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Technical note 27.2

T 27.2: Modelling th itrifvin mpartmen
Numerical treatment and simulations

L. Poughon.
Laboratoire de Génie Chimique Biologique
63177 AUBIERE Cedex. France.

Introduction

This technical note is the continuation of the TN 27.1. Its purpose is the numerical treatment
of the previous developped model for the autotrophic nitrification in a fixed bed column, and
the analysis of the first simulations performed with this model.

The first part concemns to the evaluation of the variables and of the parameters of the model,
using literature data and UAB Laboratory data (TN 25.330). In order to have a reference for
comparing the first simulations, a standart configuration for the model and for the working
conditions of the nitrifying column is defined.

In the second part, the numerical treatment of the model is presented, and the results of the
simulations of the model for several column configurations are discussed. The results of the
simulations are reported into 2 forms:

- 2 dimension curves for the outlet flows composition

- 3 dimension curves for the compounds concentrations profiles for gas and liquid inside the
column (appendix).
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Technical note 27.2

L. Nitrifying model: variables, parameters and definition of a standard
simulation configuration

The nitrifying model has been described (hydrodynamic equations, mass transfer equations
and physico-chemical relations) in TN 27.1. The purpose of this section is to set the values of
the parameters and of the variables involved in this model, by using literature data (TN27.1),
ESTEC Laboratory results (Forler, 1994) and UAB Laboratory results (TN 25.330).

This section is the continuation of the fourth section of TN 27.1. The variable names defined
in the previous model are conserved here.

1.1 m n in heir ico-chemical nstan

The list of the compounds involved in autotrophic nitrification are reported in table 1.

Table 1: compounds involved in the model and their physico-chemical constants.

Compound _
non ionic  dissnmiaied  distcinied  diskociated Ka (25°C) k; (25°C)
fam forn form form
NH, 1.762 10-5 [TN 23.1.]° 1.173 10-2 [TN 23.1.°
®  Nm,'
HNO, Complete dissociation
> NO,
HNO, Complete dissociation
> NO;
Co, 4320 107 [TN 17.1.Jc 1635 [TN 17.1F
% Hco, 4.557 10-11 [TN 17.1.]°
© co,
o2 4.272 10° [TN 17.1]
H,PO, 6.918 10-3 [TN 27.1)
%  HpPO, 6.166 10-8 [TN 27.1.]
% mpo,” 4.780 10-13 [TN 27.1.]
% po,”
H,SO, Complete dissociation
%  Hso, 1.047 102 [TN 27.1.]
% 50,
H,O 10-14 Po=0.031 atm ¢
%  OH
Biomass Nitrosomonas
Biomass Nitrobacter

°: calculated from a temperature dependent relation

page 2



Technical note 27.2

Some of them are in aqueous solutions both in ionic and non ionic forms. The fraction of
ionic versus non ionic forms mainly depends on the pH value and can be calculated by using
the acid base equilibrium constant KA (TN 27.1). For several compounds, a relation of KA as
a function of temperature (KA (T)) exists (TN 17.1, TN 23.1, TN 27.1). Nevertheless, the
values of KA used are defined for a temperature of 25°C (optimal temperature of the process
28°C) and are not recalculated with the KA (T) relations. The difference between K A(25°C) and

KA(28°C) can be neglected as a first approximation.

Non ionic compounds can be found both in the gas and liquid phases. The gas-liquid
equilibrium for a compound i depends of two coefficients, K;a and kj. ki is a physico-
chemical constant and K;a characterize the dynamics of the exchanges between the gas and the
liquid phases. The kj values used in the model are calculated for a temperature of 25°C (for
consistency with KA values), by using the relations detailed in TN 17.1 and in TN 23.1. The

problem of the K;a value, which depends both on the column design and on the working
conditions, will be further discussed in sections 1.3.1.

2, Kineti ram
In order to take into account the pH effect on the biological kinetics, the stoichiometries
established in TN 23.3 and 27.1 have been rewritten into a ionic form.

Nitrosomonas
Biosynthesis

HCO; + 0.0089 HPO;™ + 0.0035 SO~ + 5.4269 O, + 4.5341 NH,

U
CH, 6147003006 N0.199450.0035P0.00ss + 4.3347 NO; + 4.3099 H* + 3.8433 H,0+0OH"

Maintenance

NH; + 150, —» NO; +H*+ H,0

Nitrobacter
Biosynthesis

HCOj; + 0.0089 HPO;™ + 0.0035 SO~ + 6.5106 O,
+15.1714 NO; + 0.1994 NH, + 0.4914 H,0+0.0248 H*
U .
CH.614700.3906No0.199450.0035P0.0089 + 15.1714 NO3 +OH~

Maintenance

NO; + 0.50, - NO;
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Technical note 27.2

Table 2: kinetic parameters

Reference Remarks
TR 571020 Hunik et al (1994) | mean values calculated
Thid 36102n! Hunik etal (1994) |  from several
m" 3.38 10°3 Hunik et al (1994) continuous cultures
mP 7.92 10-3 Hunik et al (1994)
Limiting substrate KN KN
NH; 6.625 10" moll : Hunik etal (1994) |  Model parameser
NO, ) 36 10" mol/l Humk etal (1994) | values for a fixed bed
O, 5.05 10-6 mold | 1.7 10-5 mol/l Hunik et al (1994) of carragenan beads
HCO5 1010 mou1 10710 mol 2 no carbon limitation
Inhibitory substrate e e
None - - no inhition
g biomass / mol
yis v substrate Si
Substrate X/Si X/si Agebraic value
NH3 -5.082 -115.566
NOy 5316 -1.519
NO3- 1.342
16/} -4.246 -3.539
HCO53" -23.0438 -23.0438
HPO4Z -2589.191 -2589.191
SO4%- -6583.943 -6583.943
Ht 5.347 929.1854
OH 23.044 23.0438
5.996 -46.894
mol maintenance
N Nb substrate / mol Si
Ysmu/si Ysmysi Agebraic value
NH;3 -1
NOy- 1 -1
NO3" 1
HyO 1
H+ 1
O -0.5 -1.5

The growth kinetics associated to the stoichiometries have been discussed in TN 27.1. The
kinetic parameter values used in the model are reported in table 2. The maximum growth rates,
the maintenance coefficients, the half saturation constants and the inhibitory constants are taken

from literature data while the growth yields, Yy g;, are calculated from the previous

stoichiometries.

