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1- SOFTWARE REQUIREMENTS DOCUMENT.

1.1, Introduction.

PHOTOSIM is a Fortran software for simulation of cultures of the cyanobacterium
Spirulina platensis cultivated in cylindrical and radially illuminated photobioreactors. The
simulations lie on macroscopic mass balance equations onto the reactor, in which the reaction
term is calculated from models developed in the TN 19.1 and 19.2. PHOTOSIM is able to
simulate batch cultures, steady state continuous cultures or dynamic changes when steady state
conditions are not established in the outgoing flow of the reactor. Limitations by light and
minerals (nitrate, sulfate) which may occur in the photobioreactor are taken into account by
PHOTOSIM. Additionally, in steady state conditions, PHOTOSIM calculates the global
formula of the produced biomass in order to establish the stoichiometric equation for the
current application.

So, nine compounds (including nitrate and sulfate as substrates) are considered in the
simulation software which enable to characterize the produced biomass. They are described in
the TN 19.1 and 19.2 and in the general description of this SRD.

The results of simulations are either a matrix of concentrations for the 9 considered
compounds at each step of time in the reactor (batch or unstationnary continuous cultures), or
a vector of concentrations for the 9 considered compounds in the outgoing flow (continuous
cultures). For dynamic simulations (including batch cultures), the data are saved in a Fortran
file which must be edited or plotted by user with classical commercial softwares.

1.2. General description.

The PHOTOSIM software enables the calculation of concentrations for nine major
compounds (defined in TN 19.2):

- into the reactor versus time for batch culture simulations;

- in the outgoing flow of the reactor versus time for continuous culture simulations with
dynamic changes in operating conditions;



- in the outgoing flow of the reactor at steady state equilibrium for continuous culture
simulations, with the calculation of the global formula for produced biomass.

The major compounds are the following:

Total biomass XT

Active biomass XA

Chlorophyll a CH

Phycocyanin PC

Proteins P

Nitrate N

Sulfate S

Vegetative biomass XV

Exopolysaccharide EPS

For each simulation, the user must provide the incident radiant energy flux Fg on
the reactor, and the illuminated fraction volume (ratio of the illuminated volume of the
reactor on the total volume of the reactor). Thus, PHOTOSIM integrates the conservation
equation for each considered compound 1:
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D is the dilution rate (which is the ratio of the volumetric flow rate on the total volume of the
reactor) and must be given by user at each time that a continuous culture is considered.

CiE is the concentration of the compound i in the incoming flow of the reactor, and must be
given by user if continuous cultures are considered.

<r;> is a source term, i.e. the mean volumetric reaction rate for the compound i calculated by
the model of TN 19.2.

C;S is the unknown concentration of the compound i in the outgoing flow (as the liquid phase
of the reactor is considered perfectly mixed, C;S is also the concentration of the compound i
inside the reactor and no gradient of concentration appears in equation (1)).

Two extremely cases of equation (1) may be discussed:

- For batch cultures, the dilution rate D is equal to zero and equation (1) reduces to:

dc’

dt
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It must be kept in mind that <r;> is a mean volumetric integral term, so the system of nine
equations in the form of equation (2) is an integro-differential system.

- For steady state continuous cultures, the accumulation term d/dt is equal to zero, and
equation (1) reduces to:

<r,>=D(C-C)| (3)

which leads to a nonlinear algebraic system.
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Nevertheless, for dynamic changes in operating conditions (Fg, D, C;F), ie. for
continuous cultures at nonsteady state equilibrium, the entire equation (1) is required.

For solving equations (1), (2) or (3), the major difficulties appear in the assessment of
the reaction term <r;>. The model developed in TN 19.1 and 19.2 lies on the calculation of two
independent growth volumetric rates for the incident radiant energy flux Fi: the mean
volumetric rate in active biomass under light limitation only <RXA>, and the mean volumetric
rate in exopolysaccharide synthesis under light limitation only <REPS>. This enables to take
into account stoichiometric deviations occuring while varying the input in light radiant energy
into photobioreactor.

The nine kinetic equations for the nine considered compounds of the model are
obtained from the calculation of <RXA> and <REPS>. The main problem for this calculation
1s the local distribution in radiant light energy available and thus, the determination of local
kinetics. The following sequence is expected for modeling the coupling between light transfer
and growth kinetics:

1- Determination of the local radiant energy available 4nJ at each point of the reactor
(monodimensional approximation in cylindrical coordinates).

2- Calculation of local kinetic rates RXA, REPS = f (4n)).

3- Integration on the illuminated working volume to obtain the mean volumetric rates:

<RXA >,<REPS>=7v VL jRXA, REPS.dV
MEASA
4- Obtention of the nine mean volumeric rates <r,;> from the <RXA> and <REPS>
values.

the different options and operating conditions considered in PHOTOSIM to solve
equations (1), (2), or (3) will be discussed in section 2 of this TN.

1.3. Specific requirements.

- PHOTOSIM is a FORTRAN 77 software program which may exist in two versions in

order to have a good portability:
A DOS version for PC (PHOTOSIM.FOR);,
A UNIX version for work station (PHOTOSIM. F).

- The background for the comprehension of the PHOTOSIM program and of this
Technical Note is included in models developed in TN 19.1 and 19.2.

- The data file of results generated by PHOTOSIM (.D extension is recommended)
must be edited or plotted by classical commercial softwares.

2- ARCHITECTURAL DESIGN DOCUMENT.

2.1. Introduction.

In this section, we describe in more details the internal functioning of PHOTOSIM. A
system overview is presented, then the system design is provided with the flow charts of the



eight options in the software. Additionally, a component description is performed and
examples of output files and results are given.

2.2, System gverview.
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conditions. PHOTOSIM enables simulations in eigh different cases which are r espectlvely

- Option 1: batch culture simulation. This simulation displays the time course of the different
components into the photobioreactor.

- Option 2: simulation of a continuous culture starting with a fixed value of the dilution rate.
After a batch culture phase, the reactor is supplied with substrates (and biomass if a recycling
loop exists) at a value of dilution rate fixed by the user.

- Option 3: simulation of a continuous culture starting with an optimal calculated dilution rate.

After a batch culture phase, the reactor is supplied with substrates (and biomass if a recycling

loop exists) at a calculated value of dilution rate. The calculation is performed in order to
minimize the time in reaching a steady state productivity in the outgoing flow defined by user.

- Option 4. simulation of a continuous culture with a step in incident radiant energy flux. This
option enables the study of the dynamic changes in productivity between two steady state
phases in continuous cultures in response to a step in incident radiant light energy onto the
reactor.

- Option 5: simulation of a continuous culture with a step in dilution rate. This option enables

the study of the dynamic changes in productivity between two steady state phases in
continuous cultures in response to a step in dilution rate on the incoming and outgoing flows
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of the reactor.

- Option 6: simulation
This optlon enables the study of the dynam1 changes in productivity between two steady state
phases in continuous cultures in response to a step of initiai concentration in the incoming flow
of the reactor.

- Option 7: calculation of stationnary solutions for continuous culture with a fixed dilution rate
and of the global formula of the produced biomass. This option provides the values of the
different concentrations in the outgoing flow of a steady state continuous reactor and of the
global formula of the produced biomass from a value of dilution rate fixed by user.
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- Option 8&: calculatlon of statlonnary solutions for continuous culture with fixed concentration
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the values of the different concentrations in the outgoing flow of a steady state continuous
reactor and of the global formula of the produced biomass from a product concentration in the

outgoing flow fixed by user.
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The options one to six are dynamic options and require an integration subroutine to
solve the integro-differential system. The two last options are steady state options and require
a nonlinear algebraic system to be solved.
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section 1, the user must first nmv1de the oeneral (merarmg

As previously said in
conditions, i.e. the mc1dent radlant energy flux Fp and the 111um1nated fractlon volume of the

In the ﬂrst option (batch simulation), the user must provide a vector of initial
concentr dll()nb k, S at time O into Ule reactor, IOT Ine nme main Compounas (.«OHSIGCI'CO
In the second and third options (starting of continuous cultures with a fixed or calculate

difution rate), besides the vector of initial concentrations, the user must provide a vector of



concentrations in the incoming flow of the reactor C;E, and either the fixed dilution rate (option
2) or the component to keep constant in the outgoing flow (option 3).
The options four to six concern steps in operating conditions (Fp, D, CE) during

continuous cultures. The user must provide vectors C;S at time 0, C;E, the dilution rate D, the
new value of F, D. or (‘ E and the time for PYP(‘thO fhp sten in nnprmmo conditions
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Finally, options seven and eight enable the calculatlon of steady state equilibrium
solutions and of the global formula of the produced biomass from the knOW.edge of the CE

vector and either the dilution rate D (option 7) or a fixed concentration C;5 in the outgomg
flow (option 8). These informations have to be given by user.

For the initialisation of the vectors C;8 and C;E, the user have the choice between two
possibilities:

- to give the values for each considered component (seven values because total biomass
XT, and vegetative biomass XV, are calculated from the others);

- to give only the four values for the main components: active biomass XA
1 1 I and qu In th;
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For dynamic simulations, the results are saved in a Fortran file, which name is given by
user. This file 1s a matrix of 10 columns and 200 lines, i.e. for each of the nine components,
200 values of concentrations are stored for 200 points of time between initial and final time of
simulation.

For steady state simulations the results are the nine concentrations in the outgoing flow,
the dilution rate, and the global formula of the produced biomass. There are printed on the
screen at the end of the calculation.

2.3. System design.

The general flow chart of PHOTOSIM with the detailed flow charts for the eight
options are given in appendix |.

2.4. Component description.

Aloarithme:
Aigorithms:
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As plckuuy mentioned, the mean volumetric rate of bumpuuuu i <r;> results on the
integration of the local volumetric rate r; over the working illuminated volume. So, the term of
volumetric rate that appears in equations (1),(2) and (3) solved by PHOTOSIM is an integraj
term. To calculate this term, the working illuminated volume is determined from a Regula Falsi
algorithm (the roots being localized from the Rolle theorem) and the integral is obtained with a
Simpson method (BOUMAHRAT and GOURDIN, 1983).

In options 1 to 6 the integro-differential system of equations(1) or (2) is solved with the
4 order Runge-Kutta Merson algorithm, in which the error is calculated at each step of time

(HOLLAND and LIAPIS, 1983).

In options 7-8 which are steady state options, the nonlinear algebraic system is solved
with the second order method of Newton-Raphson (BOUMAHRAT and GOURDIN, 1983).
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GOURDIN, 1983).



Subroutines:

PHOTOSIM uses 12 Fortran Subroutines and 4 Fortran Functions, the hierarchy of
which is summarized in appendix 2. Moreover, detailed description for each subroutine is given
in appendix 3.

Examples of outputs:

In options 1-6 which are dynamic options of simulation, the output is a Fortran file
which displays the concentrations of the nine considered compounds for 200 values in time. An
example of such an output file is given in appendix 4.

In options 7-8 which are steady state options of simulation, the results are printed on
the screen at the end of the simulation. These results are the concentrations of the nine
considered compounds in the incoming and the outgoing flow on the reactor, the dilution rate
and the global formula of the produced biomass. An example of such results is given in
appendix S.

3- DETAILED DESIGN DOCUMENT,

In this section, the listings for DOS (PHOTOSIM.FOR) and UNIX (PHOTOSIM.F)
versions are given in appendix 6.

4- SOFTWARE USER MANUAL.

4.1. Introduction.

In this section, we describe the procedure which have to be followed by users of
PHOTOSIM. In a first part, the data required in each option for running the software are
discussed. Then, the questions relative to each option and the output results of simulations are
examined in detail.

4.2. Overview section.

As discussed in section 2, the user must first provide the general operating conditions,
i.e. the incident radiant energy flux Fy and the illuminated fraction volume of the reactor.

In the first option (batch simulation), the user must additionally provide a vector of
initial concentrations C;S at time 0 into the reactor, for the nine main compounds considered.
The results are collected in a Fortran file the name of which is given by user.

In the second and third options (starting of continuous cultures with a fixed or calculate
dilution rate), besides the vector of initial concentrations, the user must provide a vector of
concentrations in the incoming flow of the reactor CiE, and the specific operating conditions,
which are either the fixed dilution rate (option 2) or the component to keep constant in the
outgoing flow (option 3). The results for dynamic part of simulation are collected in a Fortran

file and the steady state calculated solutions are printed on the screen at the end of simulation.




The options four to six concern steps in operating conditions (Fp, D, C;F) during
continuous cultures. The user must provide vectors CiS at time O, CiE, the dilution rate D, the
new value of Fg, D, or CE, and the time for executing the step in operating conditions. The
results are given in a Fortran file.

Finally, options seven and eight enable the calculation of steady state equilibrium
solutions and of the global formula of the produced biomass from the knowledge of the CE
vector and either the dilution rate D (option 7) or a fixed concentration C;5 in the outgoing
flow (option 8). These informations have to be given by user. The results of these stationnary
solutions are printed on the screen at the end of simulation.

For the initialisation of the vectors C;S and CiE, the user have the choice between two
possibilities:

- to give the values for each considered component (seven values because total biomass
XT, and vegetative biomass XV, are calculated from the others);

- to give only the four values for the main components: active biomass XA,
exopolysaccharide EPS, nitrate N, and sulfate S. In this case, other values are automatically
calculated.

4.3. Instruction section.

For each of the eight options of PHOTOSIM, this section examines in detail the
informations that have to be provided by the software user.

PHOTOSIM first asks the general operating conditions.

Value of the incident radiant energy flux (W/m2): this is the mean value of the
incident radiant energy flux on the external wall of the reactor. This value must range between
1 to 300 W/m2_ It may be calculated from the data of the integrating sphere photosensor (at
the center of the reactor, r = 0) by mean of an equation given in TN 19.1.

Value of the illuminated working volume in the photobioreactor (%): this is the
percentage of the radially illuminated part of the reactor (because a dark zone may exists), that
ranges between 1 to 100%.

- Option 1:

PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulation results. The length of name must not exceed 10 characters
including the extension (.D is recommended).

Give the final time for simulation (in hours): this time is the total time expected for
the simulation of the batch culture.

Then, PHOTOSIM asks for the initial concentrations in the photobioreactor,
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or




"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the initial concentrations (i.e. at time t = 0 in the reactor) for only four of the nine considered
compounds in kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate
concentrations), the other values being automatically calculated. In the second choice, the user
can provide the seven independent concentrations of the nine required values (the total biomass
XT and the vegetative biomass XV being calculated from the others). Except for specific
mineral limitation problems, the minimum initialisation is strongly recommended.

During the numerical calculation, the message "Calculation in progress" appears on
the screen.

At the end of execution, PHOTOSIM remembers the Fortran file name in which the
data are stored and proposes a choice between quit or run a new execution.

- Option 2:

PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulations results. The length of name must not exceed 10 characters
including the extension (.D is recommended).

Give the final time for simulation (in hours): this time is the total time expected for
the simulation of the batch culture.

Give the dilution rate for the continuous culture (in hours-1): the dilution rate is the
ratio of the volumetric flow rate on the total volume of the reactor, i.e. the inverse of the
residence time in the reactor. This is a caracteristic variable of a continuous culture.

Give the time for starting continuous culture (in hours): the user must provide the
time for starting the medium supplying into the reactor, i.e. the time at which the dilution rate
is establihed. This time must be less than the final time for simulation, otherwise the following
error message appears:"Continuous culture have to be started before end of simulation".

Then, PHOTOSIM asks for the initial concentrations in the incoming flow.

The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the concentrations in the incoming flow for only four of the nine considered compounds in
kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatically calculated. In the second choice, the user can provide the
seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for specific mineral limitation
problems, the minimum initialisation is strongly recommended (in many applications, the
biomass and exopolysaccharide concentrations in the incoming flow are equal to zero, and this
initialisation is limited to give the nitrate and sulfate concentrations in the incoming flow).

Finally, PHOTOSIM asks for the initial concentrations in the photobioreactor.
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or




"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the initial concentrations (i.e. at time t = O in the reactor) for only four of the nine considered
compounds in kg/m? or in g/L (active biomass, exopolysaccharide, nitrate and sulfate
concentrations), the others values being automatically calculated. In the second choice, the
user can provide the seven independent concentrations of the nine required values (the total
biomass XT and the vegetative biomass XV being calculated from the others). Except for
specific mineral limitation problems, the minimum initialisation is strongly recommended.

During the numerical calculation, the message "Calculation in progress" appears on
the screen.

At the end of execution, PHOTOSIM prints on the screen the results corresponding to
the steady state equilibrium (i.e. the nine concentrations in the incoming and in the outgoing
flows of the reactor, the dilution rate and the global formula of the produced biomass),
remembers the Fortran file name in which the data are stored and proposes a choice between
quit Or run a new execution.

- Option 3:

PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulations results. The length of name must not exceed 10 characters
including the extension (.D 1s recommended).

Give the time for starting continuous culture (in hours): this is the time at which
the continuous culture is started, i.e. the time for the calculation of the optimum dilution rate in
order to have a steady state outgoing flow on the key component (this key component is
defined in the next question).

Do you want optimize the output concentration in: biomass (or one of its
compounds), nitrate, sulfate: the user must define if he wants optimize the steady state flow
for products (biomass or one of its compounds) or for substrates (nitrate, sulfate). Then the
key component defined will be used for the calculation of the optimum dilution rate.

Then, PHOTOSIM asks for the initial concentrations in the incoming flow.

The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)" In the first choice, the user must provide
the concentrations in the incoming tlow for only four of the nine considered compounds in
kg/m? or in g/l (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatically calculated. In the second choice, the user can provide the
seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for specific mineral limitation
problems, the minimum initialisation is strongly recommended (in many applications, the
biomass and exopolysaccharide concentrations in the incoming flow are equal to zero, and this
initialisation is limited to give the nitrate and sulfate concentrations in the incoming flow).

Finally, PHOTOSIM asks for the initial concentrations in the photobioreactor.
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
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“Initialisation for each concentration (7 values)". In the first choice, the user must provide
the initial concentrations (i.e. at time t = O in the reactor) for only four of the nine considered
compounds in kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate
concentrations), the others values being automatically calculated. In the second choice, the
user can nrn\ndp the seven mdPnPndPnf concentrations of the nine required values (the total
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During the numerical calculation, the message "Caicuiation in progress” appears on
the screen.

At the end of execution, PHOTOSIM prints on the screen the results corresponding to
the steady state equilibrium (i.e. the nine concentrations in the incoming and in the outgoing
flows of the reactor, the dilution rate and the global formula of the produced biomass),
remembers the Fortran file name in which the data are stored and proposes a choice between
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PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulations results. The length of name must not exceed 10 characters
including the extension (.D is recommended).

the final time for simulation (in hours): this time is the total time expected for

Give the dilution rate for the continuous cuiture (in hours-1): the diiution rate is the
ratio of the volumetric flow rate on the total volume of the reactor, 1.e. the inverse of the
residence time in the reactor. This is a caracteristic variable of a continuous culture.

Give the new value for step in initial radiant energy flux (in W/m?2): this is the new
value of incident radiant energy flux at the external wall of the photoreactor for the step in light

energy flux, at a time of snmulatxon which will be defined in the next question (the value of the
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Give the time for step in initial radiant energy flux (in hours): this is the time at
which the step of radiant incident energy flux is performed with the above value of flux (this
time ranges between O and the final time of simulation).

Then, PHOTOSIM asks for the initial concentrations in the incoming flow.
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate” or

"Initialisation for each concentration (7 values)". In the first choice. the user must provide
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the concentrations in the incoming ﬂow for only four of the nine considered compounds in
kg/m3 or in SIL (auuvc uiomass exopo:ysaCCxlariuc nitrate and sulfate uuucemfauuua), the
others values being automatically calculated. In the second choice, the user can provide the
seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for specific mineral limitation

problems, the minimum initialisation is strongly recommended (in many applications, the
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biomass and exopolysaccharide concentrations in the incoming flow are equal to zero, and this
initialisation is limited to give the nitrate and sulfate concentrations in the incoming flow).

Finally, PHOTOSIM asks for the initial concentrations in the photobioreactor.

The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate” or
"Initialisation for each concentration (7 values)" In the first choice, the user must provide
the initial concentrations (i.e. at time t = 0 in the reactor) for only four of the nine considered
compounds in kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate
concentrations), the others values being automatically calculated. In the second choice, the
user can provide the seven independent concentrations of the nine required values (the total
biomass XT and the vegetative biomass XV being calculated from the others). Except for
specific mineral limitation problems, the minimum mitialisation is strongly recommended.

During the numerical calculation, the message "Calculation in progress" appears on
the screen.

At the end of execution, PHOTOSIM remembers the Fortran file name in which the
data are stored and proposes a choice between quit or run a new execution.

- Option 5:

PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulations results. The length of name must not exceed 10 characters
including the extension (.D 1s recommended).

Give the final time for simulation (in hours): this time is the total time expected for
the simulation of the batch culture.

Give the dilution rate for the continuous culture (in hours-1): the dilution rate is the
ratio of the volumetric flow rate on the total volume of the reactor, i.e. the inverse of the
residence time in the reactor. This is a caracteristic variable of a continuous culture.

Give the new value for step in dilution rate (in hours-!): this is the new value of the
dilution rate on the photoreactor for executing the step, at a time of simulation which will be
defined in the next question.

Give the time for step in dilution rate (in hours): this is the time at which the step in
dilution rate is performed with the above value of D (this time ranges between 0 and the final
time of simulation).

Then, PHOTOSIM asks for the initial concentrations in the incoming flow.
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
“Initialisation for each concentration (7 values)". In the first choice, the user must provide
the concentrations in the incoming flow for only four of the nine considered compounds in
kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatically calculated. In the second choice, the user can provide the




seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for specific mineral limitation
problems, the minimum initialisation is strongly recommended (in many applications, the
biomass and exopolysaccharide concentrations in the incoming flow are equal to zero, and this
initialisation is limited to give the nitrate and sulfate concentrations in the incoming flow).

Finally, PHOTOSIM asks for the initial concentrations in the photobioreactor.

The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate” or
"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the initial concentrations (i.e. at time t = 0 in the reactor) for only four of the nine considered
compounds in kg/m’ or in g/L (active biomass, exopolysaccharide, nitrate and sulfate
concentrations), the others values being automatically calculated. In the second choice, the
user can provide the seven independent concentrations of the nine required values (the total
biomass XT and the vegetative biomass XV being calculated from the others). Except for
specific mineral limitation problems, the minimum initialisation is strongly recommended.

During the numerical calculation, the message "Calculation in progress" appears on
the screen.

At the end of execution, PHOTOSIM remembers the Fortran file name in which the
data are stored and proposes a choice between quit or run a new execution.

- Option 6:

PHOTOSIM asks the specific operating conditions.

Give file name for storage data (up to 10 characters): this is the output Fortran file
name for dynamic simulations results. The length of name must not exceed 10 characters
including the extension (.D is recommended).

Give the final time for simulation (in hours): this time is the total time expected for
the simulation of the batch culture. :

Give the dilution rate for the continuous culture (in hours-1): the dilution rate is the
ratio of the volumetric flow rate on the total volume of the reactor, i.e. the inverse of the
residence time in the reactor. This is a caracteristic variable of a continuous culture.

Change the nitrate (or sulfate) concentration in the incoming flow: the user must
define here if a step in nitrate or sulfate concentration in the incoming flow will be performed.

Give the new value for step of nitrate (or sulfate) concentration in the incoming
flow (in kg/m3 or g/L): this is the new value of the concentration in the incoming flow of the
photoreactor for executing the step, at a time of simulation which will be defined in the next
question.

Give the time for step of nitrate (or sulfate) concentration in the incoming flow
(in hours): this is the time at which the step of concentration in the incoming flow is
performed with the above value of concentration (this time ranges between 0 and the final time
of simulation).



Then, PHOTOSIM asks for the initial concentrations in the incoming flow.
The user have to choose between two p0531b11me5 "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the concentrations in the incoming flow for only four of the nine considered compounds in
kg/m? or in g/L (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatically calculated. In the second choice, the user can provide the
seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for speciﬁc mineral limitation
problems, the minimum initialisation is strongly recommended (in many applications, the

biomas and exopolysacchande concentrations in the i mcommg, ﬂo are equal to zero, and this
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Finally, PHOTOSIM asks for the initial concentrations in the photobioreactor.
The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)". In the first choice, the user must provide

the initial concentrations (i.e. at time t = 0 in the reactor) for only four of the nine considered
compounds in kg/m3 or in g/L (active biomass, exopolysaccharide nitrate and sulfate

& BSOS, SGVvisles [e28w Sl

concentrations), the others values being automatxcally calculated. In the second choice, the
user can provide the seven independent concentrations of the nine required values (the total
biomass XT and the vegetative biomass XV being calculated from the others). Except for

specific mineral limitation problems, the minimum initialisation 1s strongly recommended.

During the numerical calculation, the message "Calculation in progress" appears on
the screen.

At the end of execution, PHOTOSIM remembers the Fortran file name in which the
data are stored and proposes a choice between quit or run a new execution

- Option 7:

PHOTOSIM asks the specific operating conditions.

e Aot dle o e ama

OSIM asks for the initial concentrations in the incoming flow.

The user have to choose between two possibilities: "Minimum initialisation for
concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)". In the first choice, the user must provide
the concentrations in the incoming flow for only four of the nine considered compounds in
kg/m3 or in g¢/L (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatica]]y calculated. In the second choice, the user can provide the

seven independent concentrations of the nine reauired values (fhp total biomass XT and the

TVl uv v Id concentrations of the nine MU YV alues [RLER RO Y eh ) [ R N S

vegetatlve biomass XV bemg calculated from the others). Except for specific mineral limitation
problems, the minimum initialisation is StTOﬁﬁly recommended (in many applications, the
biomass and exopolysacchande concentrations in the incoming flow are equal to zero, and this

initialisation is limited to give the nitrate and sulfate concentrations in the incoming flow).
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During the numerical calculation, the message "Calculation in progress" appears on
the screen.

