //I. The presence of this zone has
only the design significance related to the possible complete degassing of the reaction mixture, if the
reactor is to operate in the hydrodynamic regime A.

7. CONCLUSIONS

This paper presents eight mathematical models of the airlift bioreactor, in which aerobic biodegradation
of the carbonaceous substrate occurs. All the presented models belong to the family of single-substrate
models which are derived from the assumption of sufficient aeration of all the zones in the analysed
bioreactor. The presented models were formulated for two main hydrodynamic regimes for the reactor
operation, i.e. the hydrodynamic regime A4 and the hydrodynamic regime C. Additionally, the presence
of the degassing zone /II or its lack was included in the formation of these models. Two structures of
the liquid phase flow, namely the plug flow and the dispersion flow through the reactor zones / and /1
were assumed.

The algorithms of determining the carbonaceous substrate conversion profiles and biomass
dimensionless concentration profiles as the function of the length of particular zones were prepared and
coded for all the proposed models. A series of comparative computations for selected process and
design parameters were made using the prepared software. The simulations were conducted to compare
the effect of the hydrodynamic structures on the values of substrate conversion degrees.

The following conclusions can be drawn following the analysis of the obtained results.

e During the analysis of the effects of the assumed structure of the liquid phase streams in zones /
and /1, it can be noticed that the results of the simulation conducted for the same hydrodynamic
regimes and for the assumed dispersion flow of media, always produces higher degrees of
conversion of the carbonaceous substrate than those assuming the plug flow.

e An increase of the liquid mean residence time results in an increase of the carbonaceous
substrate conversion degree. A similar result is observed for an increase in the concentration of
the carbonaceous substrate in the feed stream. However, this refers only to relatively low values
of c4. The inhibitory effect of the substrate is observed for high concentrations of the
carbonaceous substrate in the feed stream. This results in a reduction of the carbonaceous
substrate conversion degree.

e An interesting effect of zone / volume on the obtained degrees of the carbonaceous substrate
conversions has been observed. If the bioreactor operates in the hydrodynamic regime 4, then it
is advantageous to increase the volume of zone /. Conversely, if biodegradation occurs in the
hydrodynamic regime C, then the reactor should be designed so as zone / had a smaller volume
than zone /1.

e Also, the presence and size of the degassing zone in relation to the obtained degrees of the
carbonaceous substrate conversion were analysed. An increase of zone /// volume reduces the
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obtained conversion degrees o at the outlet from reactor zones / and /I. However, it does not
significantly reduce of the bioreactor output. Regarding these observations, mathematical models
with excluded the presence of zone /I/ can be applied for the simulation and design of such
bioreactors.

e The formulated mathematical models and the obtained results can be applied in design and
analysis, or used for optimisation of carbonaceous substrate aerobic biodegradation processes
with the assumption that all hydrodynamic zones of the airlift bioreactor are sufficiently aerated.

SYMBOLS
Cui mass concentration of carbonaceous substrate in i-th zone, kg/m3
Cai mass concentration of biomass in i-th zone, kg/rn3
d; diameter of i-th zone, m
D,,; coefficient of liquid dispersion in i-th zone, m*/s
Fy; flow rate in i-th zone, m*/h
g gravitational constant, m*/s
h current height, m
H; height of i-th zone, m
k K4 K;,  kinetic coefficients in Haldane equation
kg coefficient of flow resistance in i-th zone
Pe; Peclet number in i-th zone
F4, ' reaction rate with reference to reagent 4 and B, kg/(m’s)
Uy, Uog superficial velocity of liquid and gas, respectively, m/s
Ui velocity of liquid flow in i-th zone, m/s
V, V; total volume and volume of i-th zone, respectively, m’
Wa4 yield coefficients of biomass in relation to substrate A
z current coordinate of dimensionless length of reactor
Greek symbols
a; degree of conversion of carbonaceous substrate in i-th zone
Bi dimensionless concentration of biomass in i-th zone
Egi gas hold-up in i-th zone
G volume distribution coefficient in i-th zone
& recirculation ratio
p density, kg/m’
o surface tension, J/m’
T, T total and mean residence time of liquid in i-th zone, respectively, h
) slip velocity of gas bubbles
Subscripts
L I 111, IV refer to the zone of a given number
0 refers to conditions behind the mixing point
A refers to carbonaceous substrate

A, B, C refer to hydrodynamic regime

refers to biomass

refers to conditions at the inlet to the reactor
refers to gas phase

i-th zone

refers to liquid phase

~ =0~
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