Ns _ Ns Ns Ns
X =K -Cxonsfy + Yx/sme-m (

Ns

max

u
L 1} Cx-ns

B
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I
Nb _ . Nb Nb Nb| B
I =U 'CX—NbB +Yx/sm[.m .[ uNb -1 ].CX—NbIB
\omax Vs
and
_Ns-free __ 1~ _Ns
1x = Dayo-Ix
r;"”ﬁ“ = Km.r;b
rNs — 1 rNs 1 rNs.
Si Ns X N m
YX/sSx st::/Si
1 1
Ns __ Ns Ns
Iy = v ko Ty In
X/si Smt/Si
with
C ] C,|
H=H_. Il ——=y— where Ki= J] |1+
ey (85 L] ) K Submmek \_ i, )

1.3 The nitrifving column: hvdrodvnamic model and hvdrodvnamic behaviour
analysis

A N-stirred tank model, including back-mixing between the tanks and a gas and liquid
recycling between the output and the input of the column has been chosen (TN 27.1). The

model can be represented by the following scheme:

|

. l Gout
Gn o £.G r.G , G .G :
G i A A l ion ~ N N Val
_ THT |, 1 ((E3pKe] {T+)0 N ane | v
Fin Va (+DF | VB {_(1+DF ; vg" (+D.F 1 VB | _G+DF | Ve 5
v [ LF FF L T fF S IF Fout
€ > B < >

Fr

i.3.1 The nitrifying column modei
™ _ L _1_ .t 1 _11° S [ ) I, I DY aed B T oo [N U o PRSP
111C DAIANCe cquauons moaculng me column are aciined 1or €acn pdr[ Ol 1IN€ ColuInn

liquid and the gas phase.
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&)
I x7y lL ~  ~in . Y oout o 1y T A - e all Lxr +A
£ dCS =r_ .C i + C I (I+1).r.c I +I.p.C | +__€ A (pi
A — tin*“Si r Si - Si Rt A-VYSi
£ dt L IL L L GL
A
£ dC £
&y 3G =G,.C5|. +G,.C| —(F +1).6.C4| +£.G.CL] - Zxv, 08|
E dt w w wr w e Wi
Part B (fix
dcn
£ Vi —L = (1+£).F.CYY +£FCYY —(f+D.F.CY| —£ECY| +e..Vo.onl +e VR
L YB T g Si g Si L SifL Sif, T L YB-¥si|g, T SL- VB

n

=l = (1+£).G.Cy| +£.G.Cy"Y - (£ +1).G.CE|_—£.G.Cy|, —e,. V503

Ly, dc& = (F +D.F.CY, ~£F.C5|, ~F.C§|, ~Fou G, +=- = Ve dilo

1 ~C|
£ dCyl, €
8V~ = (£ +1).G.C5|, £ .G.CE|, ~G,.C§|, ~ Gan-CE|, ~ =2 V05,

n the number of the tank, 1<n<N

with:
og; oL the gas-liquid transfer term (mol/unit volume. unit time)
¢§i|w the liquid-biofilm transfer term (mol/unit volume. unit time)
The farneters involved in these equations can be classified in a first approach in three
types: flo w rates variables, column design variables and transfer rate terms
[ Flow rates variables
Three types of flow rate can be defined in the model:
- the input flow rates: Fip (liquid) and Gin (gas)
., Inletflowrate  _
xR

- the recycling flow rates represented by the recycling ratio (
Recycling flow rate

(liquid) and Rg (gas)
- the back-mix flow fractions: f (liquid) and f* (gas) (see the previous scheme)

e manipulated while the back-mix flow fractions depend on the

A ralatinn avict knf“rnnn f Fr\r N‘chrrnﬂ
Wil 4 AN oML VAL

The two first types

raliimn dAacion and on
LA SIS PERY uuoléll [*S¥LVY 199

tank model and the 1a1 dlS

incide tha nr\]: mn
u.uu.u 43 AWiALIVLL VALOL UwLYY

1€ ﬂG'v‘v' rate nsiae tne ¢o
ersion term Ex in the plug ﬂow model (TN 27. 1), but even if Ex

¢
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Technical note 27.2

that these relations can be used for the nitrifying column. In fact the best way to estimate the
back-mix fractions f and f* is RTD experiments (see section 1.3.2).

In experiments performed at UAB Laboratory, the liquid input flow rate is 2.8 ml/min with a
recycling flow rate varying from 18 ml/min (ratio 6.4) to 45 ml/min (ratio 16). The standard
total flow rate of gas inside the column is 3 I/min and the gas circuit is closed. In the model an
open gas circuit has been chosen, but in order to mimic a closed circuit behaviour, a low input
(0.03 I/min) and a high recycling flow (2.97 //min, ratio of 99) are used.

O Column design
The column design parameters are set on the dimension and characteristics of the fixed bed

reactor of UAB Laboratory (TN 25.330). The diameter of the real column is 120 mm execpted
at the bottom and at the top of the column (112 mm). A diameter of 120 mm was chosen for the
totality of the column. According to the volume of the real column (8.53 1), the total height of
column is 755 mm instead of the 796 mm of the real column.

Column;

Diameter: 120 mm.

Height: 716.2 mm occupied by beads + liquid
+ gas (calculated from the occupied volume of
g,11).