If the user has given bad initial values for simulation (i.e. a dilution rate corresponding
een "Rad

Vi APdara

to the washing out of the reactor), the following error message appears on the
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initial parameters. Calcul aborted".

w

At the end of execution, PHOTOSIM prints on the screen the results corresponding to
the steady state equilibrium (i.e. the nine concentrations in the incoming and in the outgoing
flows of the reactor, the dilution rate and the global formula of the produced biomass), and
proposes a choice between quit or run a new execution.

- Option 8:
PHOTOSIM asks for the initial concentrations in the incoming flow.
The user have to choose between two possibilities: "Minimum initialisation for

concentrations of active biomass, exopolysaccharide, nitrate and sulfate" or
"Initialisation for each concentration (7 values)”. In the first choice, the user must provide
the concentrations in the incoming flow for only four of the nine considered compounds in
kg/m3 or in g/L (active biomass, exopolysaccharide, nitrate and sulfate concentrations), the
others values being automatically calculated. In the second choice, the user can provide the
seven independent concentrations of the nine required values (the total biomass XT and the
vegetative biomass XV being calculated from the others). Except for specific mineral limitation
problems, the minimum initialisation is stronOIy recommended (in many applications, the

biomass and exoploysaccharide concentrations in the incoming flow are Pq‘ml to zero, and this

initialisation is often limited to give the nitrate and sulfate concentrations in the incoming flow).

Then, PHOTOSIM asks the specific operating conditions.
The user have to choose which concentration will be fixed in the outgoing flow of the reactor
for the simulation and the calculation of the corresponding dilution rate. "Choose the fixed
concentration in the outgoing flow: (Total biomass, active biomass, vegetative biomass,
nitrate, sulfate, exopolysaccharide)”.

Give the total biomass (or active biomass, vegetative biomass, nitrate, sulfate,
oing flow (ke/m3 or a/' \- this 1s the fixed

exonalvsaccharide) concentration in the outeo
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value of the concentration in the outgoing flow for the key component determmed above. This
fixed value enables the calculation of the corresponding dilution rate and of the eight other

-1
ul
concentrations in the outgoing flow.

During the numerical calculation, the message "Calculation in progress” appears on
the screen.

If the user has given bad initial values for simulation (i.e. a substrate concentration in
the incoming flow unsufficient to produce a fixed value of biomass), the following error

............................ UL Lo Qo2 7,

message appears on the screen "Bad initial parameters. Calcul aborted".

At the end of execution, PHOTOSIM prints on the screen the results corresponding to
the ste auy state cqumuuum U e the nine concentrations in the mcommg and in the outgoing
flows of the reactor, the dilution rate and the global formula of the produced biomass), and

proposes a choice between quit Or run a new execution.
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S- EXAMPLES FOR USING PHOTOSIM SOFTWARE (options 1,2,3.7.8).

This section gives some examples on using the PHOTOSIM software in order to solve
problems arising from the Spirulina compartment simulations. A general problem is set and
solved from the use of options 1,2,3,7,8 of PHOTOSIM. The terms of the problem consists of

the Fnlln\ylno auestion

v Ava i R A TS LN

For an incident radiant energy flux of 20 W/m2, a batch culture is started with

tlle lt dl LUlltCllll dllUllS

CXA =.1 g/L

CEPS =.02 g/L

CN =.8 g/L

CS =.2 g/L
When the reactor is supplied with substrates, i.e. when a continuous culture is started,
what is the optimal dilution rate to obtain a total biomass concentration of 1.4 g/L in the
mltfrmno flow of the reactor and at what time this cunnlvmo may occur (the substrate

13 U IVINIS 114N Lt e ST AL

concentrations in the incoming flow are respectively ﬁxed at CN = .5 and Cg=.2¢g/L)?

In a first step, a batch simulation with the initial concentrations is required to determine
the time at which the concentration of .4 g/L will be reached. Option i is used to obtain
figure 1 (see appendix 7) which displays such a simulation with the initial nitrate concentration
of .5 g/L in order to show the effects of a mineral limitation on Spirulina growth. It appears
that the total biomass concentration of 1.4 g/L is reached at about 100 hours of simulation.

In a second step, option 3 is used to calculate the optimal dilution rate giving a total
biomass concentration of 1.4 g/L in the outgoing flow at time t = 100 hours (the initial nitrate

concentration of 8 0/[ 1s taken to avoid mineral limitation in the reactor). The nnflmal dilution

VL eiiv Qi Laiv Lviviva

rate 1s found at 9. 346 103 h'! Then optxon 2 is used to obtain figure 6 (see appendlx 7) Wthh
displays a simulation with steady state productivity for biomass compounds from the time t =
100 hours. Note that figure 4 (appendl\ 7) displays the same simulation but with a nonoptimal
dilution rate of 2 10-2 h-!, so this leads to a dynamic phase of about 150 hours before reaching
steady state productivity for biomass compounds.

The preceding results should be veritied with options 7 and 8 which enable to calculate

stationnary concentrations in the outgoing tlow for steady state continuous cultures. For
example, if the dilution rate is fixed 1o 9 346 10-3 h-l, option 7 provides a total biomass

concentration in the outgoing flow of | 4 ¢/L (see appendlx 8). In the same way, if the total

hinmace roncantratinn in the rnnn« flaw, 1¢ fivad tA 14 o/ antinn R caleilatee a
o10mass concentration in ne UULDUI lD HUW 1o HACU U 1T 5/, Upuuinl O Laivdiaivo &

corresponding dilution rate of 9.3 10-% h-! (see appendix 8) which is in good agreement with
the values of options 2,3 and 7.
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6- EXAMPLES OF DYNAMIC CHANGES WITH A STEP IN OPERATING
CONDITIONS (Incident flux, dilution rate or concentrations in the incoming flow)
USING PHOTOSIM SOFTWARE (options 4,5.6).

This section presents results obtained with the options 4, 5 and 6 which enable the
study of dynamic responses to a step in operating conditions, i.e. when the incident flux, the
dilution rate or the concentrations in the incoming flow are modified during a simulation.

Figures 15 and 16 display the simulations for step in incident radiant energy flux from
50 W/m? to 100 W/m? and to 25 W/m? respectively (see appendix 7). In these examples, it
appears that the 95% first order response time to reach a new steady state in biomass
productivity is about 110 hours. Nevertheless, other simulations (see appendix 9) have shown
that the 95% response time depends on the magnitude of the step, but principally on the
dilution rate of the culture; e.g. for a step from 50 W/m? to 100 W/m? with a dilution rate in
the range .001 to .06 h-!, the 95% response time varies in the range 70 to 200 hours (appendix
9).

These preliminary results obtained by simulations will have to be confirmed from
independent experiments on the air-lift photobioreactor of ESTEC.

Figure 17 (appendix 7) displays a simulation for a step in dilution rate from 026 h'! to
035 h'l It appears that the dynamic response time is about 200 hours with a complex
evolution.

Figures 18 and 19 display the simulations for step of concentration in the incoming flow
for nitrate and sulfate respectively (appendix 7). In the two cases, the new concentrations in
the incoming flow lead to a limiting value of mineral substrates into the reactor and then in the
outgoing flow. So, the dynamic response time is greater than 200 hours with complex changes
in all the productivities of the outgoing flow.

7- OTHER EXAMPLES USING PHOTOSIM SOFTWARE (options 1 to 8).

Many other examples have been simulated using PHOTOSIM software with options 1
to 8. The results are collected in appendix 7 (figures 1-19) and explained through the legend of
figures.
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APPENDIX 1

Flow charts
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OPTION 1:
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OPTION 2:
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OPTION 3:

SPECIFIC OPERATING CONDITIONS:
~ File name for storage data
- Time for starting continuous culture
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OPTION 4:

SPECIFIC OPERATING CONDITIONS:
- File name for storage data
- Final time for simulation
- Dilution rate
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- Time for step in incident radiant energy flux
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OPTION 5:

SPECIFIC OPERATING CONDITIONS:

- File name for storage data
- Final time for simulation

- Dilution rate

- Ualue for step in dilution rate
- Time for step in dilution rate
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OPTION 7:
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APPENDIX 2

Hierarchv of subroutines
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APPENDIX 3

Description of subroutines




SOUS PROGRAMME : AFFICHAGE

Fonction: Affichage des résultate d | écran pour les solubions

de ré%ima \oermdnent.

Arguments d'entrée

CE(N) Concentration des N composés dans le courant d’ alimentalion,

CS(N)  Conentrobion des N cOmPosa’s dans kb courant de sortie.
DILUT  aux de difution

Arguments de sortie

Arguments entrée sortie

Sous programmes appelants

P\ro%rdmme, \ormciPdI

Sous programmes appeles

FORGLOB




SOUS PROGRAMME : BATCH

Fonction: Tnikalisation et a@)oj du solveur d'équah'ons hfferentiolles
RKMER pour s smulations dtéhdmiﬂu&s.

Arguments d'entrée
XF Terps fondl de simulabon
ITAR Nombre devdlewrs Stockees dang le Fichier resultat vour c}mdiu@
Compose. entre le début ek~1a €in de la simulabion. (dahs Protosim |
T8 = 40 )

Arguments de sortie

XTA® (1TAB)  Valeurs, du t@mis pour leswlles sont stockegs les valeurs
des concentrdtions.

N , . , ,
YTAe(TTA®)  Valurs stockes des concentrabions fpour les O Composes congidéres.

Arguments entrée sortie

Sous programmes appelants

Pv‘oc&rdmme Frindfx})

Sous programmes appelés

INI'TRATCH
RKMER .




o Q NNDAAMassasarm _ 7N S~ oA / _ \
SUUS FRUGRAMME @ CLOHOM  ( version Dos. fc uniquement)

Fonction: Subroutine d’effacoment de |/ dordn

Arguments d'entree

Arguments de sortie

Arguments entrée sortle

Sous programmes appelants

Pro%rdmme Fm‘no'tod!.

Sous programmes appelés




SOUS PROGRAMME : DERIV

Fonction: Subrouting contenant les derivees du sustime d'eguskens
inbegro- o fierentielles dumodele (v.49.2 ) dane le vecteur £ (n)
!CQ Su_b"OUl?V\"— fait dppel & une funchion RF (xG XD ) cdlaulant les rdcines diype
?quaton por la méthode de Réguld Faki et 8 une funchion G(Z) ol est deFine 1a fonchon.

Arguments d'entree

X Valur do la vérable cwurante ('l MPS) ,

Arguments de sortie

F(N) \/Qcteur des Mrivees du s%gkéme (pour ks 9 e,sfaéoas Cons\‘déreésj

Arguments entrée sortle

Y () Veckeur des varidbles (toncentrations des 9 especes ) .

Sous programmes appelants

FONCTIL
RKMER

Sous programmes appeles
SIMPSON |
FUNCTION RF (%G,xD)

FUNCTION G (Z)




SOUS PROGRAMME : FONCTI

Fonction: Subrout(n()_ Contehdh’t e steme. d’equations non

lnedires A resoudre par la méthode de Newton. Qdfahson.
(NEMYON}.

Arguments d'entrée

Arguments de sortie
FL(N)  Valeurs des forckions

Arguments entrée sortie
XI(N) Necteur des N incomues ( inkiaksation en entree | solulion en sorbie )
(concentrabions des 9 esFéc&g)_

Sous programme.s appelants

NEWTON

Sous programmes appelés

DERLV.




SOUS PROGRAMME : FoRGLOR

Fonction: Calcu| de la formule brute globale. ce la biomasce
Sortant du veacteur en re'%»'me \oexmdhent :

Arguments d'entrée
CS(N) \/Qdfeur s 9 opncehbrabbne de sortie du rédctene .

Arguments de sortie

CoeF (5)  Vecteur ks 5 ceeffigients sfbechioméﬁdques pour 8 formule
C. molaiee de H,0,N,5 P

Arguments entrée sortie

Sous programmes appelants

AFFCHAGE.

Sous programmes appelés




SOUS PROGRAMME : INITRATCH

Fonction: Inttdhsahon O\QS (pnce,n)frdt'ons é t:O o Ja Y‘ésdutbn
du s%‘g{éme d'douations differertielles lors de Simulabions
d%ndm{ques. (vemplesage du veckeur Yg () ).

Dewux OFL’L‘OhS sont \EOSS'I bles . tnikialisation minnadle (4 valeyrs ) ou cwp’éte (? va l@uv-s)

Arguments d'entrée

Arguments de sortie

Yo (N)  Vocour deg condilions ‘nikiales (en xp )
(les © concentrakons & t-0 )

Arguments entrée sortie

Sous programmes appelants

BATCH

Sous programmes appelé_s
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Fonction: inih'ahsah.on des concentrations Four chacune des 9
QSFeceS considérees dans le courdnt d’entree du redcteur.

o edns A usrksie AE/ar) )

var ‘.)Lbowac QU Velurt Lo (N |,
_L Ny ﬁht:hhc Cont \AAI‘C.‘L‘A& . In .'A}.‘C/‘ An IM:V\.‘IMA\A [ A Alpime \ iy rrealsha f2 ). 2 )
X DPRONG SOnt ruao(,ug,_j + VHLAURSUUUN MNIMAe {5 VOIurs j Qu UJWHE’,\'C, LT vakeurs )
L
Arguments d'entrée

Arguments de sortie

CX (N)  Concentration ces N mmFosés dans o courint d'alimentation.

Arguments entrée sortie

Sous programmes appelants

Pro%ramme @rinu‘trudl .

Sous programmes appelés




SOUS PROGRAMME : MRINV

Fonction: Mdthode de Gauss - Jordn avee pivot mdximun  pour 13
régolbion d’un 3\63@1\2 de N Qﬁudt.or\s [ineaires ou |\nversion
d’une. motrice .

Arguments d'entrée

A matrice des cweffents auamentse du deusieme ERS Pl pehle. valeur dweplable. paur un
membre. dans 1d N+ /%™ onne . D PN (Q';n vakur db;gf!)ue,). Pou
.. INDIC <o: cdloul de lamdteie cnverse da A
bouak o .
N ha‘ébféwix ﬁf‘ NS ou olimengion de. lamabrice = 0: Calul da 18 solykion du systeme et de
‘ . Ucaverse de la mabrie de8 aefficents
NRC Dimensionde Aet B (}N) 20! Resolubion du S«&sfam@ .

Arguments de sortie
® Matrice contenant 10 matrice tmerse dprés traitement .
DETER  Vdleur du diterminant de. 1a malrice des e fficents,.
X Vecteur solubion

Arguments entrée sortie

Sous programmes appelants

NEWTON .

Sous programmes appelés




SOUS PROGRAMME : NEWTON

Fonction: Rdsolution par la méthode de Newlon-Rephson d'un Sﬁstéme
e N uations non lindaires @ N intonnues: FI (xI)=0.
Les valewrs des' fonchons en un Po‘mt XL sont calculees par GPPQJ ol
Sous Vro%rdmme FonCTL (XI; FI)'

Arguments d'entrée

NV nombre de variables Lnde:ndante,s Tmax  Veriabes non bornees (i ey d0)
KiMP  Gestionnadire d’\'mpressi s BMin (NV) Borne inférieure. sur los varidbles AT
[DERIV Ca\wlnumw'n'ﬂue du 4dwbien (i eqdl & /I) BMAX (Nv ) Borne Supdrieure, Sur ls varidbks X1
0u Qpression dnahé’a' ue (si éaald ) EPS Varidhon reldkive dy critere en dessous
NorM Normalisation du jacobien (sigg0ld 1) de loquelle la redharche esk orndtée

Arguments de sortie
KAR =1 sorie par variakion relafive dy critire | HESS(w,NV) Tabedu de. travai!

L“ft:rjm a\ EPS * . s N . SS N a
=L Sorbepdr critire cofdieur au i, | VPV, ()3 Invrse dzsgi(ﬁbfgmf% ux
- y {, »
=3 Sortie Fdr NAP Squheur- & nombre FX(N\/ NV) Mdf;'ce ‘awb-em

d’appedS madximum, f t 3 ' )

FL(NV) Valeur des fonckions au minimum

Arguments entrée sortie

XI (NV) entrek: estimabion du minimum . CRIT ontrey: vakur ducritere pour arrét de
Sortie. : dornier point e 1 rechorche . . 1a recherche , _
OM entra: facteur ok welaxation injkal (th'eOot/? sorhel, : valeue du ori Bre du minimum .
sorbie : fackour do velaxation Cinal NA® enteal: nombre d'appek masimun cle FoncTi

Sorkie.: hombre d'apels de FoncTi

Sous programmes appelants

?ro%rdmme, PvinciPa),

Sous programmes appeles
FoNCTT
MRINV

GANDIF ( Adcobien analyfique |




SOUS PROGRAMME : RKMER

Fonction: (Résoution d’un Scsfzme deN Qﬂudhons différentieles du premier
ordre , gdr \a meJChon de Runge- Kulld Merson du ﬂudhmﬁt
ordre S vdridble Qshmd on ce lerreur acha ue pds

Les valeurs des dépivesd du pont x smt cdlculeds par d
SOuS d
PQDEQ\V (Y X.F) i GWJ o progrenme

Arguments d'entrée

X Borne infgrieure. d’inkigrtion ERRMAX (n) Vecleur dlerreur velative
XF Borne Supérieure. ¢’ inteqration maximum tolered, .
Y¢ (N) Veckeur des condibions nikiaks (en ¥g)| MODTAR = : 1 &id ’wtrrsede )(eTtAE’?_ eéqulerement
TN N 3 nlre. X@ et X
N Nombre d'ésudbion dtf&mhdh’as . =0 valeurs de x1A8 Jomeesrdrlut Lsateur
H Valer Su%exeé pour le pdg d'tn rabion. | TTAR Nombre de vajours 3 stocker podir dx’ﬂue
Fonckion.

Arguments de sortie
ATAB(ITAB)  Vdleurs de X pour lasquelles sont shockees les valurs des fonchions
QS&hbrc‘itons des 9 egpeces ).
YTAB(N,1TAB ) Nalurs stockdes des N fonctions | (concentrations des 9 QSP&%
pour TA® valeurs du to,m{JS).

Arguments entrée sortie

Sous programme's appelants
BATCH

Sous programmes appeles
DERIV




SOUS PROGRAMME : SI1MPsoON

Fonction: (Calcul d’tn‘te’%rd\e Pdr la methode de Simpson |

APP(%”Q les funckons SYXA(SX) et SrEPs (sx) ou se trouvent
leg, fonchions & LmLé%vu‘.

Arguments d'entree
SA - boree (nferieure d'igtearabion
5% :  borne Su\m’rieure dlfnté%dbbﬂ.

Arguments de sortie
33xA  Valeur de it vebtive & %A (Biomasse Ackve )

SIEPS Vakur de |intégeale reldtive d Ees (Exo(adtésaccbdride)

Arguments entrée sortie

Sous programme's appelants
DERIV

Sous programmes appelés

FUNCTION  SYxA (Sx)
FUNCTION  Sveps(sx)




APPENDIX 4

Example of output file




THE COMPONENT CONCENTRATIONS ARE GIVEN IN kg/a3 FOR EACH STEP OF TIXE.

TIME  TOTAL BIOMASS ACTIVE BIOMASS  CHLOROPHYLL  PHYCOCYANIN PROTEINS NITRATE SULFATE VEGETATIVE BIOWASS EXOPOLYSACCHARIDE

O 120000 . 100000 JO0000E-02  (162000E-01  .6G4000E-01 500000 1,00000 +10000000 » 20000000801
1.0 125770 104564 JO04SHRE-02  JIGWATE-OL  LTLBROTE-OL 497593 99984 . 10466940 . 21055900601
20 LT 109499 JOMSE02  JLTTR20E-01 LTAS9AZE-0L L4990%9 999687 . 10951040 22137880601
3.0 13199 114507 JI407E-02 L 1BS2ME-01 (TBIUFE-OL 492514 999524 . 11452520 23245570601
40 .1M4Z] 119698 J19691E-02  LISA9E-0L LBIBAGSE-DL 489840 99355 11971610 . 24378530801
3.0 150861 125052 J25052E-02 202138601 .BSSBLE-OL 487073 .999181 .12508530 23336320601
6.0 157645 130593 JA3059%-02 201014801 B932FE-0L 484214 999001 .13063450 . 26718430601
7.0 164636 136314 JJSIME-02 220178601 IIZISAE-0L 481262 .q98817 13636510 » 219243401
8.0 .171834 4217 JAZATE-? 229301 LITIRES0L LATR2LG 998428 14227820 291 33AT70e-01
9.0 179200 148503 JAB0E-02 (3901 101434 A75074 U3 14837440 30405240601

10.1 186853 14571 JHMITIE-0Z JU9MTES0L L1057 471842 998234 .1 3465400 +J1679040E-01
1Ll 1972 J61021 J61021E-02 2574801 110132 468513 .998029 .161116%0 32974240601
2.1 20249 167653 J676TE-02  (Z70366E-01 114648 463091 997819 16776260 JAZ90190E-01
3.1 210924 J746b JTAGGE-02 BLZTRE-0L LU A61576 997605 17459000 35626730601
4.0 20938 181458 JABI458E-02  292M67E-01 L1209 457948 97386 .18159760 . J4981690E-01
15,1 .227981 .188427 JABRZTE-02  JOIME-OL 129012 454269 97161 .16878330 . 3835589001
6.0 236804 A9597L J9TIE02 SIS0 134035 450479 996932 19614530 3974814001
17,0 245819 . 203486 OMBEE-02 JJZTEOL LA3NTS 5501 996699 . 20368020 41157750601
8.0 .20 L211170 Q2UUT0E-02 JJA002E-01 (14430 H2638 996461 .21138470 2584050601
19.1 264408 .219018 21901802 (J9Z5R0E-01 149797 .438587 .996218 .21925520 4026310-01
0.4 23N 227077 200702 JBeS9E-0L LL5ST 43054 993972 21814 448380601
A0 283710 23519 JINE02 TS0 L1608 430241 ST 23547680 46955970601
2. J29%M 243306 GOS0 IITSEOL L1665 25951 9948 .24381790 . 48441980601
B 0380 .231963 Q0196502 HIBEL L ITTXX0 421386 995207 .232305%0 49941200601
4.0 31301 260564 260064602 AI903E-0L TR 7149 994945 . 26093510 145294001
8.0 324770 269297 COTNTE0Z AT29E-0L L1883 412643 994679 2696999 52976530601
%.1 34780 21857 QTBLTE- JMTLSE-0L 190242 408071 994410 .27859300 L HA311310e-01
7.0 UM 7137 NTRE02 ALLStAE0L 196384 H03437 994138 2750990 + 36056620601
Bl 1% 296233 Q602 LTM0S0E-01 202604 3997M 993853 29674250 . 576118206-01
2.1 367068 . 305436 SOSASME-02 A90754E-0L 08899 393995 993585 . 30598570 . 39176300601
0.2 3780 S JT4E-02 L 05A2E-01 L 215282 389194 95304 .31533280 .50749440€-01
.2 389205 J20182 SHUE-02 JI083%E-01 21691 384343 593021 AT 52330660801
32,2 00417 33631 SRE3E02 3979401 2818t 7988 92735 ST 6391940061

20 AT JAT204 JSAT0E-02 (551080601 L2728 SAX7 S92M8 RINGAL .635151208-01
RV 7A) 31 352853 SIBIE02  (SeMAEEN M 369528 59218 .33363520 STLT310E-01
5.2 434582 362574 SEME-02 B00E-0L 240978 364512 991887 36340960 .58725470E-01
3.2 Mb128 372381 STDSIED2 397620801 L2049 339462 ,991574 7325230 . TO339140E-01
.2 AT .382208 SO2208E-02  WAIITJEOL L2613 334381 9129 38315840 . 71957890€-01
8.2 4947 S JUUE2 V12901 L26BLT 349211 .990983 SB12270 . 73581 300E-01
9.2 481152 42066 MN6E2 LASE-OL 274984 DR 990685 40314100 75209000601
0.2 4994 412067 J067E-02 (SH0950E-01 L2BIE24 338974 .590384 41320880 76840630601
4.2 .504790 22110 AZLI0E-02  L6T6960E-01 . 2BB4TS S35 .990087 MNZ32230 .7B475880E-01
2.2 516683 AN SLUTEAZ TN 29088 .328588 989786 ATATTIO .801144206-01
43,2 .528589 42318 MTUE-02 JTO910E-0L 302508 J23367 989484 JTA7160 .BL735970e-01
M2 40533 A52462 MS24626-02 723316601 30NN 318130 989182 L43390110 ,B34003006-01
6.2 52581 62642 Mo2AE-02  TALSZBE-0L L31ed12 12877 988879 46416300 85047150601
46,2 564583 AT2849 ATBE02 TITTIEOL SIS 307610 988575 ATH4% .866963106-01
4.2 57h6M . 483080 AB30B0E-02 77405801 330390 302331 988270 ABATTAN .BE3A7600E-01
8.2 .58872 A953R2 ATTIE-02 7036901 337401 297041 987965 49511920 +70000820€-01
9.2 .500845 303604 O36046-02  (BOGTOGE-O1 AT 291780 967550 30548730 .91435800€-01

0.3 .412981 .513895 SITEIE-02 LB23064E-01 351444 . 286430 8734 .51587700 93312410601



APPENDIX 5

Example of screen printing




FOR AN INCIDENT LIGHT FLUX OF 100.00 W/m2, THE FOLLOWING RESULTS ARE OBTAINED

DILUTION RATE: 0.108%994E-01 h-1.
NITRATE CONCENTRATION IN THE INCOMING FLOW: 3,00000 kg/m3.
SULFATE CONCENTRATICN IN THE INCOMING FLOW: 1.00000 kg/m3.
TOTAL BICMASS CONCENTRATION IN THE OUTGOING FLOW: 3.18058 kg/m3.
ACTIVE BIOMASS CONCENTRATION IN THE OUTGOING FLOW:

{no signification under mineral limitation) 2.40752 kg/m3.
CHLOROPHYLL CONCENTRATION IN THE OUTGOING FLOW: 0.240752E-01 kg/m3.
PHYCOCYANIN CONCENTRATION IN THE OUTGOING FLOW: 0.388735 kg/m3.
PROTEINS CONCENTRATION IN THE OUTGOING FLOW: 1.64650 kg/m3 .
NITRATE CONCENTRATION IN THE OUTGOING FLOW: 1.75772 kg/m3.,
SULFATE CONCENTRATION IN THE OUTGOING FLOW: 0.909666 kg/m3.
VEGETATIVE BIOMASS CONCENTRATICN IN THE OUTGOING FLOW: 2.41776 kg/m3.
EXOPOLYSACCHARIDE CONCENTRATION IN THE OUTGCING FLOW: 0.765124 kg/m3.

GLOBAL FORMULA OF THE PRODUCED BIOMASS

.5865
.5370
.1452
.0075
.0048

"TnZomaO
OO O O

THE RESULTS OF SIMULATION ARE NOW LISTED IN FILE dd4.d

kkkdkhkhhhkkkhdkkkdhdhkhdkkir

"

NEW EXECUTION 1

* *
* *
* *
* END = 2 *
* *
* *

LR R E SRR RS SRR SR RS R R EEE]



APPENDIX 6

Listings



DOS VERSION




Chhkhhkhhkhkhkhkhkhhkhhkhkhkhhhkkhkhkkhkhhkkhhkhkhhkkhhkhkkhhkhkhkkhhhkhhkkhkhkkhkhkhkhkkhkhkhkkhkhkhhkkhhkkkkk

C* PROGRAMME PRINCIPAL DE SIMULATION D’UN PHOTOBIOREACTEUR *
C* CYLINDRIQUE POUR LA CULTURE DE SPIRULINA PLATENSIS. *
C* *
C* *
C* PHOTOSIM *
C* *
C* *
C* J-F. CORNET. *
C* LABORATOIRE DE GENIE CHIMIQUE BIOLOGIQUE, UNIVERSITE BLAISE PASCAL. *
C* T.N. 19.3, 1993. *
Chkixkkhkkhkkkhkkhkhhkdhhhhhkhhkhhhhhkhhhhhhhhkhdhkhhkhhhhhhhhhhhhhhkhhkhhkhdkhdkhkk
C* *
C* CE PROGRAMME PERMET LA SIMULATION DU CALCUL DES CONCENTRATIONS *
C* DANS UN PHOTOBIOREACTEUR CYLINDRIQUE A ECLAIRAGE RADIAL, SOIT: *
C*x *
C* - A L’INTERIEUR DU REACTEUR EN FONCTION DU TEMPS POUR UNE *
C* CULTURE DISCONTINUE. *
C* - DANS LE COURANT DE SORTIE POUR UN REACTEUR ALIMENTE ET *
C* SOUTIRE EN CONTINU *
C* *
C* LES CONCENTRATIONS PRISES EN COMPTE AINSI QUE LES EQUATIONS *
C* DU MODELE SONT DEFINIES DANS LA NOTE TECHNIQUE TN 19.2. *
C* LES ESPECES SUIVANTES SONT CONSIDEREES: *
C* *
C* XA : BIOMASSE ACTIVE *
C* EPS: EXOPOLYSACCHARIDE *
C* XT : BIOMASSE TOTALE *
C* XV : BIOMASSE VEGETATIVE *
C* CH : CHLOROPHYLLE *
C* PC : PHYCOCYANINE *
C* P : PROTEINES *
C* N : NITRATE *
C* S : SULFATE *
C* *
C* HUIT OPTIONS DE CALCUL SONT POSSIBLES: *
C* *
C* - SIMULATION D’UNE CULTURE DISCONTINUE. *
C* -~ SIMULATION DU DEMARRAGE D’/UNE CULTURE CONTINUE AVEC TAUX DE *
C* DILUTION FIXE. %
c* - SIMULATION DU DEMARRAGE D’UNE CULTURE CONTINUE AVEC TAUX DE *
C* DILUTION OPTIMAL CALCULE. *
C* ~ SIMULATION D’UN CRENEAU EN FLUX INITIAL D’ENERGIE RADIANTE. *
C* ~ SIMULATION D’UN CRENEAU EN TAUX DE DILUTION. *
C* -~ SIMULATION D’UN CRENEAU EN CONCENTRATION DANS LE COURANT *
C* D’ALIMENTATION (NITRATE OU SULFATE). *
C* - CALCUL DES SOLUTIONS DE REGIME STATIONNAIRE POUR UNE CULTURE *
C* CONTINUE AVEC UN TAUX DE DILUTION FIXE. *
C* - CALCUL DU TAUX DE DILUTION A ETABLIR POUR UNE CULTURE EN *
C* CONTINU AVEC CONCENTRATIONS DE SORTIE FIXEES. *
C* *
C* ATTENTION!!! *
Cc* *
C* *
C* LLE MODELE PEUT PRENDRE EN COMPTE LES LIMITATIONS PAR LA LUMIERE, *
Cc* LES NITRATES, ET LES SULFATES, MAIS PEUT DONNER UNE SOLUTION *
C* VIABLE POUR LA BIOMASSE VEGETATIVE EN CONTINU ALORS QU’IL N’Y A *
C* PLUS D’AZOTE OU DE SOUFRE DANS LE REACTEUR. EN REALITE, DANS CE *
C* CAS, IL Y A LESSIVAGE DU REACTEUR CAR LA BIOMASSE VEGETATIVE NE *

*

C* SE DIVISE PLUS BIEN QU’'ELLE SYNTHETISE DES RESERVES



C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

INTRACELLULAIRES.

CE PROGRAMME UTILISE DES VECTEURS DIMENSIONNES A N=9, CE QUI
REPRESENTE LES 9 EQUATIONS INTEGRO-DIFFERENTIELLES DU MODELE
DONNE DANS LA NOTE TECHNIQUE TN 19.2; DANS L’ORDRE:

rXT, rXA, rCH, rPC, rP, rN, rS, rXV, rEPS. LES DEUX VARIABLES
RXA ET REPS SONT DES VARIABLES INTERNES AU SUBROUTINE DERIV ET
REPRESENTENT LA BIOMASSE ACTIVE ET LE POLYSACCHARIDE EN
LIMITATION LUMIERE SEULE.

LORS DES SIMULATIONS DYNAMIQUES, LE PROGRAMME CALCULE POUR
CHACUNE DES 9 VARIABLES LES CONCENTRATIONS DE 200 POINTS (=ITAB)
SUR LE TEMPS QUI SONT RANGEES DANS L‘ORDRE DANS UN FICHIER DONT
LE NOM EST DONNE PAR L’UTILISATEUR.

LORS DES CALCULS D’ETATS STATIONNAIRES, LES RESULTATS SONT
AFFICHES A L‘ECRAN.

F % o H ok N N N F O O H ¥ F K

Chkhhkkkkhkhkkhkkhkhhhhhkhkkhkkkkhkhkkkhhkhkhhhhkhhhhhkhhhkkhhhhhkhhkkhkkkkhhkkhhkhhkhkhkhkkkhkhkkkk

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER COMPT

PARAMETER (PI=3.1415926,
CHARACTER*10 FNAME
CHARACTER*14 NOM(7),TNOM*7,VNOM*21 , ENOM*20

DIMENSION CE(N),CS(N),F(N),D(8),XTAB(ITAB),YTAB(N,ITAB),

ITAB=200, N=9)

*FX(N,N) ,HESS(N,N) ,VP(N,N) ,FI(N),XI(N)

COMMON /PHOTO1 /CI(14)
COMMON /PHOTO2 /PAR(16)
COMMON /PHOTO4 /COMPT , DIF
COMMON /PHOTO5 /ICREN , WIV

CALL CLSHOM

PRINT*

pRINT*,' *************************************************',
kT hkhkkkhkkkhkkkhkkk?’

PRINT*, ’ * ’,
* 7 * 7

PRINT*,’ * PPPPPP H H 000000 TTTTTTT 000000 SSSSSS’,
/' T M M %7

PRINT*, ’ * P P H H O 0 T 0 0O S ’,
*/ T MM MM *’

PRINT*, ’ * P P H H O o} T 0 O S ’,
*x/ T MMMM *’/

PRINT*, ’ * PPPPPP HHHHHH O o} T 0 O SSSsss/,
' T M M M */

PRINT*, ’ * P H H O o} T o o) s’,
' I M M *

PRINT*, ’ * P H H O o} T o} o) s’,
x/ T M M *7

PRINT*, ’ * P H H 000000 T 000000 SSSSSS’,
' I M M %/

PRINT*, ’ * .,
*x 7 * 7

PRINT*, ’ * r,
* 7 *7

PRINT*, / * ",
* 7 o’

PRINT*, ’ * J-F. CORNET.’,

* 7

PRINT*,’

* 7

* 7
*
* 7



PRINT*, *
* 7 x7
PRINT*, ’ *
* 7 * 7

PRINT*, ' *
* 7 * !

LABORATOIRE DE GENIE CHIMIQUE BIOLOGIQUE.'

UNIVERSITE BLAISE PASCAL - CLERMONT~FERRAND.’

’

’

[

’

PRINT*” *************************************************’,

Kl hdkhkhhkhdhhhhkhx/!
PRINT*
PRINT*
PRINT*
PRINT*

PRINT*, 'PRESS RETURN TO CONTINUE.’

READ*
ICREN=0
CALL CLSHOM
PRINT*
PRINT*
PRINT*,/
PRINT*,’
PRINT* , '/
PRINT*
PRINT*
PRINT*

khkkhkhkhkkdkhkhhkhhhhhhhhkhkhkkhkhkkkkk/

* GENERAL OPERATING CONDITIONS *'
kkkhhkhhkhhhhkhkhhkhhhhhkhkhkrkhdhhhkhkk/

WRITE(*,*)’/VALUE OF THE INCIDENT RADIANT ENERGY’
WRITE(*,600) 'FLUX (W/m2): !

READ(*,*)CI(1)
PRINT*
PRINT#*

WRITE(*,*)’VALUE OF THE ILLUMINATED WORKING VOLUME IN THE’
WRITE(*,600)’PHOTOBIOREACTOR (%): !

READ(*,*)WIV
WIV=WIV/100
TNOM=’ TIME ’

NOM(1)=' TOTAL BIOMASS’
NOM(2)='ACTIVE BIOMASS’
NOM(3)=' CHLOROPHYLL'
NOM(4)="* PHYCOCYANIN'

NOM(5)=' PROTEINS '/
NOM(6)=" NITRATE '
NOM(7)="* SULFATE “/

VNOM=' VEGETATIVE BIOMASS’
ENOM=’EXOPOLYSACCHARIDE'

PAR(1)=150.
PAR(2)=200.
PAR(3)=.01
PAR(4)=.162
PAR(5)=.684
PAR(6)=.45
PAR(7)=1.852
PAR(8)=20.
PAR(9)=750.
PAR(10)=5.3E-3
PAR(11)=2.5E-4
PAR(12)=.15
PAR(13)=.55
PAR(14)=.516
PAR(15)=.022
PAR(16)=.049
FACT=.8-5E~4*CI(1)



SNONP!

5 CALL CLSHOM

PRINT*"*********************************************************’

*,’*********’
WRITE(*, %) %
*" = 1
PRINT*, ’ *
*,’ * !
WRITE(*,*) /%
*,'
WRITE(*,*)’*
*,' = 2
PRINT*, ' *
*” * 7
WRITE(*,*)’*
*,'
WRITE(*,*)’*
*,l = 3
PRINT*, 7 *
*,’ * 7
WRITE(*,*)’*
*”

WRITE(*, %)%
*” = 4
PRINT*,’ %
*,’ *’
WRITE(* ,*)’*
*,’

WRITE(*, %)%
*" = 5
PRINT*, ’ %
*,’ * 7
WRITE(*,*)’*
*,’
WRITE(*,*) /%
*,’ = 6
PRINT* , /%
*,l * 7
WRITE (%, %) /%
*"
WRITE(*,*)’*
*" = 7
PRINT*, * *
*” * 17
WRITE (%, *) %
x

WRITE(*, %)%
*,’ FLOW =

BATCH CULTURE SIMULATION
*x 7

SIMULATION OF A CONTINUOUS CULTURE STARTING WITH A
*x !

FIXED VALUE OF THE DILUTION RATE
* !

SIMULATION OF A CONTINUOUS CULTURE STARTING WITH
* 7

AN OPTIMAL CALCULATED DILUTION RATE
*x 7

SIMULATION OF A CONTINUOUS CULTURE WITH A STEP IN
* 7

INCIDENT RADIANT ENERGY FLUX
% 7

SIMULATION OF A CONTINUOUS CULTURE WITH A STEP IN
x 7

DILUTION RATE

* 7

SIMULATION OF A CONTINUOUS CULTURE WITH A
* !

CONCENTRATION STEP IN THE INCOMING FLOW
* 7

4

CALCULATION OF STATIONNARY SOLUTIONS FOR CONTINUOUS‘

* ¢

CULTURE WITH A FIXED DILUTION RATE
* 7/

!

CALCULATION OF STATIONNARY SOLUTIONS FOR CONTINUOUS’

* 7

CULTURE WITH FIXED CONCENTRATIONS IN THE OUTGOING’
x 7

PRINT*,’*********************************************************’

*,’*********’

READ(*,*) ICODE
IF(ICODE.LT.1.0R.ICODE.GT.8) GOTO 5
GOTO(10,20,30,160,170,180,40) ICODE

OPTION DE CALCUL DU TAUX DE DILUTION POUR UNE CULTURE CONTINUE
AVEC CONCENTRATIONS DE SORTIE FIXEES (choix 8).

CI(2)=0.
CI(12)=1.

CALL INITCONT(CE)



DO 200 I=1,N
CI(2+I)=CE(I)
200 CONTINUE

7 CALL CLSHOM
PRINT*
PRINT*
PRINT*,’ dhkkkkhkhkhkkhkkhkhkhhkhkhkhkhhkhkhkkkhkhkhkkkd?
PRINT* , ¢ * SPECIFIC OPERATING CONDITIONS */
PRINT*,’ hkkkhkhkhkkhkhkkkkhkhkhkkhkhdkkkdhkhkhhkhikkkk’/
PRINT*
PRINT*
PRINT*
WRITE(*,*)’CHOSE THE FIXED CONCENTRATION IN THE OUTGOING FLOW:'’
PRINT*
PRINT* , / TOTAL BIOMASS = 17
PRINT*,’ ACTIVE BIOMASS = 27
PRINTx*, / VEGETATIVE BIOMASS’
PRINT*, (if mineral limitation may exist) = 3’
PRINT*, / NITRATE = 4’
PRINT*, '/ SULFATE = 57
PRINT*, / EXOPOLYSACCHARIDE = 6’
READ(*,*) NUM
IF(NUM.LT.1.0R.NUM.GT.6) GO TO 7
GO T0(201,202,203,204,205) NUM
EXOPOLYSACCHARIDE.
PRINT*
WRITE(*,600)’GIVE THE EXOPOLYSACCHARIDE CONCENTRATION IN THE’
* , 'OUTGOING FLOW (kg/m3 or g/L): ’

READ(*,*)CS(9)

CALL CLSHOM

PRINT*

PRINT*, ’ khkkkhkhhhkdkhkrkhhhhhhhk/

PRINT*, ’ CALCULATION IN PROGRESS’
PRINT*,’ hkhkhkhkkkhkkkhhkhkkkkkkhkkk/
DIF=CS(9)

COMPT=6

NORM=0

XI(1)=CS(9)/(1-FACT)

XI(2)=FACT*XI(1)

XI(3)=PAR(3)*XI(2)

XI(4)=PAR(4)*XI(2)

XI(5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CE(7)-PAR(15)*(XI(2)-CE(2))
XI(8)=(XI(1)+XI(2))/2

XI(9)=CS(9)

IF (XI(6).LT.0.) XI(6)=0.

IF (XI(7).LT.0.) XI(7)=0.

CALL DERIV(XI,X,F)
XI(9)=F(9)/(CS(9)-CE(9))

GO TO 210

TOTAL BIOMASS.

201 PRINT*
WRITE(*,600)/GIVE THE TOTAL BIOMASS CONCENTRATION IN THE'’
* , ’OUTGOING FLOW (kg/m3 or g/L): '
READ(*,*)CS(1)
CALL CLSHOM
PRINT*



202

203

PRINT*, ’
PRINT*, /
PRINT*, '
DIF=CS(1)
COMPT=1
NORM=0
XI(1)=CS(1)

khkkhkhkhkkhkhkhkhkhkhkhkhkhhkhkkhhkk/’

CALCULATION IN PROGRESS’
kkkkkhkhkhhhdkhkhhhkhhdhhhhhh/

XI(2)=FACT*XI(1)
XI(3)=PAR(3)*XI(2)
XI(4)=PAR(4)*XI(2)
XI(5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CE(7)-PAR(15)*(XI(2)-CE(2))
XI(8)=(XI(1)+XI(2))/2
XI(9)=(1-FACT)*XI(1)

IF (XI(6).LT.0.) XI(6)=0.

IF (XI(7).LT.0.) XI(7)=0.

CALL DERIV(XI,X,F)
XI(1)=F(1)/(CS(1)-CE(1))

GO TO 210

ACTIVE BIOMASS.

PRINT*

WRITE(*,600)’GIVE THE ACTIVE BIOMASS CONCENTRATION IN THE’

, TOUTGOING FLOW (kg/m3 or g/L):

READ(*,*)CS(2)

CALL CLSHOM
PRINT*
PRINT*,
PRINT*,
PRINT*,
DIF=CS(2)
COMPT=2
NORM=1

khkkkkkhkhkkkkkhkhkhkkdkkkkkkk/

CALCULATION IN PROGRESS'
khkkkkdkkhkhkhkhkkkkhkkkkkkk/’

XI(1)=CS(2)/FACT

XI(2)=CS(2)
XI(3)=PAR(3
XI(4)=PAR(4
XI(5)=PAR(5

)*XI(2)
)*XI(2)
)*XI(2)

XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CE(7)-PAR(15)*(XI(2)-CE(2))

XI(8)=(XI(1

Y+XI(2))/2

XI(9)=(1~FACT)*XI(1)

IF (XI(6).LT.0.) XI(6)
IF (XI(7).LT.0.) XI(7)

Il

0.
o

CALL DERIV(XI,X,F)

XI(2)=F(2)/
GO TO 210

(CS(2)~CE(2))

VEGETATIVE BIOMASS.

PRINT*

14

WRITE(*,600)’GIVE THE VEGETATIVE BIOMASS CONCENTRATION IN THE’

READ(*,*)CS
CALL CLSHOM
PRINT*
PRINT*, '
PRINT*, ’
PRINT*, ’
DIF=CS(8)

, 'OUTGOING FLOW (kg/m3 or g/L):
(8)

khkkhkkhdkhhkhhkhkhdhhhkhhkk/

CALCULATION IN PROGRESS’
kkkhkhhkhhhkhhhkkhkhhhkkkhk’

14



XI(4)=PAR(4)*XI(2)
XI(5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CS(7)

XI(8)=(XI(1)+XI(2))/2
XI(9)=(1-FACT)*XI(1)

IF (XI(6).LT.0.) XI(6)=0.

CALL DERIV(XI,X,F)
XI(7)=F(7)/(CS(7)=-CE(7))

210 NV=N

OM=1E-3

KIMP=1

NAP=200

IDERIV=0

IMAX=0

EPS=1E-5

CRIT=1E-10

CALL NEWTON(NV,XI,OM,KIMP,IDERIV,NORM,EPS,CRIT,NAP,KAR,FI, HESS,
*VP,FX, IMAX,BMIN , BMAX)

IF(COMPT.EQ.1) XI(1)=CS(1)

IF(COMPT.EQ.2) XI(2)=CS(2)

IF(COMPT.EQ.3) XI(8)=CS(8)

IF(COMPT.EQ.4) XI(6)=CS(6)

IF(COMPT.EQ.5) XI(7)=CS(7)

IF(COMPT.EQ.6) XI(9)=CS(9)

BOUNDN=1.1*CE(6)/.516

BOUNDS=1.1*CE(7)/.022

IF ((XI(2)-CE(2)).GT.BOUNDN.OR. (XI(2)-CE(2)).GT.BOUNDS) THEN

CALL CLSHOM

PRINT*,’ khkkhkhkhkhkhkhkhkhkkhkhkhkhkhkkhkhhkhkhkhkkhhhkhhkhhkkkk/’
PRINT*, BAD INITIAL PARAMETERS. CALCUL ABORTED.’
PRINT*,' khkdkhkhhkkhkhhkkhhhhhhkhkhkhkhkhkhhhkkhkhkkhkkhkkkkhkk/!
PRINT*
PRINT*
PRINT*,'PRESS RETURN TO CONTINUE.’
READ*
GO TO 6

ENDIF

CALL AFFICHAGE(CE,XI,DILUT)

GO TO 60

OPTION SIMULATION DE CULTURE DISCONTINUE (choix 1).

10 CALL CLSHOM

PRINT*

PRINT*

pRINT*,' kkkkhkhkhkkrkrhkhkhktdhkhkrdddrhhhkrrrrkdhhx/
PRINT*,/ * SPECIFIC OPERATING CONDITIONS */
PRINT*” kdkkkhkhkhkhhhkhkkkdokkhkhkhkhkkhkhkkhkkkkk/
PRINT*

PRINT*

PRINT*

WRITE(*,600)’GIVE FILE NAME FOR STORAGE DATA ’

* ,’(up to 10 characters): ’
READ(*,500)FNAME

PRINT*

WRITE(*,600)/GIVE THE FINAL TIME FOR SIMULATION (in hours): !



Qo0

70

READ( * , * ) XF
DO 70 I=2,12
CI(I)=0.
CONTINUE
CALL BATCH(XF,ITAB,XTAB,YTAB)
CALL CLSHOM
GOTO 50

OPTION DE SIMULATION DE DEMARRAGE D/UNE CULTURE CONTINUE AVEC
TAUX DE DILUTION FIXE (choix 2).

OO0

20

25

80

300

CALL CLSHOM

PRINT*

PRINT*

PRINT*,’ hkkkhhkhkhkkhkhkhhhkhhhhkhkrkhhhhhkkhhkhkddhk/

PRINT*, * SPECIFIC OPERATING CONDITIONS */
PRINT*,’ khkkkhkhkkhkkkkhkhhkhkkhkhhkhkhkhhhhkhkkkkdhhkix/’
PRINT*

PRINT#*

PRINT*

WRITE(*,600)’GIVE FILE NAME FOR STORAGE DATA ’

* ,"(up to 10 characters): ’
READ(*,500) FNAME

PRINT=*

WRITE(*,600)/GIVE THE FINAL TIME FOR SIMULATION (in hours): ’
READ(*,*)XF

PRINT*

WRITE(#*,600)’GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’

* ,/(in hours-1): !

READ(*,*)CI(2)

PRINT*

WRITE(*,600)’GIVE THE TIME FOR STARTING CONTINUOUS CULTURE !

* ,'(in hours):

READ(*,*)CI(12)

IF(CI(12).GE.XF) THEN
CALL CLSHOM
PRINT*
PRINT*,’ CONTINUOUS CULTURE HAVE TO BE STARTED BEFORE END’

* ,’ OF SIMULATION!"’ "
PRINT*
GO TO 25

ENDIF

CALL INITCONT(CE)

DO 80 I=1,N
CI(2+I)=CE(I)

CONTINUE

CALL BATCH(XF,ITAB,XTAB,YTAB)

DO 300 I=1,N
CS(I)=YTAB(I,ITAB)

CONTINUE

DILUT=CI(2)

CALL AFFICHAGE(CE,CS,DILUT)

GOTO 50

OPTION DE SIMULATION DE DEMARRAGE D’/UNE CULTURE CONTINUE AVEC
TAUX DE DILUTION OPTIMAL CALCULE (choix 3).




QOO

30

31

90

100

110

32

115

35

*

*

INDIC=1
COMPT=7
CALL CLSHOM
PRINT*
PRINT*
PRINT*, ’
PRINT*, ’
PRINT*,
PRINT*
PRINT*
PRINT*

kkkkhkkhkhkhkkkhkhkhkkdhhkhhhkhkhkhkkhkkhkkkk/

* SPECIFIC OPERATING CONDITIONS *’
dhkhkkhkhkhkhdhkdhkhkhdhhddhdhhhhhkhhhkkkkxx/

WRITE(*,600)’GIVE FILE NAME FOR STORAGE DATA !
,"(up to 10 characters): ’

READ(*,500) FNAME
PRINT*

WRITE(*,600)/GIVE THE TIME FOR STARTING CONTINUOUS CULTURE !

,’(in hours):
READ(*,*)XF
CI(2)=0.
CI(12)=0.
PRINT*

WRITE(#*,*)’DO YOU WANT OPTIMIZE THE OUTPUT CONCENTRATION IN:’

WRITE(*,*)

WRITE(*,*)’ NITRATE

7
7
WRITE(*,*)’ BIOMASS (or one of its compounds)
[
WRITE(*, %)’ SULFATE

PRINT*
READ(*,*)IRESP

ll
2’
3'

IF(IRESP.LT.1.0R.IRESP.GT.3) GOTO 31

CALL INITCONT(CE)

DO 90 I=1,N
CI(2+I)=CE(I)

CONTINUE

CALL BATCH(XF,ITAB,XTAB,YTAB)

DO 100 I=1,N
CS(I)=YTAB(I,ITAB)

CONTINUE

CALL DERIV(CS,X,F)

DO 110 I=1,N
D(I)=F(I)/(CS(I)-CE(I))

CONTINUE

GO TO(32,35) IRESP

CI(2)=D(7)

CI(12)=1.

GO TO 45

SUMD=0.

DO 115 I=2,5
SUMD=SUMD+D(I)

CONTINUE

CI(2)=SUMD/4

CI(12)=1.

GO TO 45

CI(2)=D(6)

CI(12)=1.