755 mm total (calculated from the
total volume of 8.53 1) 120 mm
Volume: 8.1 1 (experimental occupied volume
measured at UAB Laboratory).
8.53 1 (total volume calculated from "
the dimensions of the UAB column) c 39.8 mm

Void fraction gc°0!: 0.52
Liquid void fraction g * 0.475
Gas void fraction g 0.045

B
Part A active area [ XX 545 6 mm
Volume: 1.481 XL L

755 mm

Part B ive fix T
Volume: 6.17 1

£:0.37
EL: 0.33
80004

A 130.8 mm

Part C
Volume: 0.451

[ Transfer rates

The transfer rates terms involved in the model are:
- the gas-liquid transfer rate
- the liquid biofilm transfer rate
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The coefficients governing the gas-liquid transfer rate are the KLaiSi and Cj; (gases) or PO
(liquids). For gases, the gas-liquid transfer term can be written:

recycling ratio) of the process. UAB Laboratory (TN 25.330) gives KLa!oz values from 0.013
s71 t0 0.024 s-1, depending on the section of the column (top, bottom), on the inlet air flow rate

1

and the stirring in the bottom of the column.
-
Cg; can be calculated from the kg; by:

. Ysi
— 1
CSi = 55.55 D
L kg
1
For liquids (H20), the gas liquid transfer term is written:

05; iGL = _KLaiSi-(CgiiG - CSiiG)
with
Xsi - P. ks

T
1

*
CSi_G =

Q214
Q.14 .

The liquid-biofilm transfer rate expressions have been studied in TN 27.

model, it was assumed that there is no biofilm limitation, thus the liguid- thf:lm transfer rate

A2AURA Ry 2t VYA QoS wilavid il smiva v Ag ARV VAl Aldalal adniilQeal [S R RO NS 22l ealaTl

expression is given by the production/consumption rates of the micro-organisms:

. Ns Nb

ol

This assumption is valid until the thickness of the biofilm is less than 8.8 pm (TN27.1). The
value of 8.8 um has been defined has the thickness of a biofilm for wich the O tranfer
limitation occurs with a dissolved gas fraction of 45 % of the air saturation (Cox et al., 1980).

1.3.2 Analysis of the liquid RTD; model and experimental

Usmg the prcv1ous hydrodynarmc equations, simulations of the liquid Residence Time

Distribution were made for a punc ‘uxp‘ut

The column design coefficients are set to the UAB Laboratory column as previously

Adatailad
UL LALiVALL,

The inlet gas flow rate is set to 0.03 I/min with a recycling ratio of 99.
The inlet liguid flow rate is set to 2.8 ml/min with a recycline flow of 18 ml/min and 45

1T AAIITL Y UAU AAUYY 28T 40 OVt 1V L0 i/l vauds 4l aliig aad aiiafi42333 Q4

ml/min, in order to compare simulations to UAB Laboratory experimental RTD measurements.
The pulse input (1g of tracer) was injected in the part A (bottom) of the column, and it is

PSS =idh L RE 2D wmaviel Qo 1100 11 LG Al i ALY

assumed that at t=0, there is a well-mixed solution of the tracer in the part A of the column:

CA(t=0)=——

v, . &
A €
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0,25 1
0.2 1 —————— Without recirculation
0,15 1
0,1 +
0,05 1
0 } t + + + !
0 500 1000 1500 2000 2500 3000
03 1
Without recirculation ; { 75%
o2+ /@0 e Without recirculation ; { SO%
-------- Without recirculation ; £ 25%
0'2 =+ —_——— e - . Without recirculation ; f 0%
0,15 +
01 +
0,05 +
0 t + + {
0 500 1000 1500 2000 2500 3000
0,35 1
0,3t Without recirculation ; f 75%
————— Without recirculation ; f 50%
e,25+ /XN, . Without recirculation ; f 25%
0'2 L A N Mt Without recirculation :
0,15 +
0,1 +
0,05 t+
0 + + + t —
0 500 1000 1500 2000 2500 3000

Figures 1a-b-c: RTD curves for no liquid recirculation
(a: fixed bed= 1 tank ; b: fixed bed= 5 tanks ; c: fixed bed= 10 tanks)
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025 T

02+

0,15 +

02 + f \ -------- recirculation 18mlfmin ; £ 25%

0 t + + + + —
0 500 1000 1500 2000 2500 3000
03 1
/\
-\
025 + [\ Recirculation 18mVY/min ; £ 75%
————— Recirculation 18mijmin ; { 50%

'l \ -t Recirculation 18ml/min ; { 0%

0,15 + f!
[
O'l | ‘ \
0,05 E \
0 + + + + + ‘
0 500 1000 1500 2000 2500 3000
0,35 1
N
0.3 + l\ Recirculation 18ml/min ; f=75%
NS Recirculation 18 mUmin ; f=50%
0,25 + A 4. aa 4y . e ncw
1= ~~ e T Kecurtulallon 18Mymin ,; 15407
0.2 4 i \ =~ — - — - Recimlaion Wl 0%
0,15 t+ f \
0,11 \
0,05 [ \
0 : ' + " } ]
0 500 1000 1500 2000 2500 3000

s 10 1y e

Figures 2a-b-c: RTD curves for a liquid recirculation of 18 mil/
(a: fixed bed= 1 tank ; b: fixed bed= 5 tanks ; c: fixed bed= 10 tanks)
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0,3 8 [BD] g/l UAB RTD experiment
————— Recirculation 45m!/min
0,25 T 2 -
£
9 &
0,2 ~
@ S
0,15
| \\Q%;
0,1 ! %&\
| Tt~
0,05 Te——®_
T——— e
0 ¢ + 4 ' —
0 500 1000 1500 2000 2500 3000
0,3 p 9 {BD] g/l UAB RTD experiment
S e Recirculation 45 mYmin ; f 75%
0,25 g\s
""""" Recirculation 45 m/min ; f 50%
® Ek\
0.2 Al . _ - Recirculation 45 m;l/min ; £25%
\ —_—-—- - Recirculation 45 mY/min ; { 0%
0,15 \
0,1 W@\
T
0,05 \G\L
—— e
0 + + + + + —
0 500 1000 1500 2000 2500 3000
03571 @ (BD] ¢/l UAB RTD experiment
0,3 4 i\“ ————— Recirculation 45 ml/min ; {=75%
T Recirculation 45 ml/min ; (=50%
0,25 t N .
— - —- Recirculation 45ml/min ; f=25%
0,2 1 \ —_——- — Recirculation 45mY/min ; £=0%
9
0,15
0,1t
(
0,05 -g
[
0 & ¢ t t ' —
0 500 1000 1500 2000 2500 3000