GOTO 45

OPTION DE SIMULATION D‘UNE CULTURE CONTINUE AVEC CRENEAU EN FLUX
INITIAL D’/ENERGIE RADIANTE (choix 4).




QOO0

160

CALL CLSHOM

PRINT*
PRINT*
PRINT*,’ khkhkkhkhkhkhkkhkhkhkhkhkkhkkhhkhkhkhkkkhkhkdkdkkdk/?
PRINT*, / * SPECIFIC OPERATING CONDITIONS */
PRINT*, ’ khkkkkdhkkhhkhkhhkhkhhhhkhkhkkhhhhkhkhkkhkhkkkkdk?’
PRINT*
PRINT*
PRINT*
WRITE(*,600)’/GIVE FILE NAME FOR STORAGE DATA !
* ,’(up to 10 characters): ’
READ(*,500) FNAME
PRINT*
WRITE(*,600)’GIVE THE FINAL TIME FOR SIMULATION (in hours): ’
READ(*, * ) XF
PRINT*
WRITE(*,600)’GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’
* ,’(in hours-1): ’
READ(*,*)CI(2)
PRINT*
WRITE(*,600)’GIVE THE NEW VALUE FOR STEP IN INITIAL RADIANT !
* , ’ENERGY FLUX (in W/m2): !
READ(*,*)CI(13)
PRINT*
161 WRITE(*,600)‘GIVE THE TIME FOR STEP IN INITIAL RADIANT ENERGY !
* ,’FLUX (in hours): !
READ(*,*)CI(14)
IF (CI(14).GE.XF) THEN
PRINT*
PRINT*
PRINT#*, *CHANGE IN OPERATING CONDITION HAVE TO BE PERFORMED'
PRINT#*,’BEFORE THE END OF SIMULATION!!!/
PRINT*
PRINT*
GO TO 161
ENDIF
CI(12)=0.
ICREN=1
CALL INITCONT(CE)
DO 700 I=1,N
CI(2+I)=CE(I)
700 CONTINUE
CALL BATCH(XF,ITAB,XTAB,YTAB)
CALL CLSHOM
GOTO 50
OPTION DE SIMULATION D/UNE CULTURE CONTINUE AVEC CRENEAU EN TAUX
DE DILUTION (choix 5).
170 CALL CLSHOM

PRINT*
PRINT*
PRINT*, ’ khdkkkhkhkhkhrhhkhhhhhhhhhhkhhohrdhkk’

PRINT* , / * SPECIFIC OPERATING CONDITIONS *‘
PRINT*, ' khkkhkkdhkkkhkhhkhhkrkhhhhhhkhkkhhkhkhk/
PRINT*

PRINT*

PRINT*

WRITE(*,600)/GIVE FILE NAME FOR STORAGE DATA ’



Q00

171

800

*

*

*

,"(up to 10 characters): ’
READ(*,500) FNAME
PRINT*
WRITE(*,600)’GIVE THE FINAL TIME FOR SIMULATION (in hours): ’
READ(*,*)XF
PRINT*
WRITE(*,600)’GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’
,’(in hours-1): ’
READ(*,*)CI(2)
PRINT*
WRITE(*,600)’GIVE THE NEW VALUE FOR STEP IN DILUTION RATE ’
,"(in hours-1): ’
READ(*,*)CI(13)
PRINT*
WRITE(*,600)’GIVE THE TIME FOR STEP IN DILUTION RATE ’
,’(in hours): ’
READ(*,*¥)CI(14)
IF (CI(14).GE.XF) THEN
PRINT*
PRINT*
PRINT#* ,’CHANGE IN OPERATING CONDITION HAVE TO BE PERFORMED’
PRINT* , 'BEFORE THE END OF SIMULATION!!!'
PRINT*
PRINT*
GO TO 171
ENDIF
CcI(12)=0.
ICREN=2
CALL INITCONT(CE)
DO 800 I=1,N
CI(2+I)=CE(I)
CONTINUE
CALL BATCH(XF,ITAB,XTAB,YTAB)
CALL CLSHOM
GOTO 50

OPTION DE SIMULATION D/UNE CULTURE CONTINUE AVEC CRENEAU DE
CONCENTRATION DANS LE FLUX ENTRANT (choix 6).

180

185

*

CALL CLSHOM

PRINT#*

PRINT*

PRINT*, ’ khkdkhhhhkhkhhhhhkhhdkhhhhdkhkdhhkhhhhdd/’

PRINT*,’ * SPECIFIC OPERATING CONDITIONS */

PRINT*, / khkkhkhkhhkhhhhhkhhhhhhkkdhdkhhhkhkrkhkhkdk/

PRINT#*

PRINT*

PRINT*

WRITE(*,600)’GIVE FILE NAME FOR STORAGE DATA ’
,’(up to 10 characters): ’

READ(*,500) FNAME

PRINT*

WRITE(*,600)’/GIVE THE FINAL TIME FOR SIMULATION (in hours): '

READ( *, *)XF

PRINT*

WRITE(*,600)’GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’
,’(in hours-1): ’

READ(*,*)CI(2)
CALL CLSHOM



PRINT*

PRINT*
PRINT*" kkkkhkhkhkhkhkhkkhkhhhkhhkhkhkhhkkkkkhkkdkkkk?
PRINT*, ’ * SPECIFIC OPERATING CONDITIONS *¢
PRINT*, ’ Ahkkhkkkkkhkkthkrrhthdhkdhkkbhkhkkkhdn”/
PRINT*
PRINT*
PRINT*
PRINT*
WRITE(*,*)’ CHANGE THE NITRATE CONCENTRATION IN THE INCOMING’
*,’ FLOW = 1/
PRINT*
WRITE(*,*)’ CHANGE THE SULFATE CONCENTRATION IN THE INCOMING’
*, ! FLOW = 27
PRINT*
READ(*,*) ICONC
IF (ICONC.LT.1.0R.ICONC.GT.2) GOTC 185
GOTO (187) ICON
CONCENTRATION EN SULFATE.
PRINT*
WRITE(*,600)’/GIVE THE NEW VALUE FOR STEP OF SULFATE 4
* , TCONCENTRATION IN THE INCOMING FLOW !
* ,'(in kg/m3 or g/L): ’
READ(*,*}CI(13)
PRINT*
181 WRITE(*,600)’GIVE THE TIME FOR STEP OF SULFATE CONCENTRATION '
* , "IN THE INCOMING FLOW (in hours): ’

READ(*,*)CI(14)
IF (CI(14).GE.XF) THEN
PRINT*
PRINT*
PRINT*,’CHANGE IN OPERATING CONDITION HAVE TO BE PERFORMED’
PRINT*, ’BEFORE THE END OF SIMULATION!!!~’
PRINT*
PRINT*
GO TO 181
ENDIF
ICREN=4
GOTO 950

CONCENTRATION EN NITRATE.

187 PRINT*
WRITE(*,600)’GIVE THE NEW VALUE FOR STEP OF NITRATE '
* , TCONCENTRATION IN THE INCOMING FLOW 4
* '({in ka/m3 or o/I): ’

A2 KRGS O G/ -

READ(*,*)CI(13)
PRINT*

182 WRITE(*,600)’GIVE THE TIME FOR STEP OF NITRATE CONCENTRATION ’
* , "IN THE INCOMING FLOW (in hours): ’

READ(*,*)CI(14)
IF (CI(14).GE.XF) THEN
PRINT*
PRINT*
PRINT*, 'CHANGE IN OPERATING CONDITION HAVE TO BE PERFORMED’
PRINT*, ‘BEFORE THE END OF SIMULATION!!!~’
PRINT*
PRINT*



QOO0

950

900

GO TO 182
ENDIF
ICREN=3

CI(12)=0.
CALL INITCONT(CE)
DO 900 I=1,N
CI(2+I)=CE(I)
CONTINUE
CALL BATCH(XF,ITAB,XTAB,YTAB)
CALL CLSHOM
GOTO 50

OPTION RECHERCHE DES SOLUTIONS STATIONNAIRES AVEC TAUX DE

DILUTION FIXE (choix 7).

40

150

45

COMPT=7
CALL CLSHOM
PRINT*
PRINT*

PRINT*, /
PRINT*, ’
PRINT*, ’

hhkhkhdkdhhkhkhkhkkkhkhrhdbhbhhhbhbhkdht/

* SPECIFIC OPERATING CONDITIONS *’
kkkhkkhkhdkhkhkhhkhkkhhkhkhkhkkkkkrkhkkkk/

PRINT*
PRINT*
PRINT*

WRITE(*,600)/GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’

,’(in hours-1):
READ(*,*)CI(2)
CALL INITCONT(CE)
DO 150 I=1,N

CI(2+I)=CE(I)

CONTINUE
CI(12)=1.
RXAM=.0443
FRK=66.6
RXA=RXAM*CI(1)/(CI(1)+FRK)
CS(2)=(RXA+CI(2)*CE(2))/CI(2)
CS(1)=CS(2)/FACT
CS(3)=PAR(3)*CS(2)
CS(4)=PAR(4)*CS(2)
CS(5)=PAR(5)*CS(2)
CS(6)=CE(6)-PAR(14)*(CS(2)-CE(2))
CS(7)=CE(7)-PAR(15)*(CS(2)-CE(2))
CS(8)=(CS(1)+CS(2))/2
CS(9)=(1-FACT)*CS(1)
IF (CS(6).LT.0.) CS(6)=0.
IF (CS(7).LT.0.) CS(7)=0.
CALL CLSHOM
PRINT*
PRINT*" kkekkhkhkkhhkdkkhkkkkhkkhkik/!

PRINT*, / CALCULATION IN PROGRESS’
PRINT*,’ dkkkkrkhkkkkkhkhhkhhrhkkddhkr’
NV=N

OM=.05

KIMP=1

NAP=200

IDERIV=0

NORM=0

’



IMAX=0
EPS=1E-5
CRIT=1E-10

CALL NEWTON(NV,CS,OM,KIMP,IDERIV,NORM,EPS,CRIT,NAP,KAR,FI, HESS,

*VP,FX, IMAX, BMIN, BMAX)

BOUNDN=1.1*CE(6)/.516

BOUNDS=1.1*CE(7)/.022

IF ((CS(2)-CE(2)).GT.BOUNDN.OR. (CS(2)-CE(2)).GT.BOUNDS) THEN
PRINT*’ ’ khkkhkhkhkhhkhkhkkhhdhhhhkkhkhkkhhkkhkkhhkkkkhkhkkhkk/?

PRINT*, / BAD INITIAL PARAMETERS. CALCUL ABORTED.’
PRINT* , / hkkhkkkkhhhkhhhkhhhhkhhhhkhhhkdhhhkkhkkhkkhkhksk/
PRINT*
PRINT*
PRINT*,’'PRESS RETURN TO CONTINUE.’
READ*
GO TO 40
ENDIF
DILUT=CI(2)
CALL AFFICHAGE(CE,CS,DILUT)
IF (INDIC.EQ.1) THEN
GOTO 50
ENDIF
GOTO 60

SUITE PROGRAMME PRINCIPAL.

50

420

400
410

500
600

60

OPEN(1,FILE=FNAME, STATUS='UNKNOWN’ )
WRITE(1,*)/INITIAL RADIANT ENERGY FLUX: /,CI(1),’ W/m2’
WRITE(1,*)
WRITE(1,*)’THE COMPONENT CONCENTRATIONS ARE GIVEN IN kg/m3‘
%,/ FOR EACH STEP OF TIME (in hours).’
WRITE(1,*)
WRITE(1,420)TNOM, (NOM(I),I=1,7),VNOM,6 ENOM
FORMAT(10(A,1X))
DO 400 I=1,ITAB
WRITE(1,410) XTAB(I),(YTAB(J,I), J=1,N)
CONTINUE
FORMAT(F7.1,1X,7(G14.6,1X),G18.8,1X,G17.8)
CLOSE(1)
FORMAT (A)
FORMAT (A50,\)
PRINT*

PRINT#*,’THE RESULTS OF SIMULATION ARE NOW LISTED IN FILE ’,FNAME

PRINT*

PRINT*

PRINT#*

PRINT*,’ khkkhkkkkkkkdhhkdhhkhkhkkrkk
PRINT#* , / *

WRITE(*,*)’ * NEW EXECUTION
PRINT*,/ *

WRITE(*,*)’ * END = 2
PRINT* , ' *

PRINT*, / hhkkkdkkhkdhhkhhhkkihhdkkk
READ(*,*)ITEST

IF(ITEST.LT.1.0R.ITEST.GT.2) GOTO 60

GOTO(1) ITEST

CALL CLSHOM

END

]

1

* 7
* 7

* !

* 7
* 7

* 7



CDEB initcont

SUBROUTINE INITCONT(CX)
C***********************************************************************
SUBROUTINE D/INITIALISATION DES CONCENTRATIONS POUR CHAQUE
ESPECE DANS LE COURANT D’ENTREE DU REACTEUR
(remplissage du vecteur CE(N)).

DEUX OPTIONS SONT POSSIBLES:
- SOIT UNE INITIALISATION MINIMALE DE LA CONCENTRATION EN BIOMASSE
ACTIVE, EXOPOLYSACCHARIDE, NITRATE ET SULFATE;
- SOIT UNE INITIALISATION COMPLETE DE TOUS LES COMPOSES
(7 VALEURS).
DANS LE CAS GENERAL, ET SURTOUT S‘’IL N’Y A PAS DE LIMITATION
MINERALE, IL EST CONSEILLE D’/UTILISER L’INITIALISATION MINIMALE.
Chhdkkhkihkkkkdkhdhkkhhhhhdkhhkhhkdhhhhkhhhhhhhhhhhdhhhhkhhdkhhkhhhhrdhkhkikhxkhx

CFIN

OO0 0nN

IMPLICIT DOUBLE PRECISION (A-H,0-2)
PARAMETER (N=9)
DIMENSION CX(N)

1 CALL CLSHOM
PRINT*
PRINT*,’ Ahkkkkhkhdkkkkhhrhhhhhhhrhhhhhrhhhhthhrrrhk ek hrd/
PRINT#*,’ INITIAL CONCENTRATIONS IN THE INCOMING FLOW’
PRINT#*,’ khkkkhkhkkkkhhhokkkhhrhhddhbbhrhdhbhdrrhrddhhdk/s
PRINT*

WRITE(#*,*)’MINIMUM INITIALISATION FOR CONCENTRATIONS OF ACTIVE’
WRITE(*,*)’BIOMASS, EXOPOLYSACCHARIDE, NITRATE AND SULFATE.’
WRITE(*,*)’ (other concentrations are automatically calculated)= 1’
PRINT*

WRITE(#*,*) INITIALISATION FOR EACH CONCENTRATION (7 values) = 2/
PRINT*

READ(*,*) ICODE

IF(ICODE.LT.1.0R.ICODE.GT.2) GOTO 1

GOTO(10) ICODE

CALL CLSHOM

PRINT*
PRINT*,’ kkkkhkhkhhhkhkdkhhhhdhhhhhhhhdhhhkhhhdhhhdhhdddd!
PRINT*, ’ INITIAL CONCENTRATIONS IN THE INCOMING FLOW’
PRINT* ' kkkhkkhhkhhdkhkhhdhdhhhhhhdhhhhhhhhkhdhhdhhhdhhddhkkhk/’
PRINT*

PRINT*, ‘GIVE THE CONCENTRATIONS FOR THE FOLLOWING COMPONENTS’
PRINT*,’IN THE INCOMING FLOW (in kg/m3 or g/L).’

PRINT*

WRITE(*,600)’VEGETATIVE BIOMASS CONCENTRATION: ’
READ(*,*)CX(2)

WRITE(*,600)’EXOPOLYSACCHARIDE CONCENTRATION: '
READ(*,*)CX(9)

WRITE(*,600)’CHLOROPHYLL CONCENTRATION: ’
READ(*,*)CX(3)

WRITE(*,600)’PHYCOCYANIN CONCENTRATION: '
READ(*,*)CX(4)

WRITE(*,600)’PROTEIN CONCENTRATION: ’
READ(*,*)CX(5)

WRITE(*,600)’NITRATE CONCENTRATION: ’

READ(*,*)CX(6)
WRITE(*,600)’SULFATE CONCENTRATION: 1



READ(*,*)CX{(7)
GOTO 20
10 CALL CLSHOM
PRINT*
PRINT*,’ fhhkkhkkhkdhkhhhkhkhhhhhkhkhkhkhhhhhhkhhkdhhhkhhhkhkdkkkk/

PRINT*, ’ INITIAL CONCENTRATIONS IN THE INCOMING FLOW’
PRINT*” khkhkkdkdkhhhkkhkhkkhhkhhkhkhhkhkkhkhhkhkhkhkhhkhkhkdhkkhhdhi/’
PRINT*

PRINT*,’GIVE THE CONCENTRATIONS FOR THE FOLLOWING COMPONENTS’
PRINT*,’IN THE INCOMING FLOW (in kg/m3 or g/L).’

PRINT*

WRITE(*,600)’ACTIVE BIOMASS CONCENTRATION: ’
READ(*,*)CX(2)

WRITE(*,600)’EXOPOLYSACCHARIDE CONCENTRATION: ’
READ(*,*)CX(9)

WRITE(*,600)’NITRATE CONCENTRATION: ’
READ(*,*)CX(6)

WRITE(*,600)’SULFATE CONCENTRATION: ’

READ(*,*)CX(7)
CX(1)=CX(2)+CX(9)
CX(3)=.01*CX(2)
CX(4)=.162*CX(2)
CX(5)=.684*CX(2)
CX(8)=CX(2)

600 FORMAT (A50,\)
RETURN

20 CX(1)=CX(2)+CX(9)
CX(8)=CX(2)
RETURN
END

CDEB affichage

SUBROUTINE AFFICHAGE(CE,CS,DILUT)
C***********************************************************************
C SUBOUTINE D’/AFFICHAGE DES RESULTATS POUR LA RECHERCHE DES
C SOLUTIONS STATIONNAIRES.
C***********************************************************************

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2Z)

PARAMETER (N=9)

DIMENSION CE(N),CS(N),COEF(5)

COMMON /PHOTO1 /CI(14)

CALL FORGLOB(CS,COEF)

CALL CLSHOM

WRITE(*,2)’ FOR AN INCIDENT LIGHT FLUX OF ‘/,CI(l1),’ W/m2,’

*,/ THE FOLLOWING RESULTS ARE OBTAINED:

PRINT*

WRITE(* 1)’ DILUTION RATE: ’,
* ! DILUT,’ h-1.
IF(CE(l) NE.O) THEN

WRITE(* 1)’ TOTAL BIOMASS CONCENTRATION IN THE INCOMING FLOW: r,
L4 CE(1),’ kg/m3.’
ENDIF

IF(CE(2).NE.O) THEN

WRITE(* 1)’ ACTIVE BIOMASS CONCENTRATION IN THE INCOMING FLOW: 7,
* ! CE(2),’ kg/m3.'

[



ENDIF
IF(CE(3).NE.O) THEN

WRITE(* 1)’ CHLOROPHYLL CONCENTRATION IN THE INCOMING FLOW: ’r,
* ! CE(3),’ kg/m3.
ENDIF

IF(CE(4).NE.O) THEN

WRITE(* 1)’ PHYCOCYANIN CONCENTRATION IN THE INCOMING FLOW: ’,
* ! CE(4),’ kg/m3.’
ENDIF

IF(CE(5).NE.O) THEN

WRITE(* 1)’ PROTEINS CONCENTRATION IN THE INCOMING FLOW: ’,
* 7 CE(5),’ kg/m3.’
ENDIF

IF(CE(6).NE.O) THEN

WRITE(* 1)’ NITRATE CONCENTRATION IN THE INCOMING FLOW: r,
* ! CE(6),’ kg/m3.’
ENDIF

IF(CE(7).NE.O) THEN

WRITE(* 1)’ SULFATE CONCENTRATION IN THE INCOMING FLOW: ’,
* ! CE(7),' kg/m3."*
ENDIF

IF (CE(8).NE.O) THEN

WRITE(*,1)’ VEGETATIVE BIOMASS CONCENTRATION IN THE INCOMING’,
** FLOW: ’, CE(8),’ kg/m3.’
ENDIF

IF(CE(9).NE.O) THEN

WRITE(*,1)’ EXOPOLYSACCHARIDE CONCENTRATION IN THE INCOMING’,

*/ FLOW: ', CE(9),’ kg/m3.’
ENDIF

PRINT*

WRITE(* 1)’ TOTAL BIOMASS CONCENTRATION IN THE OUTGOING FLOW: ’,
* 7 CsS(1),’ kg/m3.’
WRITE(* 1)’ ACTIVE BIOMASS CONCENTRATION IN THE OUTGOING FLOW: ',
* 7 Ccs(2),’ kg/m3.’
WRITE(* 1)’ CHLOROPHYLL CONCENTRATION IN THE OUTGOING FLOW: r,
* 7 CS(3),’ kg/m3.’
WRITE(* 1)’ PHYCOCYANIN CONCENTRATION IN THE OUTGOING FLOW: ’,
* ! cS(4),’ kg/m3.’
WRITE(* 1)’ PROTEINS CONCENTRATION IN THE OUTGOING FLOW: ’,
* ! cs(5),’ kg/m3.’
WRITE(* 1)’ NITRATE CONCENTRATION IN THE OUTGOING FLOW: !,
%! cs(6),’ kg/m3.7
WRITE(* 1)’ SULFATE CONCENTRATION IN THE OUTGOING FLOW: r,
* ! csS(7),’ kg/m3.’
WRITE(*,l)’ VEGETATIVE BIOMASS CONCENTRATION IN THE OUTGOING’,

*! FLOW: ‘, cs(8),’ kg/m3.’
WRITE(*,1)’ EXOPOLYSACCHARIDE CONCENTRATION IN THE OUTGOING’,

¥’ FLOW: ', CS(9),’ kg/m3.
PRINT*

PRINT*,'PRESS RETURN FOR THE NEXT PAGE OF RESULTS’

READ*

CALL CLSHOM

PRINT*

PRINT*,/ GLOBAL FORMULA OF THE PRODUCED BIOMASS’
PRINT*, ’ '
PRINT*

PRINT*

PRINT*, ’ c 1.0’
WRITE(*,3)’ H ’ ,COEF(1)

WRITE(*,3)" o * ,COEF(2)
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WRITE(*,3)" N ’ ,COEF(3)
WRITE(*,3)" S r ,COEF(4)
gRiTg(*,3)’ P ' ,COEF(5)
RINT*
PRINT*

FORMAT (A,A,G14.6,A)
FORMAT (A,F6.2,A,A)
FORMAT (A,F6.4)
RETURN

END

newton
SUBROUTINE NEWTON(NV,XI,OM,KIMP,IDERIV,NORM,EPS,CRIT,NAP,bKAR,

&FI ,HESS,VP,FX,IMAX,BMIN,6 BMAX)

Chhhkhhkhdhhkhdhkhhkdhhhhkhhhkhkhhhhhkhhkhkhkhkhkhkhkhkkkhhhkhhhkkkhkkhhhhkkhhkhkhhkhhhkkdkkhx
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RESOLUTION PAR LA METHODE DE NEWTON - RAPHSON D‘UN SYSTEME DE NV
EQUATIONS NON LINEAIRES A NV INCONNUES:

FI(XI)=0.
LES VALEURS DES FONCTIONS EN UN POINT XI SONT CALCULEES PAR APPEL
DU SOUS PROGRAMME FONCTI:CALL FONCTI(XI,FI)

ARGUMENTS D’ENTREE

NV NOMBRE DE VARIABLES INDEPENDANTES

XI(NV) ENTREE: ESTIMATION DU MINIMUM
SORTIE: DERNIER POINT DE LA RECHERCHE :

OM FACTEUR DE RELAXATION INITIAL, A PRENDRE ENTRE 0 ET 1
SORTIE: FACTEUR DE RELAXATION AU POINT FINAL DE LA
RECHERCHE

KIMP SI KIMP=1 IMPRESSION A CHAQUE PAS

SI KIMP=11 IMPRESSIONS DE KIMP=1 ET DU JACOBIEN ET
DU PRODUIT J*J-1 A LA PREMIERE ITERATION
SORTIE: NOMBRE D’ITERATIONS

IDERIV LE JACOBIEN DES NV FONCTIONS: FX(I,J)=(DF(I)/DX(J))
EST EVALUE PAR DIFFERENCES FINIES ORDINAIRES
SI IDERIV=1 JACOBIEN ANALYTIQUE PAR APPEL DU SOUS
PROGRAMME GANDIF A FOURNIR PAR L/UTILISATEUR

SUBROUTINE GANDIF(NV,NV,XI,FX)
DIMENSION FX(NV,NV),XI(NV)
FX(I,J)=G(XI(1),XI(2), '

NORM =1 NORMALISATION DU JACOBIEN (A UTILISER EN CAS
D/ECHEC AVEC NORM=0)

IMAX =0 LES VARIABLES SONT NON BORNEES

BMIN(NV) BORNES INFERIEURES SUR LES VARIABLES XI

BMAX(NV) BORNES SUPERIEURES SUR LES VARIABLES XI

TESTS D’ARRET

EPS VARIATION RELATIVE DU CRITERE ENTRE DEUX ETAPES EN
DESSOUS DE LAQUELLE LA RECHERCHE EST ARRETEE.TEST 1
CRIT ENTREE:VALEUR DU CRITERE EN DESSOUS DE LAQUELLE LA

RECHERCHE EST ARRETEE
SORTIE: VALEUR DU CRITERE AU MINIMUM
NAP ENTREE: NOMBRE D/APPELS DU SOUS PROGRAMME FONCTI



MAXIMUM
SORTIE: NOMBRE D’APPELS DU SOUS PROGRAMME FONCTI

ARGUMENTS DE SORTIE

KAR =] SORTIE PAR LE TEST 1: VARIATION RELATIVE DU CRITERE
INFERIEURE A EPS

=2 SORTIE PAR LE TEST 2: CRITERE INFERIEUR AU MINIMUM
=3 SORTIE PAR LE TEST 3: NAP SUPERIEUR AU NOMBRE
D’APPELS MAXIMUM

FI(NV) SORTIE: VECTEUR DONNANT LES VALEURS DES FONCTIONS AU
MINIMUM

HESS(NV,NV) TABLEAU DE TRAVAIL: PRODUIT J*J-1
DU HESSIEN DE LA FORME QUADRATIQUE ASSOCIEE AU CRITERE
AUTOUR DU MINIMUM

VP(NV,NV) TABLEAU DE TRAVAIL: INVERSE DE LA MATRICE JACOBIENNE
ASSOCIEE AUX VALEURS PROPRES DU HESSIEN

FX(NV,NV) TABLEAU DE TRAVAIL: MATRICE JACOBIENNE

VALEURS SUGGEREES POUR LES DIVERS PARAMETRES:
OM=0.5

CRIT=1.E-10

EPS SUPERIEUR OU EGAL A 1.E-05

NAP=100

SOUS PROGRAMMES APPELES
FONCTI,MRINV,GANDIF

DANS SA VERSION ACTUELLE CE PROGRAMME EST LIMITE A 100 VARIABLES

ET 100 FONCTIONS
Chhkkkkhhkhkhhhkhhhkhhhhhkkhkhhhkkhkhhkhrhkhhhhhhkhhhhhhkrhhhhhhhhhkkhhhkhhkorhkkk
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IMPLICIT DOUBLE PRECISION (A-H,0-2)

DIMENSION XI(NV),FI(NV),FX(NV,NV),6 HESS(NV,6NV)
DIMENSION VP(NV,NV)

DIMENSION XAI(100),FAI(100),W(100)

DIMENSION BMIN(NV),BMAX(NV)

INITIALISATION

QOO0

IMP=0

KMP=KIMP/10
KIMP=KIMP-(KIMP/10)*10
NAPMAX=NAP

NAP=0

ITER=0

KAR=1

NP=NV+1

CALCUL DU CRITERE

OO0

10 CALL FONCTI(XI,FI)
NAP=NAP+1
G=0.0
DO 20 I=1,NV

20 G=G+FI(I)*FI(I)
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IMPRESSIONS

IF(KIMP.NE.1.AND.ITER.NE.O)

WRITE(IMP,4) ITER,NAP,G,OMEG

MT AT S v P

llEKAllUN\D)
FACT. RELAX.

FORMAT(//,BX,Id,’
CRITERE=

T TMTI/ TMTY

WRITE(IMP,1) XI

WRITE(IMP,2) FI

TANMAM/, 1V !
rumm.l.\.LA,'XI 3X,

8(1pG13
FORMAT(1X,'FI’,3X,8(1PGl3.

CONTINUE

TESTS D’ARRET

IF(NAP.EQ.1]) GO TO 30

TEST 2
IF(G.LE.CRIT) KAR=12

TEST 1

IF(G.GT.GA) GO TO 50
EC=ABS(GA-G) /GA
IF(EC.LT.EPS) KAR=11l

nem
Lol

r,1PG1l3.6,

6
6

—

GO
A

~— Nt

C

TO 22

T~ 1
110,

MISE EN MEMOIRE DU DERNIER POINT

KDIV=0

GA=G

DO 40 I=1,NV
XAI(I)=XI(I)
FAI(I)=FI(I)
GO TO 70

o

AT M
ALC
r,1

’

TT

U
P

Qr

DIVERGENCE. ON RETOURNE D’UN POINT EN ARRIERE

KAR=2

DO 60 I=1,NV
XI(I) XAI(I)
G=GA
KDIV=KDIV+1l
(‘h TN 180

A O

ETUDE DE SENSIBILITE

IF(IDERIV.EQ.1) GO TO 104

CALCUL DU JACOBIEN PAR DIFFERENCES FINIES ORDINAIRES
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90
100

104

105

106

107

108

110
114
115
116
118

DO 100 J=1,NV
DX=0.05*XI(J)
IF(DX.EQ.0.) DX=0.001
XST=XI(J)
XI(J)=XI(J)+DX

CALL FONCTI(XI,FI)
NAP=NAP+1

DO 90 I=1,NV
DERI=(FI(I)-FX(I,NV))/DX
FI(I)=FX(I,NV)
FX(I,J)=DERI
XI(J)=XST

GO TO 105

CONTINUE

CALCUL DU JACOBIEN ANALYTIQUEMENT
CALL GANDIF(NV,NV,XI, FX)

CONTINUE
IF(NORM.NE.1) GO TO 108

NORMALISATION DU JACOBIEN

DO 107 I=1,NV
W(I)=ABS(FX(I,1))
DO 106 J=2,NV
IF(ABS(FX(I,J)).GT.W(I)) W(I)=ABS(FX(I,J))
CONTINUE
IF(W(I).EQ.0.) W(I)=1.
DO 107 J=1,NV
FX(I,J)=FX(I,J)/W(I)

IMPRESSION DU JACOBIEN

CONTINUE

IF(KMP.NE.1) GO TO 118
IF(ITER.NE.O) GOTO 118

WRITE (IMP,114)

DO 1106 I=1,NV,8

DO 110 J=1,NV,8

I2=1I+7

IF(I2.GT.NV) I2=NV

WRITE (IMP,115) I,Jd

J2=J+7

IF(J2.GT.NV) J2=NV

DO 110 I1=I,I2

WRITE (IMP,116) (FX(I1,J1),J1=J,J2)
FORMAT (//,1X, 'MATRICE JACOBIENNE’/)
FORMAT (/5X,’I J’,2I5/)

FORMAT (1X,8G10.3)

CONTINUE

CALCUL INVERSE MATRICE JACOBIENNE

INDIC=-1

EPSM=1.E-20

CALL MRINV (FX,VP,NV,NV,DETER,EPSM,GRAD, INDIC)
EPSM=1.E-30

ITER=ITER+1
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140

180

190

200
210

215

CALCUL DE J*(J-1)

IF (KMP.NE.1) GOTO 140
IF (ITER.NE.1) GOTO 140

DO 120 I=1,NV

DO 120 J=1,NV

TOT=0.

DO 120 K=1,NV
TOT=TOT+FX(I,K)*VP(K,J)
HESS(I,J)=TOT

IMPRESSION DE J*(J-1)

WRITE (IMP,121)

FORMAT (//,1X,’MATRICE J*(J-1)'/)
DO 130 I=1,NV,8

DO 130 J=1,NV,8

I2=I+7

IF(I2.GT.NV) I2=NV

WRITE(IMP,115) I,J

J2=J+7

IF (J2.GT.NV) J2=NV

DO 130 I1=I,I2

WRITE (IMP,116) (HESS(I1,J1),J1=J,J2)
CONTINUE

FACTEUR DE RELAXATION OMEGA

CALCUL DE LA PENTE INITIALE

IF(ITER.EQ.1) OMEG=(OM-1.0)/G
OMEGA=1.0+OMEG*G

IF(KAR.EQ.1) GO TO 190
CONTINUE

REDEFINITION DE OMEGA ET DE LA PENTE SI KAR=2.

OMEGA=OMEGA/ (2**KDIV)
OMEG=(OMEGA-1.0) /G
KAR=1

CONTINUE

CALCUL NOUVEAU POINT DANS L’ESPACE INITIAL

DO 210 I=1,NV

XI(I)=0.

IF(NORM.EQ.0) W(I)=1.

DO 200 J=1,NV
XI(I)=XI(I)-OMEGA*VP(I,J)*FAI(J)/W(I)
XI(I)=XI(I)+XAI(I)

BORNES SUR LES VARIABLES
IF(IMAX.EQ.0) GO TO 10

L=0
DO 215 I=1,NV

IF(XI(I).LT.BMIN(I).OR.XI(I).GT.BMAX(I)) L=I

CONTINUE
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IF(L.NE.O) GO TO 50
GO TO 10

CRIT=G

KAR=KAR-10

WRITE(IMP,3) KAR

FORMAT(/,’ SORTIE DE RECHERCHE PAR LE TEST’,I2,/)
WRITE(IMP,6) CRIT

FORMAT (’ VALEUR DU CRITERE AU MINIMUM=’,1PG13.6,//,
&10X, ' PARAMETRES’ ,15X, ' FONCTIONS’)

DO 230 I=1,NV

WRITE(IMP,7) I,XI(I),I,FI(I)

FORMAT (10X, ’XI(’,I2,’)=',1PG13.6,5X,'FI(’,I2,’)=",1PG13.6)
KIMP=ITER

OM=OMEGA

WRITE(IMP,8) NAP,ITER,OM

FORMAT(//,’ NOMBRE D APPELS DE LA FONCTION=’,I6,/,
&’ NOMBRE D ITERATIONS=’,I5,/,

&’ FACTEUR DE RELAXATION FINAL=’,1PG13.6,//)

RETURN

END

CDEB batch

SUBROUTINE BATCH(XF,ITAB,XTAB,YTAB)

C***********************************************************************

QOO0

SUBROUTINE D’/INITIALISATION ET D‘APPEL DU SOLVEUR D/EQUATIONS
DIFFERENTIELLES RKMER POUR LES SIMULATIONS DYNAMIQUES DE CULTURES
DISCONTINUES.

REMPLISSAGE DU VECTEUR ERRMAX(N) POUR LA PRECISION SUR LE CALCUL
DES EQUATIONS INTEGRO-DIFFERENTIELLES.

C***********************************************************************

c

FIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER (N=9)

DIMENSION ERRMAX(N),XTAB(ITAB),YTAB(N,ITAB),YO(N)
CALL INITBATCH(YO)

CALL CLSHOM

PRINT*

PRINT*,’ dkhhkhkdkkkkkkhkkhhhrkrhdhdkk/
PRINT*,’ CALCULATION IN PROGRESS’
PRINT*, ’ dkkkhhddkhhdkreddhhdrhhkddk’
X0=0.

H=.5

ERRMAX(1)=1E-4
ERRMAX(2)=1E-4
ERRMAX(3)=1E-4
ERRMAX(4)=1E-4
ERRMAX(5)=1E-4
ERRMAX(6)=1E-4
ERRMAX(7)=1E-4
ERRMAX(8)=1E-4
ERRMAX(9)=1E-4
MODTAB=1

CALL RKMER(XO,XF,YO,N,H,ERRMAX,MODTAB, ITAB,XTAB,YTAB)
RETURN

END



CDEB mrinv
SUBROUTINE MRINV(A,B,N,NRC,DETER,EPS,X,INDIC)

QOO0 00O0000000

Q

c***********************************************************************

CFIN
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METHODE DE GAUSS JORDAN AVEC PIVOT MAXIMUM POUR LA RESOLUTION
D’UN SYSTEME DE N EQUATIONS LINEAIRES OU L’‘INVERSION D’UNE

MATRICE
A MATRICE DES COEFFICIENTS AUGMENTEE DU DEUXIEME MEMBRE
DANS LA N+1 EME COLONNE
B MATRICE CONTENANT LA MATRICE INVERSE APRES TRAITEMENT

*%* ST ON NE SOUHAITE PAS CONSERVER A APPELER LE SP PAR :
CALL MRINV(A,A,N,NRC,DETER,EPS,X,INDIC)

LA SOLUTION EST CALCULEE DANS LA N+1 EME COLONNE DE B PUIS
RANGEE DANS X

N NOMBRE D’EQUATIONS OU DIMENSION DE LA MATRICE A INVERSER

NRC DIMENSION DE A ET B (SUPERIEURE OU EGALE A N)

DETER VALEUR DU DETERMINANT DE LA MATRICE DES COEFFICIENTS

EPS PLUS PETITE VALEUR ACCEPTABLE POUR UN PIVOT (EN VALEUR
ABSOLUE)

X VECTEUR SOLUTION

INDIC NEGATIF CALCUL DE LA MATRICE INVERSE DE A

NUL CALCUL DE LA SOLUTION DU SYSTEME ET DE L’INVERSE DE

LA MATRICE DES COEFFICIENTS
POSITIF RESOLUTION DU SYSTEME SEULEMENT

IMPLICIT DOUBLE PRECISION (A-H,0-2Z)

DIMENSION IROW(100),JCOL(100),JORD(100),Y(100)
DIMENSION A(NRC,NRC),B(NRC,NRC),X(N)

MAX=N

IF(INDIC.GE.O0) MAX=N+1

IF(N.GT.100) GO TO 990

DO 1 I=1,N

DO 1 J=1,MAX

B(I,J)=A(I,J)

DETER=1.

DEBUT DE LA PROCEDURE D’/ELIMINATION

DO 18 K=1,N

KM1=K-1

PIVOT=0.

DO 11 I=1,N

DO 11 J=1,N

IF(K.EQ.1) GO TO 9

DO 8 ISCAN=1,KM1

DO 8 JSCAN=1,KM1
IF(I.EQ.IROW(ISCAN)) GO TO 11
IF(J.EQ.JCOL(JSCAN)) GO TO 11
CONTINUE

IF( ABS(B(I,J)).LE. ABS(PIVOT)) GO TO 11
PIVOT=B(I,J)

IROW(K)=I

JCOL(K)=J

CONTINUE
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30
900
980
981

IF( ABS(PIVOT).LT.EPS) GO TO 980
IROWK=IROW(K)

JCOLK=JCOL(K)

DETER=DETER*PIVOT

DO 14 J=1,MAX

ATJCK=B(I,JCOLK)

IF(I.EQ.IROWK) GO TO 18
B(I,JCOLK)=-AIJCK/PIVOT

DO 17 J=1,MAX

IF(J.NE.JCOLK) B(I,J)=B(I,J)-AIJCK*B(IROWK,J)

CONTINUE
CONTINUE

DO 20 I=1,N

IROWI=TROW(I)

JCOLI=JCOL(I)

JORD ( IROWI )=JCOLI

IF(INDIC.GE.0) X(JCOLI)=B(IROWI, MAX)
CONTINUE

SIGNE DU DETERMINANT

INTCH=0

NM1l=N-1

DO 22 I=1,NMl

IP1=I+1

po 22 J=IP1,N
IF(JORD(J).GE.JORD(I)) GO TO 22
JTEMP=JORD(J)

JORD(J)=JORD(1I)

JORD(I)=JTEMP

INTCH=INTCH+1

CONTINUE

IF(INTCH/2*2 .NE.INTCH) DETER=-DETER

REMISE EN ORDRE DE LA MATRICE INVERSE

IF(INDIC.GT.0) GO TO 900

no 28 J=
DC 28 J=1,N

DO 27 I=1,N
TROWI= TDnW(T

A AINIYY LT AN Y

JCOLI—JCOL(I
Y (JCOLI )=B(

)
)
IROWI,J)
DO 28 I=1,N
B(T,J)=Y(I)

DO 29 J=1,N
IROWJ=IROW(J)
JCOLJ=JCOL(J)

Y (IROWJ)=B(I,JCOLJ)
DO 30 J=1,N
B(I,J)=Y(J)

RETURN

WRITE (0,981)

FORMAT(1X,5(1H*),’ ERREUR DANS MRINV *MATRICE SINGULIERE ’,



1 50(1lH*))
GO TO 999
990 WRITE (0,991)
991 FORMAT (1X,5(1H*),’ ERREUR DANS MRINV *PLUS DE 50 EQUATIONS ',
1 50(1H*))
999 STOP
END

CDEB rkmer
SUBROUTINE RKMER (X0,XF,YO0,N,H,ERRMAX,MODTAB,ITAB,XTAB,YTAB)
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CE SOUS PROGRAMME PERMET DE RESOUDRE UN SYSTEME DE N EQUATIONS
DIFFERENTIELLES ORDINAIRES DU PREMIER ORDRE

DY(J)/DX = F(X,Y,J) J=1,N
PAR LA METHODE DE RUNGE KUTTA MERSON DU QUATRIEME ORDRE A PAS
VARIABLE. (ESTIMATION DE L’/ERREUR A CHAQUE PAS)

LES VALEURS DES DERIVEES AU POINT X SONT CALCULEES PAR
APPEL D’UN SOUS-PROGRAMME

DERIV(Y,X,F)
OU Y REPRESENTE LE VECTEUR DES INTEGRALES ET F LE VECTEUR
DES DERIVEES AU POINT X

* % % F *
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ARGUMENTS D’ENTREE

X0 BORNE INFERIEURE D’INTEGRATION

XF BORNE SUPERIEURE D’/INTEGRATION

YO(N) VECTEUR DES CONDITIONS INITIALES (EN XO0)

N NOMBRE D’‘EQUATIONS DIFFERENTIELLES

H VALEUR SUGGEREE POUR LE PAS D’/INTEGRATION

ERRMAX(N) VECTEUR D’ERREUR RELATIVE MAXIMUM TOLEREE
(ERRMAX(J) EST RELATIF A LA FONCTION Y(J))

MODTAB INITIALISER CET ARGUMENT A 1

ITAB NOMBRE DE VALEURS A STOCKER POUR CHAQUE FONCTION

Y (Y COMPRIS LES VALEURS AUX BORNES DE L‘’INTERVALLE
D’/INTEGRATION) MINIMUM 2

ARGUMENTS DE SORTIE

XTAB( ITAB) VALEURS DE X POUR LESQUELLES SONT STOCKEES LES
VALEURS DES FONCTIONS Y (DES VALEURS REGULIEREMENT
ESPACEES SONT GENEREES PAR RKMER ET RANGEES DANS
XTAB )

YTAB(N,ITAB) VALEURS STOCKEES DES N FONCTIONS Y
YTAB(1,J)=Y1(XTAB(J)), ...
YTAB(I,J)=YI(XTAB(J)), ...

(SI L’UTILISATEUR DESIRE STOCKER LA SOLUTION DU SYSTEME

POUR DES VALEURS DE X NON REGULIEREMENT ESPACEES ENTRE X0 ET XF
IL DOIT INITIALISER MODTAB A ZERO ET LE VECTEUR XTAB AUX VALEURS
DE X DESIREES(DE X0 A XF))

CE SOUS PROGRAMME DANS SA VERSION ACTUELLE EST LIMITE A UN
SYSTEME DE 50 EQUATIONS MAXIMUM. CECI PEUT ETRE MODIFIE EN
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c CHANGEANT LE DIMENSIONNEMENT DE YI,YIM1,ERR,K1,K3,K4,K5 ,F.
c
C***********************************************************************
CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION YI(50),ERR(50),F(50)

DIMENSION YO(1),ERRMAX(1),XTAB(1),YTAB(1)

COMMON /RKMERY /XIM1,YIM1(50)

COMMON /RKMERZ / I STOP

DOUBLE PRECISION K1(50),K3(50),K4(50),K5(50)

TOMAD_N

Lolur=v

NMAX=50

TT/N M NMAV
L L iV eI 1 eiVlLAAAN

NHS2=0

S
0]
b-3
\D
[te)
0

INITIALISATION

OO0

IK=0
HTAB=( XF-X0) /FLOAT(ITAB-1)
IF(MODTAB.EQ.0) GO TO 2
DO 1 I=1,ITAB
1 XTAB(I)=X0+HTAB*FLOAT(I-1)
2 CONTINUE
DO 3 J=1,N
YTAB(J)=YO0(J)
YIM1(J)=YO0(J)
3 YI(J)=YO0(J)
XIM1=X0
KTAB=2

CONTINUE
IF( ABS(H).LT. ABS(HTAB)) GO TO 5

iy

&)

>

-
I

. RANGEMENT EN MEMOIRE DES VALEURS DE Y

o NP X?!
3
=3
n
3
el
O
o
sl

XFIO=(XTAB(KTAB)-XI)/(XF-X0)
IF(XFIO.LT.1l..AND.XFIO.GT.0.)GOTO10
HO=H

H=XTAB(KTAB)-XIM1

IK=1

ALGORITHME DE MERSON D’ORDRE QUATRE

QO

10 XI=XIM1

CALL DERIV(YI,XI,K
XI= XIM1+H/3.

™M 1 -1
DO 21 J=1,N

21 YI(J)=YI(J)+K1(J)*H/3.

CATT DFRTYV(VT ¥T K1)

Nefdlaldy WLINA V| L 4 8l giNT

DO 23 J=1,N
VT(T\—YIMl(J) +(K1(.
CALL DERIV(YI,XI,K3
XI=XIM1+H/2.
DO 25 J=1,N
25 YI(J)=YIM1(J) +3./8.%(K1(J)+3.*K3(J))*H/3.
CALL DERIV(YI,XI,K4)
XI=XIM1+H
DO 27 J=1,N
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N
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Y+K3(J))/2.%H/3.
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27 YI(J)=YIM1(J) +3./2.*%(K
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CALL DERIV(YI,XI,K5)

DO 30 J=1i,N
YI(J)=YIM1(J)

e 7 \ 7
E=K1{J)-5./2.%

E=E*H/3.

FRR(.TY=0N

LNV UV TV .

.l-'l"

+(K1(
K3(J)+

LKK3(J)+K4A(T)*4.)

+K5(J))/2
(J3)

*H/3.

IF(ABS(YI(J) ).GT.1.E-20) ERR(J)=ABS(E/YI(J))

CONTINUE

CHANGEMENTS DE PAS

IF(ISTOP.NE.1) GO TO 40

XF=XI

DO 35 J=1,N
YO(J)=YI(J)
RETURN
CONTINUE
I1C=0

DO 50 J=1,N

IF(ERR(J).LT.ERRMAX(J)) GO TO 45

arww wrew e

NHSZ2=NHS2+1

IF(NHS2.GT.20) GO TO 995

TI_TIT /N

H=H/2.

DO 42 JP=1,N
YI(JP)=YIM1(JP)
IK=0

CONTINUE

IF(IK.EQ.1) GO TO 60
IF(IC+NHS2.EQ.0) H=H*2

NHS2=0

IF(ERR(J).GT.ERRMAX(J)/16.) IC=1

REINITIALISATION POUR LE PAS SUIVANT

XIM1=XI

DO 55 J=1,N
YIM1(J)=YI(J)
GO TO 5

RANGEMENT EN MEMOIRE DES VALEURS Y CALCULEES

im N TMTAT TCAMT
ET REINITIALISATION

TV =
L ANTTWV

H=HO
DO 65 J=1,N

a2

o]

JKTAB=N* (KTAB-1)+J
YTAB(JKTAB)=YI(J)

YIM1(J)=YI(J)

XIM1=XTAB(KTAB)

KTAB=KTAB+1

IF(KTAB.LE.ITAB) GO TO 5

RETURN

WRITE(0,996) NHS2

FORMAT(1X,5(1H*),
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e vy /Yy e A

arruaa

e\

CALL DERIV(YIM1,XIM1,K5)
WRITE(O, 997) X,H, (YIMl(I) I=1,N)

Ik ’4

LNTMDM /N ono
WRITE(0,998)
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AS(I),

T=1 N\
L=4 ,av
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rr

*H/3.



997  FORMAT(’ DERNIERE VALEUR DE X’,Gl12.4,’ DERNIERES VALEURS DE Y’,/,
1 5(10G1l2.4,/))

998 FORMAT(’ DERNIERES VALEURS DES DERIVEES’,/,5(10G12.4,/))
STOP

999  WRITE(0,9991) NMAX

9991 FORMAT(1X,5(1H*),’ERREUR DANS RKMER * PLUS DE ’,I3,’ EQUATIONS’,
1 50(1H*))
STOP
END

CDEB foncti

SUBROUTINE FONCTI(XI,FI)
C***********************************************************************
C SUBROUTINE CONTENANT LE SYSTEME D’/EQUATIONS NON LINEAIRES A
C RESOUDRE PAR LA METHODE DE NEWTON-RAPHSON.
C***********************************************************************

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTEGER COMPT

PARAMETER (N=9)

DIMENSION XI(N),FI(N),RI(N),CS(N)
COMMON /PHOTO1 /CI(14)

COMMON /PHOTO4 /COMPT , DIF

GO TO(10,20,30,40,50,60) COMPT
X=0.

CALL DERIV(XI,X,RI)
FI(1)=CI(2)*(CI(3)-XI(1))+RI(1)
FI(2)=CI(2)*(CI(4)-XI(2))+RI(2)
FI(3)=CI(2)*(CI(5)-XI(3))+RI(3)
FI(4)=CI(2)*(CI(6)-XI(4))+RI(4)
FI(5)=CI(2)*(CI(7)-XI(5))+RI(5)
FI(6)=CI(2)*(CI(8)-XI(6))+RI(6)
FI(7)=CI(2)*(CI(9)-XI(7))+RI(7)
FI(8)=CI(2)*(CI(10)-XI(8))+RI(8)
FI(9)=CI(2)*(CI(11)-XI(9))+RI(9)
GO TO 70

10  X=0.
DO 15 I=1,N
CS(I)=XI(I)

15  CONTINUE
CS(1)=DIF
CALL DERIV(CS,X,RI)
FI(1)=XI(1)*(CI(3)-DIF)+RI(1)
FI(2)=XI(1)*(CI(4)-XI(2))+RI(2)
FI(3)=XI(1)*(CI(5)-XI(3))+RI(3)
FI(4)=XI(1)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(1)*(CI(7)-XI(5))+RI(5)
FI(6)=XI(1)*(CI(8)-XI(6))+RI(6)
FI(7)=XI(1)*(CI(9)-XI(7))+RI(7)
FI(8)=XI(1)*(CI(10)-XI(8))+RI(8)
FI(9)=XI(1)*(CI(11)-XI(9))+RI(9)
CI(2)=XI(1)
GO TO 70
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X=0.

DO 25 I=1,N

CS(I)=XI(I)

CONTINUE

CS(2)=DIF

CALL DERIV(CS,X,RI)
FI(1)=XI(2)*(CI(3)-XI(1))+RI(1)
FI(2)=XI(2)*(CI(4)-DIF)+RI(2)
FI(3)=XI(2)*(CI(5)-XI(3))+RI(3)
FI(4)=XI(2)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(2)*(CI(7)=-XI(5))+RI(5)
FI(6)=XI(2)*(CI(8)-XI(6))+RI(6)
FI(7)=XI(2)*(CI(9)-XI(7))+RI(7)
FI(8)=XI(2)*(CI(10)-XI(8))+RI(8)
FI(9)=XI(2)*(CI(11)-XI(9))+RI(9)
CI(2)=XI(2)

GO TO 70

X=0.