Figures 3a-b-c: RTD curves for a liquid recirculation of 45 ml/min.
Dots are for experimental data. Lines are for simulated RTD
(a: fixed bed= 1 tank ; b: fixed bed= 5 tanks ; c: fixed bed= 10 tanks)
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Three liquid recirculations were tested: 0 ml/min, 18 ml/min and 45 ml/min. For each of
them, different models were simulated: fixed bed (part B) equivalent to 1 tank, to 5 tanks and
to 10 tanks. For the 5-stirred tank and 10-stirred tank configurations different back-mix liquid
fractions (f) were considered: 0%, 25%, 50% and 75%.

These two parameters (f and N) govern the observed hydrodynamic behaviour of the
column.

The output concentration of the tracer for the different simulation are reported in figures 1,2

and 3.

The RTD curves simulated for 18 and 45 ml/min recycling flow rates ( figures 2 and 3) have
a profile in agreement with the experimental ones measured at UAB fixed bed reactor.

The 1-stirred tank configuration for the fixed bed seems to be in better agreement with the
expenmental curves than the 5 or 10-stirred tank configuration. Nevertheless, it can be noted
that by increasing the back-mix fraction (f), the RTD profile of the 5 and 10-stirred tank, tends
towards the RTD profile of the 1-stirred tank configuration. In ﬁgures 3, the expenmental

values of RTD measured at UAB laboratory (TN 25.330), compared to the the simulated RTD

for different N and f conditions, show that f would be greater than 75%, and that this value

----- T anaad wxr o - e e Arlhacacm ¢m cna Tl ol o g |
would increased with the number of tanks chosen to model the bed

For high liquid recycling ratio, the effect of the number of stirred tanks is limited, and the
heigh of the output peak of tracer (figure 3) depends on the back-mix fraction. At the opposite,
when no liquid recycling occurs, the RTD profile depends mainly on the number of stirred tank

adopted to describe the fixed bed (figure 1).

In order to calibrate the model, two parameters need thus to be identified:

- N, the number of equivalent stirred tank for the fixed bed. The identification can be made
for non recycling condition, in order to reduce the effect of back-mixing inside the column.

- the liquid back-mix fraction (f). This parameter must be identified for a defined N-stirred
tank configuration. Moreover, the value of f can depend on the flow rate inside the column (this
could explain the different heigh of the output tracer peak in experimental measurements, for
the different recycling conditions).

The determination of f and N is important for the study of short dynamics (less than 30
hours). But for long dynamics, the influence of f and N is less important than the effect of the
recycling ratio and of the boundary conditions.

simulation conﬁguratio n must be first defined as a reference.
The column de<1 gn,, sta ndard working nnd_itions (input and recycling flow rates), and the

--77 standard o

The 5-stirred tanks configuration with no back-mixing (f-f=0) has been chosen for the fixed
bed because:

- it allows to have a concentration profile inside the column, as reported by Cox et al (1980)
for the fixed biomass;

- the back-mixing parameters f and f' are not yet identified, and as previously remarked in
RTD analysis, these parameters are important for short dynamics. Taking f and f equal to 0
does not affect the behaviour of the column for long dynamics.
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The 4000 ppm value for CO2 in the gas phase is the maximal fraction of CO2 allowed in the

cabin for the crew.
A concentration of 100 mg N-NH3/1 in the liquid inlet represents a load of 0.11 kg / m3
liquid in the column and per day.

Table 3: standard configuration of the column for the first simulations.

Column Height: 716.2 mm
diameter:120 mm
Volume part A:1.48 1
Volume part B:0.45 1
Pressure: 1 atm
Temperature: 25°C

Fixed bed (active area) Particle diameter: 4.1 mm
N:5
f: 0%
f: 0%

Input flow rate  Fin: 2.8 ml/min
Gin: 0.03 I/min
Recycling ratio R].: 6.42
RG: 99

Gas composition CO7: 0.004%
O02:21%
H20: 0%
Liquid composition NH3: 7.14 mmol/l (100 mg N-NH3/1)
H3PO4: 0.1 mmol/1 (no limiting)
H2S503: 0.1 mmol/1 (no limiting)

Gas-Liquid transfer parameters KLa|02: 51h-1(0.0145°1)
Ka|,,,: 51 h"1(0.014 s°1)
Kyal,,:500 1
K aly,, : 0 bl (no gas-liquid transfer)

[other parameters are defined in table 1]

Kinetics parameters Kwo: 0%
{other parameters are defined in table 2]

Physico-chemical parameters [parameters are defined in table 1]

Biofilm No biofilm limitation
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II Simulation for various conditions

For each simulation, the results are expressed into 2 forms: _
- the concentrations in the outlet flows of the column, and the total biomass inside the
bed;
- the concentrations profiles inside the column and the biomass distribution inside the
bed (all these profiles are reported in appendix).

2.1 Numerical treatment of the model

The system of differential equations is solved using a Runge-Kutta-Merson algorithm of the
4th order, with a variable integration step. The program is running on a Pentium 75 IBM PC
compatible computer. The running time depends on the number of stirred tank considered for
the fixed bed and on the pseudo-steady state assumptions for the numerical treatment of
equations.

Considering all compounds (ionic and non ionic), for the two phases (gas and liquid), the
column is described by a set of 46 differential equations. The system can be reduce to 24
equations if all the forms of a compound are added and represented by a single differential
equation, assuming:

dCSi—ionic + dCSi—non ionic _ dCSi—Tot.forms
dt dt dt

The solution of the system gives the time evolution of the sum of all the forms of a
compound. To obtain the dissociated and non dissociated forms time evolution, the pH
equilibrium relations must be used:

{CSi—ionic + Csi—non ionic = Csi=Tot.forms
CSi—ionic = f(I<A’CSi—'I'ot.for'ms)

Such an approximation is justified by the fact that the dissociation equilibria can be assumed
to be instantaneous compared to the either dynamics of the process.

A pseudo-steady state assumption can be made for a compound Sj in one phase if the

integration of dTCS‘— by the Runge-Kutta-Merson algorithm require an integration step much
t

lower that the other variables. This generally means that the Sj dynamics is much faster than
that the other dynamics, leading to consider that the average value of its time derivative can be
neglected. In other words, that its dynamic is sufficiently rapid for Sj instantaneously reach its

steady state value. Then it can be assumed that:

dt

=0

and Cg; can be numerically solved by using the expression of the differential equation. In
the case of a compound in the gas phase in the part A, that lead to:

in ou €
Gy C§|, +G,.C&| —(f +1.G.Cs|, +F.G.Cyi| ——ELVA.q>g‘i|GL
(f +1).G

Al
CSiG_
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Running times for various N-tanks configurations were studied for the simulation of a
nitrification process of 100 hours. This time is 9'30" for the 1-stirred tank, 47'30 for the 5-

stirred tanks and 95' for the 10-stirred tanks. Simulations with pseudo-steady state assumption
on O2 gas or/fand CO? gas or/and H2O gas failed. It seems that for transient periods (as it is at
the beginning of a simulation) pseudo-steady state assumption can not be made on O2 and
CO2. Perhaps after the short transient period of "adaptation” to the initial conditions, this

assumption could be made for the two compounds, that should reduced the computing time for
long dynamics.

T o tgiieag nsnendiv Al
2.2 Stesd state Ifi i 4 - A ndi

thea

In order to ohser <
rd UOWwA LS S AV J

aix Vil

simulation ?750 '51 days ngs performed.
In the outlet flows, the steady state is not reached at the same time for all the compounds.

For O2, ( figures 4-c; 4-d), the steady state seems never really reached. But from 150 h,
there is only a short variation for the gas fraction (figure 4-c) from a mean value of 0.1788 with
a standard deviation of 0.4%, thus a steady state can be assumed at 150h. The minimun
observed for the dissolved oxygen corresponds to the nitrite peak.

The liquid O2 is in equilibrium with the gas phase (mean Cp; 2.32 10-4 mol/l), thus the
curves are similar.

For CO3y, steady state is reached at 300 h (figures 4-a; 4-b). The mean gas fraction is 920
ppm (gas inlet of 4000 ppm) and the mean total liquid CO2 concentration is 1.36 10-3 mol/1.

For mineral N-compounds, (figures 4-¢; 4-g), the maximun conversion yield (97.5 %
conversion of NH3 into HNQO3) is reached at 150 h. This yield is constant until 225-275 h and
slowly decrease to reach 95% at 750 h. This decrease seems to be the result of small changes in
the biomass distribution in the bed. In the transient period (Oh - 100h) the nitrite concentration
reachs a maximun of 8 10-4 mol/l (11 mg N- O2/1). The decrease in the conversion yield leads
to an increase in the outlet concentration of nitrite: 6 10~ mol/t (0.84 mg N-NO2/1) at 97.5 %

e
of conversion to 9.6 10-3 (1.3 mg N-NO2 /1) at 750 h. Th residual N-NH73 at 750 h is 3.17
10"% mol/l (4.4 mg N-NH3 /).
It can be noted than with 1.3 mg N-NO2 /1, the nitrite concentration is 10 time higher than the
potable water limit of 0.1 mg NO2 /1.

The HpO gas fraction has a steady value of 3.08 10-2 (99.3 % of saturation).

The concentrations profiles inside the column (appendix A) give additionnal informations on
the behaviour of the column.

First, excepted for O and HNO2, the compounds in the liquid phase have a remarkably
steady concentration through the column. Only at the bottom of the column (part A) a difference
can be noticed, due to the mixing of recycling and input flows. This step does not exist for
gaseous compounds because of the high recycling flow compared to the inlet flow.

After the transient period, the nitrite concentration is higher in the first section of the column
(1.5 10-4 mol/l) than in the others. This value must be compared with the half saturation
constant of Nitrobacter (3.6 10-4 mol/l). The nitrite limitation can be another reason of the
decrease in the ammonia conversion.
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In a similar way, the O concentration is the lowest in the first section of the bed (1.4 10'4

Thi +h ng valiia ~AF ~ P ofa
mo 1/1) This represents 51 % of the air saturation (far of the Lln"utuxg vaiuc O1 OXygen transicr in

the biofilm), and more than 10 times higher than the half saturations constants. It can then be

assumed that there is no oxygen limitadon.

It appears that the nitrification is concentrated in the the first section of the fixed bed ( first
tank equivalent of the bed). That is confirmed by the biomass profiles. the distribution of the
biomass inside the bed is in accordance with the experimental observations of Cox et al.

(1980). There are a few dlfferenc es between the distribution of the 2 orgamsrns but there
growth reflect the higher growth rate of Nitrosomonas, and the delay in the transient period to
eliminate the nitrite. The distribution of Nitrosomonas and Nitrobacter at the end of the
simulation (750 h) is reported in table 4. The thickness of the biofilm stay over the limit of 8.8
pum for O limitation.