DO 35 I=1,N

CS(I)=XI(I)

CONTINUE

CS(8)=DIF

CALL DERIV(CS,X,RI)
FI(1)=XI(8)*(CI(3)-XI(1))+RI(1)
FI(2)=XI(8)*(CI(4)-XI(2))+RI(2)
FI(3)=XI(8)*(CI(5)-XI(3))+RI(3)
FI(4)=XI(8)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(8)*(CI(7)-XI(5))+RI(5)
FI(6)=XI(8)*(CI(8)-XI(6))+RI(6)
FI(7)=XI(8)*(CI(9)-XI(7))+RI(7)
FI(8)=XI(8)*(CI(10)-DIF)+RI(8)
FI(9)=XI(8)*(CI(11)-XI(9))+RI(9)
CI(2)=XI(8)

GO TO 70

X=0.

DO 45 I=1,N

CS(I)=XI(I)

CONTINUE

CS(6)=DIF

CALL DERIV(CS,X,RI)
FI(1)=XI(6)*(CI(3)~XI(1))+RI(1)
FI(2)=XI(6)*(CI(4)-XI(2))+RI(2)
FI(3)=XI(6)*(CI(5)-XI(3))+RI(3)
FI(4)=XI(6)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(6)*(CI(7)-XI(5))+RI(5)
FI(6)=XI(6)*(CI(8)-DIF)+RI(6)
FI(7)=XI(6)*(CI(9)-XI(7))+RI(7)
FI(8)=XI(6)*(CI(10)-XI(8))+RI(8)
FI(9)=XI(6)*(CI(11)-XI(9))+RI(9)
CI(2)=XI(6)

GO TO 70

X=0.

DO 55 I=1,N
CS(I)=XI(I)
CONTINUE

CS(7)=DIF

CALL DERIV(CS,X,RI)



FI(1)=XI(7)*(CI(3)-XI(1))+RI(1)
FI(2)=XI(7)*(CI(4)~XI(2))+RI(2)
FI(3)=XI(7)*(CI(5)~XI(3))+RI(3)
FI(4)=XI(7)*(CI(6)~XI(4))+RI(4)
FI(5)=XI(7)*(CI(7)~XI(5))+RI(5)
FI(6)=XI(7)*(CI(8)~XI(6))+RI(6)
FI(7)=XI(7)*(CI(9)~DIF)+RI(7)
FI(8)=XI(7)*(CI(10)-XI(8))+RI(8)
FI(9)=XI(7)*(CI(11)-XI(9))+RI(9)
CI(2)=XI(7)

GO TO 70

60  X=0.
DO 65 I=1,N
CS(I)=XI(I)

65  CONTINUE
CS(9)=DIF
CALL DERIV(CS,X,RI)
FI(1)=XI(9)*(CI(3)-XI(1))+RI(1)
FI(2)=XI(9)*(CI(4)-XI(2))+RI(2)
FI(3)=XI(9)*(CI(5)=XI(3))+RI(3)
FI(4)=XI(9)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(9)*(CI(7)-XI(5))+RI(5)
FI(6)=XI(9)*(CI(8)-XI(6))+RI(6)
FI(7)=XI(9)*(CI(9)-XI(7))+RI(7)
FI(8)=XI(9)*(CI(10)-XI(8))+RI(8)
FI(9)=XI(9)*(CI(11)-DIF)+RI(9)
CI(2)=XI(9)

70  RETURN
END

CDEB initbatch

SUBROUTINE INITBATCH(YO)
Chhkdhkhhhhbhhhhhhhhkhhhhhhhrhhhhkhkrhrhhhhhrhhhrhhhhhhhhhrkhkhkhrhhkk ks
SUBROUTINE PERMETTANT L/INITIALISATION DES CONCENTRATIONS
INITIALES DES EQUATIONS INTEGRO~-DIFFERENTIELLES DU MODELE POUR
UNE SIMULATION DYNAMIQUE. REMPLISSAGE DU VECTEUR YO(N).

DEUX OPTIONS SONT POSSIBLES:
- SOIT UNE INITTIALISATION MINIMALE DE LA CONCENTRATION EN BIOMASSE
ACTIVE, EXOPOLYSACCHARIDE, NITRATE ET SULFATE:
~ SOIT UNE INITIALISATION COMPLETE DE TOUS LES COMPOSES
(7 VALEURS).
C***********************************************************************

CFIN

OO0 nN0

IMPLICIT DOUBLE PRECISION (A-H,0-2Z)
PARAMETER (N=9)
DIMENSION YO(N)

1 CALL CLSHOM
PRINT#*
PRINT* , / khkkkhkhkhkhhhkhkhhdkhhhkhhkhhkhhhkhkhkhhhkkhkkkkk’
PRINT*, / INITIAL CONCENTRATIONS IN PHOTOBIOREACTOR’
PRINT* , dkkkhkkkdhhhhhkhkbhrhhhbhhhrhttddrrrdhbhdhrrn’
PRINT*

WRITE(*,*) ’MINIMUM INITIALISATION FOR CONCENTRATIONS OF ACTIVE’
WRITE(*,*)’BIOMASS, EXOPOLYSACCHARIDE, NITRATE AND SULFATE’
WRITE(*,*)’(other concentrations are automatically calculated)= 1’



10

PRINT*

WRITE(*,*)’INITIALISATION FOR EACH CONCENTRATION (7 values) = 2/
PRINT*

READ(*,*) ICODE

IF(ICODE.LT.1.0R.ICODE.GT.2) GOTO 1

GOTO(10) ICODE

CALL CLSHOM

PRINT*

PRINT*’ ’ EZ XXX EXTEEET ST SRS SRS RS EE SRS LSS S L2 N
PRINT*,’ INITIAL CONCENTRATIONS IN PHOTOBIOREACTOR'
PRINT*, ’ khkhkkhkkhkhkkkhkkhkhkhkdokhhhhkhkhkhkkhkhkkhhkkhkhkkkkhkk/
PRINT*

WRITE(*,600)’GIVE THE INITIAL ACTIVE BIOMASS CONCENTRATION ’
* ,“(in kg/m3 or g/L): ’
READ(*,*)Y0(2)

PRINT*

WRITE(*,600)’GIVE THE INITIAL EXOPOLYSACCHARIDE CONCENTRATION’
* ,'(in kg/m3 or g/L): ’
READ(*,*)YO0(9)

PRINT*

WRITE(*,600)’GIVE THE INITIAL CHLOROPHYLI, CONCENTRATION ’
* ,’(in kg/m3 or g/L): ’
READ(*,*)Y0(3)

PRINT*

WRITE(*,600)’GIVE THE INITIAL PHYCOCYANIN CONCENTRATION ’
* ,'(in kg/m3 or g/L): ’
READ(*,*)Y0(4)

PRINT=*

WRITE(*,600)’GIVE THE INITIAL PROTEINS CONCENTRATION ’
* ,’(in kg/m3 or g/L): ’
READ(*,*)Y0(5)

PRINT*

WRITE(*,600)’/GIVE THE INITIAL NITRATE CONCENTRATION ’
* ,'(in kg/m3 or g/L): ’
READ(*,*)YO(6)

PRINT*

WRITE(*,600)/GIVE THE INITIAL SULFATE CONCENTRATION ’
* ,’(in kg/m3 or g/L): ’
READ(*,*)Y0(7)

PRINT*

GOTO 20

CALL CLSHOM

PRINT*

PRINT*, ’ khkdkhkkhkkkkkhkhkhhhkhkhkhhkhhkhhkhkhhkhkhkkhkkhkkhhkk/
PRINT=* , INITIAL CONCENTRATIONS IN PHOTOBIOREACTOR’
PRINT*, ’ hkkhhkhkhkkkkhkhkkkkhkhkhkhkhkhkkhhkhkhhkhkhkhkhkhkhhkkkkkk/
PRINT=*

WRITE(*,600)’/GIVE THE INITIAL ACTIVE BIOMASS CONCENTRATION !
* ,"(in kg/m3 or g/L): !
READ(*,*)Y0(2)

PRINT=*

WRITE(*,600)’GIVE THE INITIAL EXOPOLYSACCHARIDE CONCENTRATION’
* ,’(in kg/m3 or g/L): ’
READ(*,*)Y0(9)

PRINT*

WRITE(*,600)’GIVE THE INITIAL NITRATE CONCENTRATION ’
* ,"(in kg/m3 or g/L): !
READ(*,*)YO(6)

PRINT*

WRITE(*,600)/GIVE THE INITIAL SULFATE CONCENTRATION !



* ,"(in kg/m3 or g/L): !
READ(*,*)Y0(7)
PRINT*
YO(3)=.01*%Y0(2)
YO(4)=.162*Y0(2)
YO(5)=.684*Y0(2)

20  YO(1)=YO(2)+YO0(9)
Y0(8)=Y0(2)

600 FORMAT (A50,\)
RETURN
END

CDEB deriv

SUBROUTINE DERIV(Y,X,F)
C***********************************************************************
SUBROUTINE CONTENANT LES DERIVEES DU SYSTEME D’/EQUATIONS INTEGRO-
DIFFERENTIELLES DU MODELE (TN 19.2) DANS LE VECTEUR F(N).
LLES CONCENTRATIONS DE CHAQUE ESPECE SONT FOURNIES DANS LE VECTEUR
Y(N), LA VARIABLE X REPRESENTE LE TEMPS.

CE SUBROUTINE FAIT APPEL A UNE FUNCTION RF(X,G,D) CALCULANT LES
RACINES D’UNE EQUATION PAR LA METHODE DE REGULA FALSI, ET A UNE
FUNCTION G(Z) OU SE TROUVE DEFINIE LA FONCTION.
Chhkhkkkhkhhhkhhkhhhkhkhhhdhhhhdhhhdhhhkdhhhkhkdhkhkhkkhhkkhkhhhhkhhhdhhhhhhhkkdkhkhhkkkhkkk

CFIN

OO0OO00000

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DOUBLE PRECISION MUXA,MUEPS
PARAMETER (N=9)

DIMENSION Y(N),F(N)

COMMON /PHOTO1 /CI (14)

COMMON /PHOTO2 /PAR(16)

COMMON /PHOTO3 /ALPHA , DELTA ,RT

COMMON /PHOTOS /ICREN , WIV

RT=.045
EA=PAR(1)/(PAR(3)+PAR(4))*(Y(3)+Y(4))
ES=PAR(2)*Y(8)
ALPHA=SQRT(EA/(EA+ES))
DELTA=SQRT ( EA* (EA+ES))
IF (ICREN.EQ.1) THEN

IF (X.GE.CI(14)) CI(1)=CI(13)
ENDIF

C RECHERCHE DU RAYON UTILE ECLAIRE.

o LOCALISATION DES RACINES PAR LE THEOREME DE ROLLE ET CALCUL DES
o RACINES PAR LA METHODE DE REGULA FALSI.
o

PAS=RT/10

XI=1E-5

XS=1E-5+PAS
10  ROL=G(XI)*G(XS)
IF(ROL.GT.0) THEN
IF(XS.GE.RT) THEN



50

20

R1=1E-5
R2=1E-5
GOTO 20
ENDIF
XI=XS
XS=XS+PAS
GOTO 10
ELSE
XG=XI
XD=XS
R1=RF(XG, XD)
ENDIF
IF(XD.GE.RT) THEN
R2=R1
R1=1E-5
GOTO 20
ENDIF
XI=XD
XS=XD+PAS
ROL=G (XI)*G(XS)
IF(ROL.GT.0) THEN
IF(XS.GE.RT) THEN
R2=R1
R1=1E-5
GOTO 20
ENDIF
XI=XS
XS=XS+PAS
GOTO 50
ELSE
XG=XTI
XD=XS
R2=RF (XG, XD)
ENDIF

CALCUL DES INTEGRALES DONNANT RXA ET REPSI1.

Q00

SA=1E-5

SB=R1

CALL SIMPSON(SA,SB,SJXA,SJEPS)
MUXA=2*PAR(6)*SJXA/(R1*R1)
MUEPS=2%PAR(7)*SJEPS/(R1*R1)

SA=R2

SB=RT

CALL SIMPSON(SA,SB,SJXA,SJEPS)
MUXA=MUXA+2*PAR(6 ) *SJTXA/ (RT**2~R2%*2)
MUEPS=MUEPS+2*PAR(7 ) *SJEPS/ (RT**2-R2%*2)
GAMMA=WIV* ( (R1/RT)**2+( (RT**2-R2%%*2) /RT**2))
RXA=MUXA*GAMMA*Y (4)
REPS1=MUEPS*GAMMA*Y (4)

CALCUL DE REPS2 PAR L’APPROCHE BIOCHIMIQUEMENT STRUCTUREE
(voir TN 19.2).

A=4*CI(1)*ALPHA*SINH(DELTA*RT)/(RT*(COSH(DELTA*RT)+ALPHA*SINH

* (DELTA*RT)))



PE=1.222E-5%A+1.267
REPS2=(29.33*(PE*2.874-3.568)*RXA/23.096)/(3.33-PE*1.92)

CALCUL DE REPS PAR LA MOYENNE ARITHMETIQUE DE REPS1 ET REPS2

QO

REPS=(REPS1+REPS2) /2

DERIVEES DES

D=0.
TIMECONT=CI(12)
IF(X.GE.TIMECONT) THEN

D=CI(2)
ENDIF
IF (ICREN.EQ.2) THEN

IF (X.GE.CI(14)) D=CI(13)
ENDIF
IF (ICREN.EQ.3) THEN

IF (X.GE.CI(14)) CI(8)=CI(13)
ENDIF
IF (ICREN.EQ.4) THEN

IF (X.GE.CI(14)) CI(9)=CI(13)
ENDIF

BIOMASSE TOTALE
F(1)=D*(CI(3)-Y(1))+RXA+REPS

BIOMASSE ACTIVE
F(2)=D*(CI(4)-Y(2))+RXA*(Y(6)/(PAR(10)+Y(6)))*(¥(7)/(PAR(11)+
*Y(7)))

CHLOROPHYLLE
F(3)=D*(CI(5)-Y(3))+PAR(3)*RXA*(Y(6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))

PHYCOCYANINE

F(4)=D*(CI(6)-Y(4))+PAR(4)*RXA*((Y(6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))~((PAR(10)/(PAR(10)+Y(6)))+(PAR(11)/
*(PAR(11)+Y(7)))))

PROTEINES
F(5)=D*(CI(7)-Y¥(5))+PAR(5)*RXA*((Y(6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))-PAR(13)*(PAR(11)/(PAR(11)+Y(7))}))

NITRATE
F(6)=D*(CI(8)-Y(6))-PAR(14)*RXA*(Y(6)/(PAR(10)+Y(6)))*(Y(7)/
* (PAR(11)+Y(7)))

SULFATE
F(7)=D*(CI(9)-Y(7))-PAR(15)*RXA*(Y(6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))—PAR(16)*REPS*(Y(6)/(PAR(10)+Y(6)))*(Y(?)/(PAR(ll)

*+Y(7)))

BIOMASSE VEGETATIVE
RXV=RXA* (((Y(6)/(PAR(10)+Y(6)))*(Y(7)/(PAR(11)+Y¥(7))))+((Y(4)/



*(?AR(12)+Y(4)*Y(4)))*((PAR(lO)/(PAR(lO)+Y(6)))+(PAR(11)/(PAR(11)+
*Y(7))))))
F(8)=D*(CI(10)-Y(8))+RXV

C EXOPOLYSACCHARIDE
F(9)=D*(CI(11)-Y(9))+REPS*(Y(6)/(PAR(10)+Y(6)))*(Y(7)/
* (PAR(11)+Y(7)))+(RXA+REPS~RXV)* ( (PAR(10)/(PAR(10)+Y(6)))+
*(PAR(11)/(PAR(11)+Y(7))))

RETURN
END

CDEB rf

FUNCTION RF(XG,XD)
Chikkkhkhkhkhhkkhhkhkhhhhkhhhkhhhkhhhhkhhhhhhhkhkhdhhhhhkhhhhhhhkhhhkhkhhkdkkdhkkkk
C SOUS~PROGRAMME RESOLVANT L’EQUATION G(X)=0 PAR LA METHODE REGULA-
C FALSIT.
Chikhhkhhhkdkhhkhkhhkdkhkhhhdkhhhhhhhhhhkhkhhdhhhhhhhhhdhhhhkhdhhhhkhhhhhkhhhhkkkkkhkk

CFIN

IMPLICIT DOUBLE PRECISION (A-H,O0-3Z)
LOGICAL L
PARAMETER (EPS=.001,ITMAX=100)
YD=G(XD)
YG=G(XG)
DO 40 I=1,ITMAX
X=(YD*XG-XD*YG) /(¥YD-YG)
¥=G(X)
IF(Y*YD)10,10,20
10 YG=Y
XG=X
GO TO 30
20 YD=Y
XD=X
30 IF(ABS(XD-XG).LT.EPS) GO TO 50
IF(ABS(Y).LT.EPS) GO TO 60
40  CONTINUE
50 RF=(XD+XG)/2

RETURN
60  RF=X
RETURN
END
CDEB g

FUNCTION G(2Z)
Chikkkkrhhkhdhkkhkhhkhhhkhkhhhhhhhhhhkhhkrdhhhkhhhkhkhhhhhhhhhhhhhkhkhkkhkkhhkkkikk

C DEFINITION DE LA FONCTION DONT ON CHERCHE UNE RACINE.
Chhkhkhhkhhhkhhhkhkrkhkhkhkhkhhhdhhhhdhdhhdhdhhhhhhhhhkhhkkhhkkhhkhhhhhhhkhhkhhkhkhhhkks

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /PHOTO1 /CI(14)

COMMON /PHOTO3 /ALPHA , DELTA ,RT

G=RT#*2*COSH (DELTA*Z) /(Z* (COSH(DELTA*RT ) +ALPHA*SINH(DELTA*RT) ) ) -



*1/CI(1)
RETURN
END

CDEB simpson
SUBROUTINE SIMPSON(SA,SB,SJXA,SJEPS)
c***********************************************************************

C SUBROUTINE DE CALCUL D’INTEGRALE PAR LA METHODE DE SIMPSON.
Chhhkkhkhhhkkhhhdkhhdhhhhhhhhhdhhhhkhhhhkhkhdhhhhkhhhhkhhkhkhkrhhhhdhhhhdhkhrdx

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)

IF(SA.EQ.SB) THEN
SIXA=0.
SJEPS=0.
RETURN

ENDIF

N=5

SP=(SB-SA) /N

SX=SA

SIXA=-SYXA(SX)

SJEPS=-SYEPS (SX)

SX=SB

STXA=SIXA+SYXA(SX)

SJEPS=SJEPS+SYEPS(SX)

DO 10 I=0,N-1
SX=SA+I*SP
SIXA=SJTXA+2*SYXA(SX)
SJEPS=SJEPS+2*SYEPS (SX)

10  CONTINUE

DO 20 K=0,N-1
SX=SA+K*SP+SP/2
SIXA=SIXA+4*SYXA(SX)
SJEPS=SJEPS+4*SYEPS(SX)

20  CONTINUE

SIXA=SJIXA*SP/6

SJEPS=SJEPS*SP/6

RETURN

END

CDEB syxa
FUNCTION SYXA(SX)
Chhkkkhkhhhhhhhhhhkhhhkhhdhhhhhkhrhhkhrhhdhhhkhhhkkhhdhhkkkkhhhhkrrkhrdhrkhxt

C FONCTION A INTEGRER CONCERNANT LA BIOMASSE ACTIVE.
Chhkhkkhhhhhhhhhhhrhrdkdhhhkhhhkhhhhhhrkhhhhhhhhhhkhhkdhhrhhhrdhhdhhdhrkrdd

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /PHOTO1 /CI(14)

COMMON /PHOTO2 /PAR(16)

COMMON /PHOTO3 /ALPHA , DELTA , RT
PJ=RT*CI(1)*2*COSH(DELTA*SX)/(SX*(COSH(DELTA*RT)+ALPHA*SINH
* (DELTA*RT) ) )

SYXA=SX*PJ/(PAR(8)+PJ)



RETURN
END

CDEB syeps
FUNCTION SYEPS(SX)
Chhhkkhhkhdhhkhkkhhhhhhhdhhhkhhhhhkkkhkhkhkhhkhkhkkhhhhhkhhkkkkhkkkhkhkhkkhkkhkkkkhhkkkk*k

C FONCTION A INTEGRER CONCERNANT L‘EXOPOLYSACCHARIDE.
Chhkdkkhhkhhhkhhhhdhhhhhhdhhhkhhkhhhhkhkhhhhhhhkhhhkhhhkhhhhkhhkhkhhkkhkkkhkkhkkkkdkkkxkk

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON /PHOTO1 /CI (14)

COMMON /PHOTO2 /PAR(16)

COMMON /PHOTO3 /ALPHA , DELTA , RT

PJ=RT*CI(1)*2*COSH(DELTA*SX) /(SX*(COSH(DELTA*RT)+ALPHA*SINH
* (DELTA*RT) ) )

SYEPS=SX*PJ/(PAR(9)+PJ)

RETURN

END

CDEB forglob

SUBROUTINE FORGLOB(CS,COEF)
Chhkhkhhhkhkhhkhhkhhkhhhkhkhhhhhkhhkhkhdkhkkdkhkkhhkkhhkkkhkkhkhhkkhhkhhhhhhhkhkhhkhkhhkhhkhkdkk
C SUBROUTINE DE CALCUL DE LA FORMULE BRUTE GLOBALE DE LA BIOMASSE
c SORTANT DU REACTEUR EN REGIME PERMANENT (options 2,3,7 et 8).
Chhkkhhkhhkhkkhkkkhhkhhkhhkkhhdhhkhkhhhhkkhkhhkhhkhkhhkhhdkhkhdkhhkhhkhkhhkhkhkkhkhhkkkkkd

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
PARAMETER (N=9)

DIMENSION CS(N),COEF(5)
TB=CS(8)+CS(9)

ABF=CS(2)/TB

IF (CS(8)-CS(2).LE..05*CS(8)) GLYF=0.
GLYF=(CS(8)-CS(2))/TB

EPSF=CS(9)/TB

C COEFFICIENT DE L’HYDROGENE
COEF(1)=ABF*1.566+GLYF*1.67+EPSF*1.65
C COEFFICIENT DE L‘OXYGENE
COEF (2)=ABF*.405+GLYF*.711+EPSF*.95
C COEFFICIENT DE L‘AZOTE
COEF(3)=ABF*.192
c COEFFICIENT DU SOUFRE
COEF (4 )=ABF*.0052+GLYF*.0007+EPSF*.015
c COEFFICIENT DU PHOSPHORE
COEF (5)=ABF*.0063
RETURN

END



CDEB clshom

SUBROUTINE CLSHOM
Chhkhkhkhdkhhkhhhhhhhhkhdhhhhhhhkhhhhhhhhhhkhhhkhhhhkhhhhkhhhkhhhkhkhhhdhhhhdohhhhkkhkk

C SUBROUTINE D’EFFACEMENT DE L’ECRAN.
C LES VALEURS DE KOLMAX ET LIGMAX DEFINISSENT LA TAILLE DE L’ECRAN
C ET DOIVENT ETRE ADAPTEES A CHAQUE ECRAN.

Chhkhhhkhdkhhdhhhhdhhhkhhhhhhkhhhhhhkhhhhhhhhhhkhkdhhkhkhhhkhhhkhkdhkhkhkhkhkhhkkkhkhkkkhkk
CFIN

PARAMETER (IESC=27,KOLMAX=80,LIGMAX=23)
KORECT(N,NMAX)=MIN(MAX(1,N) 6 NMAX)
PRINT* ,CHAR(IESC),’[2J’ ,CHAR(IESC),'[H’
RETURN

END
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PROGRAMME PRINCIPAL DE SIMULATION D’'UN PHOTOBIOREACTEUR
CYLINDRIQUE POUR LA CULTURE DE SPIRULINA PLATENSIS.

PHOTOSIM

J-F. CORNET.

LABORATOIRE DE GENIE CHIMIQUE BIOLOGIQUE, UNIVERSITE BLAISE PASCAL.

T. N 19.3, 1993.

NS UN PHOTOBIOREACTEUR CYLINDRIQUE
AN QlloiVUnpgaAalinor CYLINURLIQUE A

»

E PROGRAMME PERMET LA SIMULATION DU CALCUL D
A EC R

o anTm.
& RavlAan, oULL:

A L‘'INTERIEUR DU REACTEUR EN FONCTION DU TEMPS POUR UNE
CULTURE DISCONTINUE.

- DANS LE COURANT DE SORTIE POUR UN REACTEUR ALIMENTE ET
SOUTIRE EN CONTINU

LES CONCENTRATIONS PRISES EN COMPTE AINSI QUE LES EQUATIONS
DU MODELE SONT DEFINIES DANS LA NOTE TECHNIQUE TN 19.2.
LES ESPECES SUIVANTES SONT CONSIDEREES:

XA : BIOMASSE ACTIVE
EPS: EXOPOLYSACCHARIDE
XT : BIOMASSE TOTALE

XV ; BIOMASSE VEGETATIVE
CH : CHLOROPHYLLE

PC : PHYCOCYANINE

P : PROTEINES
N : NITRATE
S : SULFATE

HUIT OPTIONS DE CALCUL SONT POSSIBLES:

- SIMULATION D’UNE CULTURE DISCONTINUE.

- SIMULATION DU DEMARRAGE D’UNE CULTURE CONTINUE AVEC TAUX DE
DILUTION FIXE.

- SIMULATION DU DEMARRAGE D'UNE CULTURE CONTINUE AVEC TAUX DE
DILUTION OPTIMAIL, CALCULE.

- SIMULATION D'UN CRENEAU EN FLUX INITIAL D’ENERGIE RADI

- SIMULATICN D'UN CRENEAU EN TAUX DE DILUTION.