Table 4: biomass distribution in the column at the end of the simulation

tank equivalent 1 2 3 4 5
Nitrosomonas (g/l) 0.745 0.052 0.014 0.006 0.003
Nitrobacter (g/1) 0.289 0.040 0.011 0.005 0.003
Ns+Nb (g/1) (mean: 0.2334 g/1) 1.034 0.091 0.025 0.011 0.006
% Nitrosomonas (tot: 70.5%) 72 57 56 54.5 50
Biofilm thickness (um) 1.37 0.121 0.033 0.014 0.008

Simulations of 350 hours functionning seem sufficient to study and compare the behaviour
of the column for various working conditions and parameters values. The next simulations are
then performed for a nitrification process of 350 hours.

2.3 Simulations for different N-tank configuration [figures 5; 6; 7 - Appendix
B: C: D]

The 3 N-stirred tank configurations (1 tank; 5 tanks; 10 tanks) tested in RTD analysis were
used to simulated the same nitrification. There is no relevant difference for the outlet flows (
ﬁgures 5; 6; 7) between the 3 conﬁguratlons excepted for the N-compounds curves. The
nitrification efficiency and the outlet concentratons of N-compounds are reported in the table 3.

Table 5: results after 350 hours

Configuration N-NH3 N-NO3 N-NO2 Conversion Mean biomass
of the fixed {mol/l) (mol/1) (mol/l) yield (&M
bed
! 38510% 662100 136104 927 % 0.229
5 238104  6.84 10-3 6 10-3 95.8 % 0.235
10 209 104  6.88 10-3 510-3 96.3 % 0.237
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WpollCll

the behaviour of the column is better represented by the high 10-stirred tank configuration than
by the 1-stirred tank.

Considering the previous experimental conversion yield of 98% reported by Forler (1994),
€

The profiles inside the column (appendix B; C; D) present great differences for O, HNO?2
and biomass distribution.

The 10-stirred tank biomass profiles confirm that the nitrification is concentrated at the
bottom of the bed. In this configuration the difference in the distribution of the two organisms
is most important and Nitrobacter colonizes the bed in the upper regions of the column. But it
must be noted that the dissolved O2 concentration (1.01 10-4 mol/l) represents, in the first
section of the bed, 36% of the air saturation, and even if the mean thickness of the biofilm in
this section is 1.82 pm, there is no evidence that the "no biofilm limitation assumption" can be
maintained.

The concentration in the bottom of the column indicates that the residence time of
compounds (NH3 and NO2) in the first segment of the column is sufficient for the oxidation
of these compounds by Nitrosomonas or Nitrobacter.

2.4 Si ion if i =0 [fi 1 8:9 -
B: E: F]

The boundary conditions for the biomass is an important parameter for the simulation of the
nitrifiying process. In the first simulations it appeared that the biomass distribution is not
homogeneous in the column when the steady state is reached. This distribution, as the quantity
of the biomass catalyzing the nitrification is important to know for the transient periods.

It is impossible to know how the biomass is distributed at the beginning of the simulation.
That the reason why a concentration of 20 mg dry biomass/1 is guessed both for Nitrosomonas
and Nitrobacter in the standard configuration.

The purpose of the simulation with different biomass initial concentration profiles is then to
have a first idea of the transient behaviour of the model and to view if for the same inputs on the
column, the biomass distribution in steady state condition (assumed to be reached after 350
Y :

3 ' N had
the same in the bed.

The transient behaviour is greatly affected by the biomass boundary conditions (figures 5; §;
9). The outlet concentrations, and biomass distribution in the column are reported in table 6 for
the three boundary biomass conditions tested: 2 mg/l, 20 mg/l and 200 mg/!

By initializing the standard configuration model with 2 mg biomass/l, the transient period up
to 200 hours with a long and an important nitrite production (figure 8-¢).

On the other hand, by initializing the model with 200 mg biomass /1, the transient period is
less than 20 hours with low nitrite production (figure 9-¢), but the oxygen fraction falls to 13%
in the first hours of the simulation (oxygen limitation) (figure 9-d).

The biomass profiles in the column (appendix B; E; F) suggest that, at least for Nitrobacter,
there is no more growth, at 350 hour in the first section of the bed, with the initialisation at 200
mg/1 (appendix F), it is the end of the growth with the initialisation at 20 mg/1 (appendix F), the
growth is not ending with the initialisation at 2 mg/l (appendix F). This observation is

confirmed by the results presented in tabie 6.
6 t € average biomass concentration in the column
dant of the initial biomass concentration, the distribution of the biomass is
1 M aadt S 5 ] .

| P R, Y aadi cra oS o MY

eachs a steady state far after the liquid and
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gas compounds. If we assumed that the biomass distribution reported in table 4 is a steady state
distribution, an initialisation with 2 mg biomass/l seems reachs this steady state faster than the
other. The slow decrease in the conversion yield observed in figure 4-g can be the result of the
changes in the biomass distribution inside the column.

Table 6: biomass distribution and outlet concentration at 350h for different biomass boundary
conditions.

Ininal
biomass Liquid (mol/1) Gas fraction
(Ns or Nb)
g/l [ COztot N-NH3 N-HNO3 N-HNO) 05 COs
0.002 2310-4 14103 2510-4 6.810-3 6.210-5 0.179 934 ppm
outlet flows  0.020 2.3 10-4 1.4 10-3 24104 6.8 10-3 6.310-5 0.179 914 ppm
0200 23104 1410-3 2.210-4 69 10-3 58 10-5 0.179 900 ppm
Section of the column
average
Inital 1 2 3 4 5 biomass
biomass in the
column

Ns 0.002 0.658 0.103 0.038 0.020 0.013 0.239
Biomass Nb 0.002 0.230 0.072 0.031 0.018 0.013

in the bed Ns 0.020 0.621 0.122  0.047 0.025 0.015 0.235
Nb 0.020 0.194 0.083  0.037 0.02 0.013
gl

Ns 0.200 0.576  0.141 0.059  0.032  0.021 0.233
Nb 0.200 0.154  0.089 0.047  0.028 0.018

The increase in the recycling flow rate, with a constant input liquid flow rate of 2.8 ml/min,
leads to an increase in the liquid flow rate inside the column.

The comparison of the outlet flows for different recycling rate (0 ml/min; 18 ml/min and 45
ml/min) indicates that the less is the recycling rate the shorter is the transient period (figures 5-¢;
10-e; 11-e), and the more rapid is the elimination of nitrite (table 7). This remark is in favour of
using low recycling flow rate.

Table 7: Conversion yield and nitrite concentration in outlet flow for different recycling flow
rates.

0 ml/min 18 ml/min 45 ml/min
Nitrite at 50 h (mol/l) 9 10-6 1.2 10-4 1.8 10-4
Conversion yield at 50 h 98.1% 93.5% 91.1%
Nitrite at 350 h (mol/l) 4 10-6 6 10-5 910-5
Conversion yield at 350 h 96.5% 95.8% 94.9 %
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The comparison of the profiles inside the column for the different recycling rate shows an
important change in the biomass distribution inside the bed. For no recycling, the biomass, and
by the way all biological reactions are fully concentrated in the the first section of the bed. By
increasing the recycling rate, the biomass is more distributed inside the bed. As a consequense,
the O2 concentration and HNO? concentration are, respectively lower and higher in the first
section of the column for low liquid recycling flow rates than for high liquid recycling flow
rates.

With no recycling, the nitrite concentration in the first section of the column is 1.9 10-3
mol/l. It must be noted that this value perhaps inhibits the nitrification which is not taken into
accounts because the inhibitory constants are not introduced in this first simulations (the same

remark can be made with the previous figure 8-e, with a nitrite concentration up to 4 10-2
mol/l). At the end of the simulation 350 h) the dissolved oxygen is of 46% of air saturation.
With a biofilm thickness of 1.5 jtm in the first section of the bed, there is no biofilm limitation.

column liquid volume

If we define the liquid residence time inside the column as — — , with a
inlet liquid flow rate

constant input flow rate of 2.8 ml/min, the residence time distribution is constant (22.9 h).
But if we define the residence time distribution inside the bed as

column liquid volume

uqu1u flow rate in the column ’

time d.lStI’lbLl tion. Respectively, for 0 ml/min recycling, 18 mi/min and 45 ml/min, the residence
...o,-.,l,-_,\ MMM OL 2N0 L .11 2A4AL

uulC ucut,u aica C,L4L.7 11, D.UO 1 AU 1.04% Il.

With the standard gaz recycling ratio (recycling ratio of 99 and total gas flow rate of 31/min),
two other gas flow conﬁgurauon were sunulated

- recycling ratio of 99 and total gas flow rate of 5¥/min (figures 12 - Appendix I)

- recycling ratio of 199 and total gas flow rate of 3l/min (figures 13 - Appendix J)

The nitrifying conversion yield and the biomass distribution are not affected by the different
aac flaw randitinne Thic indinratag t!nno d-..:'-a g A gaQ (M A ~e YA Vs n«....‘
£E9 LIVYY LULIULLIVILS. 111D Hiulvatls diat UicliT wad U gad \(\V/ UL LU /) diiniauuil.

cetandy otata valisag Alhcamred oafias

The s steady state values observed after 350 h are r PO ted i
inside the column are not affected.

The O2 and CO7 concentrations and the gas fractions are affected by the gas flows rates.
1. . sp ~

For a gas circuit very closed (recycling ratio of 199) approching the functionning conditions
of the MELiSSA column, the steady state value of dissolved Q7 stays over the lowest value
ralanlatad in tha Srct comtimm ~Fsbha ol st 12104 _an - 42% of air saturatio N
Ldivudialvdd Ul uie st SeutiOn OL N 0CA (1.10 LU "IMOY1 L.E. 4470 of air saturatior n).

Table 8: outlet gas compostion for different gas flow rate conditions
[@ tot »
N~ L \/VL LA S VL \/VL

mol/l mol/l gas fraction gas fraction
3l/min - recycling ratio: 99 2.3 104 1.4 103 0.179 914 ppm
5l/min - recycling ratio: 99 2.5 10-4 2.0 10-3 0.191 1326 ppm
2 /evvinn _ vrarualimg sat~. 100 2o~ oA S | N 140 £11
oyl - TICCYCUng rauo: 17y 1.9 10~ 7.7 10~ U.140 215 ppm
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2.7 Simulation for ifferent f and f' val figures 14 - A ndix K

The liquid and gas back-mixing fractions (f and f), set to 0% in the standard configuration
are set to 75%. There is no relevant effect both on outlet flow composition (figures 14)and on
the flows composition inside the column (appendix K). :

This is compatible with the observation made on the RTD analysis (section1.3.2): the back-

mixing fractions terms affect the behaviour of the column np]y for short dynamjgs? on small

ddiiiwaax ALQWRAULID bWwdAdlD GUAVWR Miv Uviail Vil axai Jdal Vis

time observation scale (less than 8 hours).
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Figures 4 a-f: Results of a simulation for the standard configuration (process of 750 h.) The
curves (a-e) represent the composition in the gas or in the liquid outlet flows.
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Figure 4 g: Results of a simulation for the standard configuration (process of 750 h.) The
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Figures 5 a-f: Results of a simulation for the standard configuration (process of 350 h.) The
curves (a-e) represent the composition in the gas or in the liquid outlet flows.
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Figures 6 a-f: Results of a simulation for a standard configuration modified with a 1 stirred-tank
configuration for the bed (process of 350 h.) The curves (a-¢) represent the composition in the

gas or in the liquid outlet flows.
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Figures 7 a-f: Results of a simulation for a standard configuration modified with a 10 stirred-
tanks configuration for the bed (process of 350 h.) The curves (a-¢) represent the composition