- SIMULATION D’'UN CRENEAU EN CONCENTRATION DANS LE COURANT
D'ALIMENTATION (NITRATE OU SULFATE) .

- CALCUL DES SOLUTIONS DE REGIME STATIONNAIRE POUR UNE CULTURE
CONTINUE AVEC UN TAUX DE DILUTICN FIXE.

_ CATOTTT, DT MANIY DEF DITIIMTION A TTART. TR BOITR UNE CULTITRE BN
LALLUL VU TAVUA UL U1uULIUN A daapoanr pUui uivs O 4 I

CONTINU AVEC CONCENTRATIONS DE SORTIE FIXEE

LE MODELE PEUT PRENDRE EN COMPTE LES LIMITATIONS PAR LA LUMIERE,

LES NITRATES, ET LES SULFATES, MAIS PEUT DONNER UNE SOLUTION
VIABLE POUR LA BIOMASSE VEGETATIVE EN CONTINU ALORS QU'IL N'Y A
PLUS D’AZOTE QU DE SOUFRE DANS LE REACTEUR. EN REALITE, DANS CE
CAS, IL Y A LESSIVAGE DU REACTEUR CAR LA BIOMASSE VEGETATIVE NE
SE DIVISE PLUS BIEN QU'ELLE SYNTHETISE DES RESERVES
INTRACELLULAIRES.

CE PROGRAMME UTILISE DES VECTEURS DIMENSIONNES A N=9, CE QUI
REPRESENTE LES 9 EQUATIONS INTEGRO-DIFFERENTIELLES DU MODELE
DONNE DANS LA NOTE TECHNIQUE TN 19.2; DANS L‘'ORDRE:

rXT, rXA, rCH, rPC, rP, rN, rS, rXV, rEPS. LES DEUX VARIABLES
RXA ET REPS SONT DES VARIABLES INTERNES AU SUBROUTINE DERIV ET
REPRESENTENT LA BIOMASSE ACTIVE ET LE PCLYSACCHARIDE EN
LIMITATION LUMIERE SEULE.

LORS DES SIMULATIONS DYNAMIQUES, LE PROGRAMME CALCULE POUR
CHACUNE DES 9 VARIABLES LES CONCENTRATICONS DE 200 POINTS (=ITAB)
SUR LE TEMPS QUI SONT RANGEES DANS L'ORDRE DANS UN FICHIER DONT
LE NOM EST DONNE PAR LYUTILISATEUR.

LORS DES CALCULS D'ETATS STATIONNAIRES, LES RESULTATS SONT

AFFICHES A L'’'ECRAN,.

IMPLICIT DOUBLE PRECISION (A-H,0-2)

INTEGER COMPT

PARAMETER (PI=3.1415926, ITAB=200, N=9)

CHARACTER*10 FNAME

CHARACTER*14 NOM(7), TNOM*7,VNOM*21, ENOM*20

DIMENSION CE(N}, CS(N) F{(N),D{(8), XTAB(ITAB) YTAB(N, ITAB),

*FX(N,N) ,HESS(N,N),VP(N,N), FI(N),h XI(N)

COMMON/PHOTOL1/CI(14)
COMMON/ PHOTO2 /PAR(16)
COMMON/ PHOTO4 /COMPT, DIF
COMMON/ PHOTOS / ICREN, WIV

PRINT*
PRINT*

* Ok o F ok % ok R O ¥

ek k ok khk ok h koo k Ak h ok ok k ok khk Ak A kA A A A A A AR A A AR A AR A A AR A A A A A AR AR A A AN AR R AR K R

ok ok b b K R b % R F A o ok % b b b X ok ok F X ok % % 4 * o+ %k

ook ok ok oF R ok R % o o b b ok % o o % % F % F % ok F % F F A * F * F *

PRINT*, * PR R R R R RS RS R R RS A RS R R R AR R AR S o
v '



* Kk K K dkk ok gk ok kok ok
PRINT™, ’ *
* s *
PRINT™*, ’ *
L I M -,
PRINT*, ' *
* 1 I
PRINT*, ’ *
0
PRINT™*,’ *
*
*
*
PRINT*, ' *
*

*

PRINT*, ’

*t

PRINT™*, ’ *

* v

PRINT*, ' *

* v

PRINT*, ' *

* t x 1

PRINT*, ' *

* ¢ ot

PRINT*, ’ *

* 1 * ¢

PRINT*,’ *

* 4 * ¢

PRINT*, ' *

* 1 *t

PRINT™, ' *

* 1 * r

PRINT*, ’
*rkhkhkhhkrhkhhakhrnh/
PRINT*
PRINT*
PRINT*
PRINT*
PRINT*
READ*
ICREN=0

PRINT*
PRINT*
PRINT*
PRINT*, '
PRINT*,’
PRINT*,’
PRINT*
PRINT*
PRINT*
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J-F. CORNET.’

LABORATOIRE DE GENIE CHIMIQUE BIOLOGIQUE.'’

UNIVERSITE BLAISE PASCAL

, "PRESS RETURN TO CONTINUE. '

- CLERMONT-FERRAND. '

KhkkkKKkhk ATk kkhdkRdkhhhkhhhdohhhhkkkx

* GENERAL OPERATING CONDITIONS *'

LR RS A EE R E RS EEEEEEEE R RS EERESE RN

WRITE(*, *)'VALUE OF THE INCIDENT RADIANT ENERGY'’
WRITE(*,600) 'FLUX (W/m2):

READ(*,
PRINT*
PRINT*

*)CI(1)

WRITE(*,*)’VALUE OF THE ILLUMINATED WORKING VOLUME IN THE’

WRITE(*,600) ' PHOTOBIOREACTOR

READ(*, *)WIV
WIV=WIV/100

(%)

TNOM=' TIME '

NOM(1l)=' TOTAL BIOMASS’
NOM(2)="ACTIVE BIOMASS'
NOM(3)=" CHLOROPHYLL'
NOM(4)=" PHYCOCYANIN'
NCM(5)=" PROTEINS '/
NOM(6) =" NITRATE ‘
NOM(7)=" SULFATE '
VNOM= ' VEGETATIVE BIOMASS'
ENOM='EXOPOLYSACCHARIDE'
PAR(1)=150.

PAR(2)=200.

PAR(3)=.01

PAR(4)=.162

PAR(5)=.684

PAR(6)=.45

PAR(7)=1.852

PAR(8)=20.

PAR(9)=750.
PAR(10)=5.3E~-3
PAR(11)=2.5E-4
PAR(12)=.15

PAR(13)=.55
PAR(14)=.516
PAR(15)=.022
PAR(16)=.049

FACT=.8-5E-4*CI (1)
PRINT*

i

'

’

(A2 AR E R R e E R R A R R R R R Y R Ry
'

PRINT* IR EEEEEEEE RS SRR R ER R RS SRR RS RSl E R RE R LR N
’

*l 7oAk ko e kb ok
WRITE(*, *)"'*
X =1
PRINT*, ' *

* * 7

BATCH CULTURE SIMULATION

‘



SRS NS!

*
*
* !

PRINT*,
* ‘

*

WRITE(*,*)'*

WRITE(*, *)

I

* ¢

%
2

*

WRITE(*, *)'*

WRITE(*, *)'*
*

PRINT*,

*
*

* ’
PRINT*,

*

*V
PRINT™*,
* 0

’

WRITE(*, *}

X

WRITE(*, *)

* 1l

v

* f

WRITE(*, *)'*

" x
6

* ¢

WRITE(™*, *) ' *
* !

WRITE(*, *)
*

PRINT*,

*

*

L

’

X3
7

* 7

WRITE(*, *)'*

WRITE(*,*)'*
*,' FLOW

PRINT* B EEEEEEEE R RS R RS R R RS R R R RS RS RS R RS R ER RS R R R R RS N
’

= 8

‘A‘, todek kK deodok koK
READ(*,*) ICODE
IF(ICODE.LT.1.0R.ICODE.GT.8) GOTO 5
GOTO{(10,20,30,160,170,180,40) ICODE

SIMULATION OF A CONTINUOUS CULTURE STARTING WITH A

* 7

FIXED VALUE OF THE DILUTION RATE

* ¢

SIMULATION OF A CONTINUQUS CULTURE STARTING WITH

* 7

AN OPTIMAL CALCULATED DILUTION RATE

*

SIMULATION OF A CONTINUQUS CULTURE WITH A STEP IN

* 7

INCIDENT RADIANT ENERGY FLUX

* 7

SIMULATION OF A CONTINUOUS CULTURE WITH A STEP IN
0

DILUTION RATE

*

SIMULATION OF A CONTINUOUS CULTURE WITH A

L

CONCENTRATION STEP IN THE INCOMING FLOW

* !

’

CALCULATION OF STATIONNARY SOLUTIONS FOR CONTINUOCUS'
* ¢

CULTURE WITH A FIXED DILUTION RATE

* v

v

CALCULATION OF STATIONNARY SOLUTICONS FOR CONTINUOUS'’

L

CULTURE WITH FIXED CONCENTRATIONS IN THE OUTGOING'’

*

OPTION DE CALCUL DU TAUX DE DILUTION POUR UNE CULTURE CONTINUE
AVEC CONCENTRATIONS DE SORTIE FIXEES (choix 8).

200

CI(2)=0
CI(l2)=

1.

CALL INITCONT(CE)
DO 200 I=1,N

CI{2+I)=CE(I)
CONTINUE

PRINT*
PRINT*
PRINT*
PRINT™*,
PRINT*,
PRINT*,
PRINT*
PRINT*
PRINT*
WRITE (*
PRINT*
PRINT*,
PRINT™*,
PRINT*,
PRINT™*,
PRINT™,
PRINT*,
PRINT*,
READ(*,

R R A R IR R RS RS E R R SR R R N

* SPECIFIC OPERATING CONDITIONS *’

LR R AR R R R SRR XSRS AR RS R E RS R R RS R EER N

,*) 'CHOSE THE FIXED CONCENTRATION IN THE OUTGOING FLOW:'’

'
¢
'
v
l
v
'

*)

NUM

1
2

TOTAL BIOMASS

ACTIVE BIOMASS

VEGETATIVE BIOMASS’

(if mineral limitation may exist)
NITRATE

SULFATE

EXOPOLYSACCHARIDE

It

3
4’
5
6!

IF(NUM.LT.1.0R.NUM.GT.6) GO TO 7
GO TO(201,202,203,204,205) NUM

EXOPOLYSACCHARIDE.

PRINT*

PRINT*
PRINT*
PRINT*,
PRINT*,
PRINT*,
DIF=CS|(
COMPT=6
NORM=0

9)

WRITE(*,600) 'GIVE THE EXOPOLYSACCHARIDE CONCENTRATION IN THE'

, 'OUTGOING FLOW (kg/m3 or g/L):
READ(*, *)CS{9)

IEZZE XSS EEE S S RS RN R LS8 N

CALCULATION IN PROGRESS'’

LEEEE R SRR R RS R RS SRS N

XI(1)=CS(9)/(1-FACT)



201

=FACT*XI(1)
=PAR(3)*XI(2
PAR (4) *XI(2
PAR (5 )*XI(2
AR ({1
AR(1
(2

s nn

CE(6

CE(7 ) (XI(2) -CE(2))

)

)

)

) - 4)*({XI(2)-CE(2))
) - 5
XI(S)‘( (l)+XI )

I(9)=CS(9)
IF (XI(6).L
IF (XI{7).L
CALL DERIV(
XI(9)=F(9)/

GO TO 210

T.
T.
XI
(c

TOTAL BIOMASS.
PRINT*

WRITE(*,600) 'GIVE THE TOTAL BIOMASS CONCENTRATION IN THE’
*

, 'OUTGOING FLOW {kg/m3 or g/L):
READ(*,*)Cs(l)

PRINT*

PRINT*

PRINT*,' PR R AR R ERE RS SRS RS R RS ERERSE N
PRINT*, ’ CALCULATION IN PROGRESS'’
PRINT*’ ’ IR AR E R R SR EEEEREERER S LR XN
DIF=CS(1)

CCOMPT=1

NORM=0

XI(1)=CS(1)

XI{(2)=FACT*XI(1)

XI{3)=PAR(3)*XI(2)

XI(4)=PAR(4)*XI(2)

XI(5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CE(7)-PAR(15)*(XI(2)-CE(2))
XI(8)=(XI{1)+XI{2))/2
XI(9)=(1-FACT)*XI(1)

IF (XI{6).LT.0.) XI(6)=0.

IF (XI{(7).LT.0.) XI(7)=0.

CALL DERIV(XI,X,F)

XI(1)=F(1)/(CS(1l)-CE(Ll})
GO TO 210

ACTIVE BIOMASS.

PRINT*

WRITE(*,600)'GIVE THE ACTIVE BIOMASS CONCENTRATION IN THE'
, "OUTGOING FLOW (kg/m3 or g/L):

READ(*,*)CS(Z)

PRINT*
PRINT*
PRINT*,I EEER R E R E R EE SRS R EESSEEEES X
PRINT*, ' CALCULATION I FR2GRESS’
PRINT*II EEE RS SRR R EEEEERREERERESSE S
DIF=CS(2)
COMPT=2
NORM= l
XI(1l)=CS(2)/FACT
XI{2) CS(2)
XI(3)=PAR(3)*XI(2)
XI{4)=PAR{4)*XI(2)
XI{5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(Z))
XI(7)=CE(7)-PAR(15}*(XI(2)-CE(2))
XI(8)=(XI(1)+XI(2))/2
XI{9)=(1-FACT)*XI(1)
IF (XI(6).LT.0.) XI(6)=0.
IF (XI(7).LT.0.) XI(7)=0.

)

CALL DERIV(XI,X,F
XI(2)=F(2)/(CS{2)-CE(2))
GO TO 210

VEGETATIVE BIOMASS.
PRINT*
WRITE(*,600) 'GIVE THE VEGETATIVE BIOMASS CONCENTRATION IN THE’

* , "OUTGOING FLOW (kg/m3 or g/L):

READ({*,*) S(B)
PRINT*

PRINT*
PRINT*, '

PRINT*, ' CALCULATION IN PROGRESS’
PRINT*'I EEEEEEREREEE S EEE S S & 8 E N
DIF=CS(8)

COMPT=3

NORM=0

XI(1)=2*CS(8)/(1+FACT)

LA EER R R ERE SRS EEEEEER LR N

XI(2)=FACT*XI(1)
XI(3)=PAR(3)*XI(2)}
XI(4)=PAR(4)*XI(2)
XI(5)=PAR(5)*XI(2)
XI(6)=CE(6)-PAR(14)*(XI(2)-CE(2))
XI(7)=CE(7)-PAR(15)*(XI(2)-CE(2))
XI{8)=Cs(8)

XI(9)=.2*XI(1)

IF (XI(6).LT.0.) XI(6)=0.



IF (XI(7).LT.0.) XI(7)=0.
CALL DERIV(XI, X, F)
XI(8)=F(8)/(CS(8)-CE(8)
GO TO 210

NITRATE.

PRINT*

WRITE(*,600)'GIVE THE NITRATE CONCENTRATION IN THE OUTGOING’
* , '"FLOW (kg/m3 or g/L): ’
READ(*, *)CS(6)

PRINT*

PRINT*

PRINT™*, ' Adkkhkkkkkkrhkr Xk kxhkkkkkdx/

PRINT*, ' CALCULATION IN PROGRESS’
pRINT*’V LA RS E R R R LR EREEEEEEEEES SR N
DIF=CS(6)

COMPT=4

({(CE({6)-CS(6))/PAR(14))+CE(2))/FACT
ACT*KI(l)

AR(3)*XI(2)
)*XI(Z)
5)y*XI(2)

)

) -PAR(15 XI(2)-CE(2))
1)+XI (2

LT.0.) X
CALL DERIV(XI,X,F
XI(6)=F(6)/(CS(6)-CE(6)

GO TO 210

)
FACT) *XI{
)

SULFATE.

PRINT*

WRITE(*,600) 'GIVE THE SULFATE CONCENTRATION IN THE OUTGOING’
* ,'FLOW (kg/m3 or g/L):

READ(*,*)CS(7)
PRINT*

PRINT*
PRINT*, '

PRINT*, * CALCULATION IN PROGRESS’
PRINT*,I Tk ko k ko dodk Aok kokdoddkkok s
DIF=CS{7)

COMPT=5

NORM:l

kkkhkkkXkhhkkxdhkdhhkRkkhxk*/

-CS(7))/PAR(15))+CE(2})/FACT

(

(
I(1)+XI(2
~-FACT) *XI
(6).LT.0.)
CALL DERIV(XI,X,F
XI(7)=F(7)/(CS(7)-CE(T))

F o S L T 1 O I S A 1

B e e e i e e

vx,\v

NV=N
OM=1E-3
KIMP=1
NAP=200
IDERIV=0
IMAX=0
EPS=1E-5
CRIT=1E-10
CALL NEWTON (NV,XI,OM,KIMP, IDERIV,NORM, EPS,CRIT,NAP, KAR, FI, HESS,
*VP, FX, IMAX, BMIN, BMAX)
DILUT=CI(2)
IF{COMPT.EQ.1)
IF (COMPT.EQ.2)
IF(COMPT.EQ.3)
IF(COMPT.EQ.4)
IF(COMPT.EQ.5) XI

6)

E(

E(

E(

SRS RSN NS!
[ORGRGEOGRORO]
O~ DN

F(COMPT.EQ.
BOUNDN=1.1*C
BOUNDS=1.1*C
IF ((XI(2)-

PRINT*

PRINT*, ’ khkdkhkhkkr kR ARk kA r Ak Tk K ARk Rk Kk khkkkkkkhkoxs

PRINT*, ’ BAD INITIAL PARAMETERS. CALCUL ABORTED.’
PRINT*, ’ FEEEEEEEEREE R TR SRR S S LR LR R R R
PRINT*
PRINT*
PRINT*, ' PRESS RETURN TO CONTINUE. '’
READ*
GO TO 6
ENDIF
CALL AFFICHAGE(CE, XI,DILUT)
GO TO 60

6
7)/.022
2)).GT.BOUNDN.OR. (XI(2)-CE(2)).GT.BOUNDS) THEN

OPTION SIMULATION DE CULTURE DISCONTINUE (choix 1).




[oNeNe}

10

70

PRINT*
PRINT*
PRINT*

PRINT*, * IR ERE RSN RS SRR SR EEEERE RS EEE XN

PRINT*, ' * SPECIFIC OPERATING CONDITIONS *-
pRINT*,I LR S R RS R EEERESEEEEEEERE RS EEEEEEES S N
PRINT*
PRINT*
PRINT*
WRITE(*,600) "GIVE FILE NAME FOR STORAGE DATA ’
* ,"{up to 10 characters): !
READ(*, 500) FNAME
PRINT*
WRITE(*,600)'GIVE THE FINAL TIME FOR SIMULATION {in hours): '
READ(*, *} XF
DO 70 I=2,12
CI(I)=0.
CONTINUE
CALL BATCH(XF, ITAB, XTAB, YTAB)
PRINT*
GOTO 50

OPTION DE SIMULATICON DE DEMARRAGE D’'UNE CULTURE CONTINUE AVEC
TAUX DE DILUTION FIXE (choix 2).

OO0

20

25

80

PRINT*
PRINT*
PRINT*

PRINT™*, ’ R A AR NIRRT RN

PRINT*, ' * SPECIFIC OPERATING CONDITIONS *'’
PRINT*,I LR R R R EZEEEEREE SRR RER RS SRR R RS R EERE B
PRINT*
PRINT*
PRINT*
WRITE(*,600)'GIVE FILE NAME FOR STORAGE DATA !
* ,"{(up to 10 characters):
READ(*,500) FNAME
PRINT*
WRITE(*,600)'GIVE THE FINAL TIME FOR SIMULATION {(in hours): !
READ(*, *)XF
PRINT*
WRITE(*,600) 'GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’
* , " (in hours-1): !
READ(*, *)CI(2)
PRINT*
WRITE(*,600) GIVE THE TIME FOR STARTING CONTINUOUS CULTURE '
* , " {in hours):
READ(*, *)CI(12}
F(CI(12).GE.XF) THEN
PRINT*
PRINT*
PRINT*, ' CONTINUQUS CULTURE HAVE TO BE STARTED BEFORE END'
* ,’ OF SIMULATION!'
PRINT*
GO TO 25
ENDIF
CALL INITCONT(CE)
DO 80 I=1,N
CI(2+I)=CE(I)
CONTINUE
CALL BATCH({XF, ITAB, XTAB, YTAB)
DO 300 I=1,N
CS(I)=YTAB(I, ITAB)
CONTINUE
DILUT=CI(2)
CALL AFFICHAGE(CE,CS,DILUT)
GOTO 50

OPTION DE SIMULATION DE DEMARRAGE D'UNE CULTURE CONTINUE AVEC
TAUX DE DILUTION OPTIMAL CALCULE (choix 3).

30

INDIC=1
COMPT=7
PRINT*
PRINT*
PRINT*

PRINT*, ’ KKK KRK KX I KKK IAT R Kk F T d KKKk ek ko kokokkok v

PRINT*, ' * SPECIFIC OPERATING CONDITIONS *‘
PRINT*’I EEE R E R A E T TR EEE R R E RS R R SRR N
PRINT*

PRINT*

PRINT*

WRITE(*,600)'GIVE FILE NAME FOR STORAGE DATA !

* ,"{up to 10 characters):
READ(*,500) FNAME

PRINT*

WRITE(*,600) 'GIVE THE TIME FOR STARTING CONTINUOUS CULTURE !
* , ' (in hours):

READ (*, *)XF
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31

90

100

35

CI(2)=
CI(12)
PRINT*

1 o

0.

READ(*, *) IRESP

IF(IRESP.LT.1.0OR.IRESP.GT.3)

CALL INITCONT(CE)

DO 90 I=1,N
CI{(2+I)=CE(I)

CONTINUE

CALL BATCH(XF, ITAB, XTAB, YTAB)

DO 100 I=1,N
CS(I)=YTAB(I, ITAB)

CONTINUE

CALL DERIV(CS, X,F)

DO 110 I=1,N
D(I)=F(I)/(CS({I}-CE(I))

CONTINUE

GO TO(32,35) IRESP

CI(2)=D(7)

CI(12)=1.

GO TO 45

SUMD=0.

DO 115 I=2,5
SUMD=SUMD+D(I)

CONTINUE

CI(2)=SUMD/4

CI(i2)=1.

GO TO 45

CI(2)=D(6)

CI(1l2)=1.

GOTO 45

! BIOMASS
! NITRATE
! SULFATE

{or one of its compounds)

‘DO YOU WANT OPTIMIZE THE QUTPUT CONCENTRATION IN: '

i in
N

GOTO 31

OPTION DE SIMULATION D’'UNE CULTURE CONTINUE AVEC CRENEAU EN FLUX
INITIAL D'ENERGIE RADIANTE (choix 4).

160

700

PRINT*
PRINT™*
PRINT*
PRINT*, ’
PRINT*, ’
PRINT*, '
PRINT*
PRINT*
PRINT*

EEE R RS SRR SRS E RS SE AR SRR TS N

* SPECIFIC OPERATING CONDITIONS *’

EE R RS S SRS EREEEE SR ERE S EEEEERERSEES SN

WRITE(*,600) 'GIVE FILE NAME FOR STORAGE DATA !
* ,’"{up to 10 characters): !

READ(*,500) FNAME
PRINT*

WRITE(*,600)'GIVE THE FINAL TIME FOR SIMULATION (in hours}): ’

READ(*, *)XF
PRINT*

WRITE(*,600) ‘GIVE THE DILUTION RATE FOR THE CONTINUOQOUS CULTURE’

* ,‘{in hours-1):
READ(™*, *)CI(2)
PRINT*

i

WRITE(*,600) 'GIVE THE NEW VALUE FOR STEP IN INITIAL RADIANT !
* , "ENERGY FLUX (in W/m2): !

READ(*, *)CI(13)
PRINT*

WRITE(*,600) 'GIVE THE TIME FOR STEP IN INITIAL RADIANT ENERGY '
*

, 'FLUX (in hours):

READ(*, *)CI(14)
CI{l2)=0.
ICREN=1
CALL INITCONT(CE)
Do 700 1I=1,N

CI(2+I)=CE(I)
CONTINUE
CALL BATCH({XF, ITAB, XTAB, YTAB)
PRINT*
GOTO 50

OPTION DE SIMULATION D’UNE CULTURE CONTINUE AVEC CRENEAU EN TAUX

DE DILUTION {choix 5).

170

PRINT*
PRINT*
PRINT™
PRINT*, '
PRINT*, '
PRINT*, ’
PRINT*
PRINT*
PRINT*

EER R ETER SRR RS SRR RS R RS E N

* SPECIFIC OPERATING CONDITIONS *'

dedk e sk gk de ok A g ok gk R A ok sk ok ok de e ke e o o ok e e e ok

WRITE(*,600) GIVE FILE NAME FOR STORAGE DATA '



800

[ONSNS!

v

‘(up to 10 characters): ‘

READ(*,500) FNAME

PRINT*

WRITE(*,600)GIVE THE FINAL TIME FOR SIMULATION (in hours): !
READ (*, *) XF

PRINT*

WRITE(*, 600)

WRITE(*,600)
READ(*, *}CI{
PRINT™*

WRITE(*

500
WnRilo P OV

*

'GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE'
{(in hours-1}:

'GIVE THE NEW VALUE FOR STEP IN DILUTION RATE !

/\Lu uuuL:—L}i

13)

CALL INITCONT(CE)

DO 800 I=1,N
=CE(I)

I(2+1)
CONTINUE

CALL BATCH{XF, ITAB, XTAB, YTAB)

PRINT*
GOTO 50

OPTION DE SIMULATION D’'UNE CULTURE CONTINUE AVEC CRENEAU DE

CONCENTRATION DANS LE FLUX ENTRANT

{choix 6).