in the gas or in the liquid outlet flows.
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Figures 8 a-f: Results of a simulation for a standard configuration modified with an inital
biomass concentration of 2 mg/1 for each microorganism (process of 350 h.) The curves (a-e)
represent the composition in the gas or in the liquid outlet flows.
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Figures 9 a-f: Results of a simulation for a standard configuration modified with an initial
biomass concentration of 200 mg/1 for each microorganism (process of 350 h.) The curves (a-¢)
represent the composition in the gas or in the liquid outlet flows.
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Figures 10 a-f: Results of a simulation for a standard configuration modified with a liquid

recycling flow rate of O ml/min (process of 350 h.) The curves (a-e) represent the composition
in the gas or in the liquid outlet flows.
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Figures 11 a-f: Results of a simulation for a standard configuration modified with a liquid
recycling flow rate of 45 ml/min (process of 350 h.) The curves (a-e) represent the composition

in the gas or in the liquid outlet flows.
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Figures 12 a-f: Results of a simulation for a standard configuaration modified with a gas total

flow rate inside the column of 5 /min (process of 350 h.) The curves (a-¢) represent the
composition in the gas or in the liquid outlet flows.
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Figures 13 a-f: Results of a simulation for a standard configuration modified with a gas
recycling ratio of 199 (process of 350 h.) The curves (a-¢) represent the composition in the gas

or in the liquid outlet flows.
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Figures 14 a-f: Results of a simulation for a standard configuration modified with back-mixing
fraction of 75% both for gas and liquid (process of 350 h.) The curves (a-e) represent the
composition in the gas or in the liquid outlet flows.
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Conclusion

The RTD simulations show the importance of the hydrodynamics parameters f (liquid back-
mixing fraction), f (gas back-mixing fraction) and N (number of equivalent stirred tanks for
the fixed bed). From the experimental RTD measurement leaded at UAB laboratory (TN
25.330), it seems that f have a high value (greater than 75%), what increase the perfectly mixed
behaviour of the column. The simulations for different f and f' configuration show that f and f
have no influence on long dynamics, but are important for short dynamics (less than 8 hours).
The influence of recycling and of the liquid back-mixing increase the difficulties to estimate the
number of tanks equivalent (N) for the fixed bed.

The standard configuration is a reasonnable compromise for comparing the different
simulations together. Three main results can be retained from the different simulations:

- the steady state behaviour, in outlet flow and inside the bed, is reached by the liquid and
the gas phase more quickly than by the fixed biomass. The delay needed to reach the steady
state depend on the flow rates inside the column and is shorter for high flow rates than for low
flow rates;

- the biomass (i.e. the nitrification) is concentrated in the bottom of the bed. The distribution
inside the bed depends on the flow rate, and is affected by the choice of the number of stirred
tanks for the fixed bed. The steady state of the biomass distribution seem difficult to reach,
even with a process of 1 month;

- in the standard configuration, as in the other simulations performed, the oxygen and the
biofilm limitations are never reached, in any part of the column.

For the next technical note, shorter dynamics will be studied by simulating transient
behaviours (changes in charge and in flow rates) during a long process. If possible, the
hydrodynamic parameters f and N will be identified from experimental values.
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Appendix A: Standard configuration, process of 750 h [section 2.2]
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Appendix B: Standard configuration, process of 350 h [section 2.3]
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Appendix B: Standard configuration, process of 350 h [section 2.3]
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Appendix C: 1-tank configuration, process of 350 h [section 2.3]
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Appendix C: 1-tank configuration, process of 350 h [section 2.3]
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Appendix D: 10-tanks configuration, process of 350 h [section 2.3]
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Appendix D: 10-tanks configuration, process of 350 h [section 2.3]
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Appendix E: 2 mg initial biomass, process of 350 h [section 2.4]
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Appendix E: 2 mg initial biomass, process of 350 h [section 2.4]
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al biomass, process of 350 h [section 2.4]
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Appendix F

NH3 - {200mg initial biomass]

Column height {m)

HNO3 - [200mg initial biomass)

mol/l

Column height (m)

HNO2 - [200mg initial biomass)

mol1

0.0002 -

~

=
2

&

Column height (m)



02 gas - [200mg, initial biomass]

2.4]

.

fion

al biomass, process of 350 h [sec

initd

CO2 liquid - [200mg initial biomass]

200 mg

Appendix F

= B
Aa2xER2T o =
0

SosSIS

gas fraction

_ <
—_ R i — v
2 T \vU.. . m
B oonoTrCesaio—o S =
SEODOIHODOSOD
R e = = ]

OO0 O oo

" Column height (m)
Column height (m)

" Column height (m)

03

CO2 gas - [200mg initial biomass|
2
Nitrobacter - [200mg initial biomass]

s

0

Time (h) 20

5
o]
£
5

nt (m)

E

Column hei

" Column height (m)
‘ Column height (m)

02 liquid - [200mg initial biomass|
Nitrosomonas - [200mg nitial biomass]

mol/l

0.0003 -

P monTme—~o
coCcooceo



quid recycling of 0 ml/min, process of 350 h [section 2.5]
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Appendix G: Liquid recycling of 0 ml/min, process of 350 h [section 2.5]
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Appendix H: Liquid recycling of 45 ml/min, process of 350 h [section 2.5]
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Appendix H: Liquid recycling of 45 ml/min, process of 350 h [secton 2.5]
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Appendix I: Gas flow recycling ratio of 199, process of 350 h [section 2.6]
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Appendix I: Gas flow recycling ratio of 199, process of 350 h [section 2.6]
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Appendix J: Gas flow rate in the column of 5 I/min
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Appendix J: Gas flow rate in the column of 5 /min, process of 350 h [section 2.6]
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Appendix K: Back-mixing (f and f parameters) of 75%, process of 350 h[section 2.7)
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Appendix K: Back-mixing (f and f' parameters) of 75%, process of 350 h[section 2.7]
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