185

C

PRINT*
PRINT*
PRINT*
PRINT*, '
PRINT*, '
PRINT™,’
PRINT*
PRINT*
PRINT*
WRITE(*,600)
*x

PRINT*
WRITE{*,600)

RERATY(* *\ YW@
noauy T, T AL

PRINT*
WRITE(*, 600) "
*

READ(*, *)CT (2
PRINT*
PRINT*
PRINT*
PRINT*
PRINT*
PRINT*
WRITE(*, *)
*,' FLOW = 1
PRINT*
WRITE(*, *)’
*, ' FLOW = 2’
PRINT*
READ (*, *)

Khkdkhkkhrhk oA hhkXrkkohkhkhkrkkhdhxx/

* SPECIFIC OPERATING CONDITIONS *’

GIVE FILE NAME FOR STORAGE DATA !
(up to 10 characters): !

‘GIVE THE FINAL TIME FOR SIMULATION (in hours): !

GIVE THE DILUTION RATE FOR THE CONTINUOUS CULTURE’

l/wn g-1V:
in hour R

CHANGE THE NITRATE CONCENTRATION IN THE INCOMING'

CHANGE THE SULFATE CONCENTRATION IN THE INCOMING'’

ICONC

GOTO 185

*

WRITE(*,600)
*

IF (ICONC.LT.1.OR.ICONC.GT.2)
GOTO (187) ICONC

CONCENTRATION EN SULFATE.

PRINT*

WRITE(* 600) 'GIVE THE NEW VALUE FOR STEP OF SULFATE
, "CONCENTRATION IN THE INCOMING FLOW

"{in kg/m3 or g/L):

READ(*, *)CI(13)

PRINT*
WRITE(*,6OO GIVE THE TIME FOR STEP OF SULFATE CONCENTRATION

IN THE INCOMING FLOW (in hours):
A

READ{*, *)
RIAUN 7

ICREN= 4
GOTO 950

CONCENTRATION EN NITRATE.

PRINT*
WRITE(*,% "7)’'GIVE THE NEW VALUE FOR STEP OF NITRATE
, 'CONCENTRATION IN THE INCOMING FLOW

, ' {in kg/m3 or g/L):

READ(*, *)CI(13)

PRINT*

'GIVE THE TIME FOR STEP OF NITRATE CONCENTRATION
, "IN THE INCOMING FLOW (in hours}:
READ(*,*)CI(14)

ICREN=3



[SNONE!

950

I(12}=0.
CALL INITCONT (CE)
DO 900 I=1,N

I(2+1I)=CE(I)

CONTINUE
CALL BATCH(XF, ITAB, XTAB, YTAB)
PRINT*
GOTO 50

OPTION RECHERCHE DES SOLUTIONS STATICONNAIRES AVEC TAUX DE
DILUTION FIXE (choix 7).

40

150

45

COMPT=7
PRINT*
PRINT*
PRINT*

PRINT*,’ LA RS SRR E RS RS EE SRR R R RS E Y R N

PRINT*, ' * SPECIFIC OPERATING CONDITIONS *'

PRINT*,/ LR AR R TR RS SEEEREESEEESEEEEEEERE X EER N

PRINT*

PRINT*

PRINT*

WRITE(*,600)'GIVE THE DILUTION RATE FOR THE CONTINUOQOUS CULTURE'

* ,“{in hours-1):

READ(*'*)CI(Z)

CALL INITCONT(CE)

DO 150 I=1,N

I(2+1I)=CE(I)
CONTINUE
I{l2})=

RXAM=.0443

FRK=66.6

RXA=RXAM*CI(1l)/(CI{1l)+FRK)

CS(2)=(RXA+CI(2)*CE(2))/CI(2)

CS(1)=C8(2)/FACT

CS(3)=PAR(3)*CS(2)

C8(4)=PAR(4)*CS(2)

CS(5)=PAR(5)*CS(2)

CS(6) (6)-PAR{14)*(C3S(2)-CE(

CsS(7) (7)-PAR{15)*{CS(2)-CE(

Cs(8) S(1)+CS(2))/2
).
).

[T TR TR
—~—~—~—~Q0Q Q"
~ oy Ol

CS(9> FACT)*CS (1)
LT.0.) CS(6)=0.
LT.0.) CS(7)=0

PRINT*, ’ EEER TR L SRR EERE R RS N

PRINT*, ' CALCULATION IN PROGRESS’

PRINT*, ' KA KK ARKKK I L R " kxh xR KKK K

CRIT=1E-10

CALL NEWTON (NV,CS,0OM,KIMP, ICERIV,NTRM, EPS,CRIT,NAP, KAR, FI,HESS,
*VP, FX, IMAX, BMIN, BMAX)

BOUNDN=1.1*CE(6)/.516

BOUNDS=1.1*CE(7)/.022

IF ((CS(2)-CE(2)).GT.BOUNDN.OR. (CS(2)-CE(2)}.GT.BOUNDS) THEN

PRINT¥*, ’ IR R e R R R R R R R R R A R SR LS N

PRINT*, * BAD INITIAL PARAMETERS. CALCUL ABORTED.‘
PRINT*' ’ AR RS R RS R RS RS E R RS R RS RS LR RS S S L N
PRINT*
PRINT*
PRINT*, ' PRESS RETURN TO CONTINUE. '
READ™*
GO TO 40
ENDIF
DILUT=CI(2)
CALL AFFICHAGE(CE,CS,DILUT)
IF (INDIC.EQ.1l) THEN
GOTO 50
ENDIF
GOTO 60

SUITE PROGRAMME PRINCIPAL.

50

420

OPEN(1, FILE=FNAME, STATUS="'UNKNOWN " )
WRITE(l,*)'INITIAL RADIANT ENERGY FLUX: ',CI(1),’' W/m2’
WRITE(L, *)
WRITE(1l,*)’'THE COMPONENT CONCENTRATIONS ARE GIVEN IN kg/m3’
*,’ FOR EACH STEP OF TIME (in hours).’
WRITE(1l, *)
WRITE(1,420)TNOM, (NOM(I),I=1,7),VNOM, ENOM
FORMAT (10 (A, 1X))
DO 400 I=1,ITAB
WRITE(1,410) XTAB(I), (YTAB(J,I), J=1,N)



400 CONTINUE
410 FORMAT(F7.1,1X,7(G14.6,1X),G18.8,1X,G17.8)
CLOSE(1)
500 FORMAT (A)
600 FORMAT (A50)
PRINT*
PRINT*, 'THE RESULTS OF SIMULATION ARE NOW LISTED IN FILE ', FNAME
60 PRINT*

PRINT*

PRINT*

PRINT*’ ’ EESE R R R R LR LRSS X R LSS & N
PRINT*, ' * *!
WRITE(*, *)"’ * NEW EXECUTION = 1 *
PRINT™*, ’ * *7
WRITE(*,™*)"’ * END = 2 *
PRINT™*, ' * *!
PRINT*’I LR R R RS SR ESEEE SR RS LSS RS N
PRINT*

PRINT™*

READ(*, *) ITEST
IF{ITEST.LT.1.OR.ITEST.GT.2) GOTO 60
GOTO (1) ITEST

PRINT*

END

CDEB initcont

SUBROUTINE INITCONT{CX}
C**********************************t************************************
SUBROUTINE D' INITIALISATION DES CONCENTRATIONS POUR CHAQUE
ESPECE DANS LE COURANT D'ENTREE DU REACTEUR
(remplissage du vecteur CE(N)).

DEUX OPTIONS SONT POSSIBLES:
- SOIT UNE INITIALISATION MINIMALE DE LA CONCENTRATION EN BIOMASSE
ACTIVE, EXOPOLYSACCHARIDE, NITRATE ET SULFATE;
- SOIT UNE INITIALISATION COMPLETE DE TOUS LES COMPOSES
{7 VALEURS) .
DANS LE CAS GENERAL, ET SURTOUT S’'IL N’Y A PAS DE LIMITATION
MINERALE, IL EST CONSEILLE D'UTILISER L’'INITIALISATION MINIMALE.

C**********'k**************t*********************************************

CFIN

aOoaaoO000n000n

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
PARAMETER (N=9)
DIMENSION CX(N)

1 PRINT*
PRINT*
PRINT*, ’ ek e ke ok ok ke ok ke Rk ok ok ek ek e ok ke ok e e ok ok e ok sk e ek ek ke Y
PRINT*,’ INITIAL CONCENTRATIONS IN THE INCOMING FLOW’
PRINT*, * P R TSI I
PRINT*

WRITE(*, *) 'MINIMUM INITIALISATION FOR CONCENTRATIONS OF ACTIVE’

WRITE({*, *) 'BIOMASS, EXOPOLYSACCHARIDE, NITRATE AND SULFATE.’

WRITE(*, *) ' {other concentrations are automatically calculated)

PRINT*

WRITE(*, *)’INITIALISATION FOR EACH CONCENTRATION (7 values) = 2

PRINT*

READ(* *) ICODE

F(ICODE.LT.1.0OR.ICODE.GT.2) GOTO 1

GOTO(lO) ICODE

PRINT*

PRINT*

PRINT*, 'GIVE THE CONCENTRATIONS FOR THE FOLLOWING CCOMPONENTS'’

PRINT*, ‘IN THE INCOMING FLOW (in kg/m3 or g/L).’

PRINT*

WRITE(*, 600)

READ(*, *}CX(

WRITE(* 60

READ( * X {

WRITE ( * 60

READ(*, * X(
X(
XA
X

1
—

VEGETATIVE BIOMASS CONCENTRATION: !

)
EXOPOLYSACCHARIDE CONCENTRATION: !
)
HLOROCPHYLL CONCENTRATION: !

READ(*, *)C
WRITE(™, 60
READ (*, *)C
WRITE(* 60
READ({*, *)C
WRITE(*, 60
READ(*, *)
GOTO 20

10 PRINT*
PRINT*
PRINT*, 'GIVE THE CONCENTRATIONS FOR THE FOLLOWING COMPONENTS'
PRINT*, 'IN THE INCOMING FLOW (in kg/m3 or g/L).’
PRINT*
WRITE(™*, 600)
READ (* X(2
WRITE(* 600) EXOPOLYSACCHARIDE CONCENTRATION: !
READ(*, *)CX(9)
WRITE(*,600) 'NITRATE CONCENTRATION: '

ROTEIN CONCENTRATION: !

NITRATE CONCENTRATION: !

2

9

' C

3)

' PHYCOCYANIN CONCENTRATION: '
4)

‘P

5)

X(6

0)
0)
WRITE(*, 600)
O)
0)
0)

)
SULFATE CONCENTRATION: !
7)

ACTIVE BIOMASS CONCENTRATION: !
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C
C

CFIN

READ(*, *)
WRITE(™*,6
READ(*, *)

( (

E =
CX(8)=CX(2)
FORMAT
RETURN
CX(1)=CX{
CX(8)=CX{(
RETURN
END

CX(l)=C
CX{3)=.
CX(4)=.
CX(5)=.

2
2

)

affichage

(A50)

)+CX(9)

SUBROUTINE AFFICHAGE(CE,CS,DILUT)

C’r*’t*************t*'k-k*i'****~k*t*****t***************tt*******************

SUBOUTINE D’

AFFICHAGE DES RESULTATS POUR LA RECHERCHE DES

SOLUTIONS STATIONNAIRES.

C*********************************t******!‘*t***************t***f********

IMPLICIT DOUBLE PRECISION

(A~H,0-Z)

PARAMETER (N=9)

DIMENSION CE(N),CS(N),COEF(5)
COMMON/PHOTO1/CI(14)

CALL FORGLOB(CS, COEF)

PRINT*

WRITE(*,2)' FOR AN INCIDENT LIGHT FLUX OF ',CI{1l),' W/m2,’
*,!' THE FOLLOWING RESULTS ARE OBTAINED’

PRINT*

WRITE(*,1)’ DILUTION RATE:
* ! ' DILUT,’ h-1.-
PRINT*

IF(CE(l).NE.O) THEN

WRITE(*,1)’ TOTAL BIOMASS CONCENTRATICON IN THE INCOMING FLOW:
*! - CE(1l),’ kg/m3.
ENDIF

IF(CE(2) .NE.0O) THEN

WRITE(*, 1)’ ACTIVE BIOMASS CONCENTRATION IN THE INCOMING FLOW:
*! ", CE(2)," kg/m3.’
ENDIF

IF{CE(2).NE.O} THEN

WRITE(*, 1)’ CHLOROPHYLL CONCENTRATION IN THE INCOMING FLOW:
! 'y CE(3),"' kg/m3.
ENDIF

IF(CE(4).NE.O) THEN

WRITE(*, 1)’ PHYCOCYANIN CONCENTRATION IN THE INCOMING FLOW:
> v CE(4),’ kg/m3.
ENDIF

IF(CE(5) .NE.O) THEN

WRITE(*,1)’ PROTEINS CONCENTRATION IN THE INCOMING FLOW:
* ", CE(5),' kg/m3.
ENDIF

IF(CE(6).NE.O) THEN

WRITE(*,1) " NITRATE CONCENTRATION IN THE INCOMING FLOW:

x> ', CE(6),' kg/m3.
ENDIF

IF(CE(7).NE.O) THEN

WRITE(*,1)' SULFATE CONCENTRATION IN THE INCOMING FLOW:

*! 'y CE(7), " kg/m3.
ENDIF

IF (CE(8).NE.0) THEN

WRITE(*,1)’ VEGETATIVE BIOMASS CONCENTRATION IN THE INCOMING',
*' FLOW: 7, CE{8),’ kg/m3.
ENDIF

IF(CE(9).NE.O) THEN

WRITE(*,1l)’ EXOPOLYSACCHARIDE CONCENTRATION IN THE INCOMING’,
*’ FLOW: ', CE(9),' kg/m3.
ENDIF

PRINT*

PRINT*

WRITE(*,1)’ TOTAL BIOMASS CONCENTRATION IN THE CUTGOING FLOW:
* ", CS(1),' kg/m3.
PRINT*, 'ACTIVE BIOMASS CONCENTRATION IN THE OUTGOING FLOW:
WRITE(*,1)’ (no signification under mineral limitation)

* ', CS(2),' kg/m3.
WRITE(*,1)' CHLOROPHYLL CONCENTRATION IN THE OUTGCING FLOW:

*1 ‘, CS(3)," kg/m3.
WRITE(*,1)’ PHYCOCYANIN CONCENTRATION IN THE OUTGOING FLOW:

*! " CS(4),' kg/m3.
WRITE(*, 1)’ PROTEINS CONCENTRATION IN THE OUTGCING FLOW:

* ", CS(5),' kg/m3.
WRITE(*,1)’ NITRATE CONCENTRATION IN THE OUTGOING FLOW:

* - CsS(6), ' kg/m3.
WRITE(*,1)' SULFATE CONCENTRATION IN THE OUTGOING FLOW:

> ", Ccs{7)," kg/m3.

WRITE(*, 1)’

VEGETATIVE BIOMASS CONCENTRATION IN THE OUTGOING',

:

v

’

’

'

'

’
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*' FLOW: ', Cs(8),’ kg/m3.’
WRITE(*,1)* EXCPOLYSACCHARIDE CONCENTRATION IN THE OUTGOING’,

*¢ FLOW: ', CS{9),’ kg/m3.’
PRINT™*

PRINT*

PRINT*, ’ GLOBAL FORMULA OF THE PRODUCED BIOMASS'
PRINT*, * '
PRINT*

PRINT*

PRINT*, ’ c 1.0
WRITE(*,3)" H * COEF (1)
WRITE(*,3)" 0 ', COEF(2)
WRITE(*,3)" N *, COEF (3)
WRITE(*,3)" S ', COEF (4)
WRITE(*,3) " P ', COEF (5}
PRINT*

PRINT*

FORMAT (A,A,Gl4.6,A)
FORMAT (A,F6.2,A,A)
FORMAT (A,F6.4)

newton
SUBROUTINE NEWTON(NV,XI,OM, KIMP, IDERIV,NORM, EPS,CRIT,NAP, KAR,

&FI,HESS, VP, FX, IMAX, BMIN, BMAX)

C*t*t*******************************t*tt***********'k****t***************

oNeRoloNe oo RoNe N NeNe e N RoNoNoNo e Ne No N o No o Re No Re Ne No Re e R e e N R e N NN RO N O RO N N O NP N N e N O K NS R NP RO NS N O N O NS O O NS RO PR NS!

RESOLUTION PAR LA METHODE DE NEWTON - RAPHSON D’UN SYSTEME DE NV
EQUATICONS NON LINEAIRES A NV INCONNUES:

FI(XI)=0.
LES VALEURS DES FONCTIONS EN UN POINT XI SONT CALCULEES PAR APPEL
DU SOUS PROGRAMME FONCTI:CALL FONCTI(XI,FI)

ARGUMENTS D’'ENTREE

NV NOMBRE DE VARIABLES INDEPENDANTES

XTI (NV) ENTREE: ESTIMATION DU MINIMUM
SORTIE: DERNIER POINT DE LA RECHERCHE

oM FACTEUR DE RELAXATION INITIAL, A PRENDRE ENTRE 0 ET 1
SORTIE: FACTEUR DE RELAXATION AU POINT FINAL DE LA
RECHERCHE

KIMP SI KIMP=1 IMPRESSION A CHAQUE PAS

SI KIMP=11 IMPRESSIONS DE KIMP=1 ET DU JACOBIEN ET
DU PRODUIT J*J-1 A LA PREMIERE ITERATION
SORTIE: NOMBRE D'ITERATIONS

IDERIV LE JACOBIEN DES NV FONCTIONS: FX(I,J)=(DF(I)/DX(J))
EST EVALUE PAR DIFFERENCES FINIES ORDINAIRES
SI IDERIV=1 JACOBIEN ANALYTIQUE' PAR APPEL DU SOUS
PROGRAMME GANDIF A FOURNIR PAR L'UTILISATEUR

SUBROUTINE GANDIF (NV,NV,XI,FX)
DIMENSION FX(NV,NV),6 XI(NV)
FX(I,J)=G(XI(1),XI(2), '

NORM =1 NORMALISATION DU JACOBIEN (A UTILISER EN CAS
D’ECHEC AVEC NORM=0)

IMAX =0 LES VARIABLES SONT NON BORNEES

BMIN(NV) BORNES INFERIEURES SUR LES VARIABLES XI

BMAX (NV) BORNES SUPERIEURES SUR LES VARIABLES XI

TESTS D’ARRET

EPS VARIATION RELATIVE DU CRITERE ENTRE DEUX ETAPES EN
DESSOUS DE LAQUELLE LA RECHERCHE EST ARRETEE.TEST 1
CRIT ENTREE:VALEUR DU CRITERE EN DESSOUS DE LAQUELLE LA

RECHERCHE EST ARRETEE
SORTIE: VALEUR DU CRITERE AU MINIMUM
NAP ENTREE: NOMBRE D'APPELS DU SOUS PROGRAMME FONCTI
MAXTIMUM
SORTIE: NOMBRE D'APPELS DU SOUS PROGRAMME FONCTI

ARGUMENTS DE SORTIE

KAR =1 SORTIE PAR LE TEST 1: VARIATION RELATIVE DU CRITERE
INFERIEURE A EPS

=2 SORTIE PAR LE TEST 2: CRITERE INFERIEUR AU MINIMUM
=3 SORTIE PAR LE TEST 3: NAP SUPERIEUR AU NOMBRE
D’APPELS MAXIMUM

FI(NV) SORTIE: VECTEUR DONNANT LES VALEURS DES FONCTIONS AU
MINIMUM

HESS (NV,NV) TABLEAU DE TRAVAIL: PRODUIT J*J-1
DU HESSIEN DE LA FORME QUADRATIQUE ASSOCIEE AU CRITERE
AUTOUR DU MINIMUM

VP (NV,NV) TABLEAU DE TRAVAIL: INVERSE DE LA MATRICE JACOBIENNE
ASSOCIEE AUX VALEURS PRCPRES DU HESSIEN

FX(NV,NV) TABLEAU DE TRAVAIL: MATRICE JACOBIENNE

VALEURS SUGGEREES POUR LES DIVERS PARAMETRES:
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OM=0.5

CRIT=1.E-10

EPS SUPERIEUR OU EGAL A 1.E-05
NAP=100

S0US PROGRAMMES APPELES

FONCTI,MRINV, GANDIF

DANS SA VERSION ACTUELLE CE PROGRAMME EST LIMITE A 100 VARIABLES

100 FONCTIONS

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION XI(NV),FI(NV),FX{NV,NV),6 HESS{(NV,NV)

DIMENSION VP (NV,NV)
DIMENSION XAI(100),FAI(100),W(100)
DIMENSION BMIN(NV),h BMAX (NV)

INITIALISATION

IMP=0

KMP=KIMP/10
KIMP=KIMP-{(KIMP/10)*10
NAPMAX=NAP

NAP=0

ITER=0

KAR=1

NP=NV+1

CALCUL DU CRITERE

CALL FONCTI(XI,FI)
NAP=NAP+1

G=0.0

DO 20 I=1,NV
G=G+FI(I)*FI(I)

IMPRESSIONS
IF(KIMP.NE.1.AND.ITER.NE.0) GO TO 22

WRITE(IMP,4) ITER,NAP,G,OMEGA
FORMAT(//,5X,I4,' ITERATION(S)’',bI6,’

&5X, " CRITERE=',1PG13.6,’ FACT. RELAX.

WRITE(IMP, 1) XI

WRITE(IMP,2) FI

FORMAT (1X, 'XI’,3X,8(1PGl3.6))
FORMAT(1X, 'FI’,3X,8(1PGl3.6))
CONTINUE

TESTS D’'ARRET
IF(NAP.EQ.1) GO TO 30
TEST 2

IF(G.LE.CRIT) KAR=12
TEST 1

IF(G.GT.GA) GO TO 50
EC=ABS (GA-G) /GA
IF(EC.LT.EPS) KAR=11
TEST 3

IF (NAP.GE.NAPMAX) KAR=13
IF(KAR.GT.2) GO TO 220

MISE EN MEMOIRE DU DERNIER POINT

KDIV=0

GA=G

DO 40 I=1,NV
XAI(I)=XI(I)
FAT(I)=FI{(I)
GO TO 70

CALCUL(S) DES FONCTIONS’,
=',1PG13.6,//)

DIVERGENCE. ON RETOURNE D’'UN POINT EN ARRIERE

KAR=2

DO 60 I=1,NV
XI(I)=XAI{(I)
G=Ga
KDIV=KDIV+1
GO TO 180

CONTINUE

ETUDE DE SENSIBILITE
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130
140

IF(IDERIV.EQ.1) GO TO 104

AR REN
PO 80 I=1,NV

FX({I,NV)=FI(I)

DO 100 J=1,NV

DX=0.05*XI(J)

IF(DX.EQ.0.) DX=0.001

XST=XI{(J)

XI(J)=XI(J)+DX

CALL FONCTI(XI,FI)
NAP=NAP+1

DO 90 I=1,NV
DERI=(FI(I)-FX(I,NV})/DX
FI(I)=FX(I,NV)
FX(I,J)=DERI

XI(J)=XST

GO TO 105

CONTINUE

CONTINUE
IF(NORM.NE.1) GO TO 108

NORMALISATION DU JACOBIEN
DO 107 I=1,NV

W(I)=ABS(FX(I,1)
DO 106 J=2,NV

IF(ABS(FX(I,J)).GT.W(I)) W{I})=ABS(FX(I,J))

CONTINUE
IF(W(I).EQ.0.) W(I)=1.
DO 107 J=1,NV
FX(I,J)=FX(I,J)/W(I)

IMPRESSION DU JACOBIEN

CONTINUE
IF(KMP.NE.1) GO TO 118
IF{ITER.NE.J) GOTO 118
WRITE (IMP,114)

DO 110 I=1,NV,8

DC 110 J=1,NV,8

I2=1I+7

IF(J2.GT.NV) J2=NV

DO 110 Il=I,I2

WRITE (IMP,116) (FX(I1,J1),J1 " .
FORMAT (//,1X, 'MATRICE JACOBI:INZ’
FORMAT (/5X,'I J',215/)
FORMAT (1X,8G10.3)

CONTINUE

CALCUL INVERSE MATRICE JACOBIENNE

INDIC=-1
EPSM=1.E-20

CALL MRINV (FX,VP,NV,NV,DETER, EPSM,GRAD, INDIC)

CALCUL DE J*(J-1)

IF (KMP.NE.l) GOTO 140

IF (ITER.NE.1) GOTO 140

DO 120 I=1,NV

DO 120 J=1,NV

TOT=0.

DO 120 K=1,NV
TOT=TOT+FX(I,K)*VP(K,J)
HESS(I,J)=TOT

WRITE(IMP, 115) I,
J2=0+7

IF (J2.GT.NV) J2=NV
DO 130 Il1=I,1I2

WRITE (IMP,116} (HESS(I1,J1),J1=J,J2)

CONTINUE



FACTEUR DE RELAXATION OMEGA

CALCUL DE LA PENTE INITIALE

aaaan

IF(ITER.EQ.1) OMEG=(0OM-1.0)/G
OMEGA=1.0+0OMEG*G
IF(KAR.EQ.1) GO TO 190

180 CONTINUE

REDEFINITION DE OMEGA ET DE LA PENTE SI KAR=2.

N

OMEGA=OMEGA/ (2**KDIV)
OMEG= {OMEGA-1.0) /G
KAR=1

190 CONTINUE

CALCUL NOUVEAU POINT DANS L’ESPACE INITIAL

aan

DO 210 I=1,NV

XI(I)=0.

IF(NORM.EQ.0) W{I)=1.

DO 200 J=1,NV
200 XI(I)=XI(I)-OMEGA*VP(I,J)*FAI(J)/W(I)
210 XI(I)=XI(I)+XAI(I)

BORNES SUR LES VARIABLES

Q00N

IF(IMAX.EQ.0) GO TO 10

L=0

DO 215 I=1,NV

IF(XI(I).LT.BMIN(I).OR.XI(I).GT.BMAX(I)) L=I
215 CONTINUE

IF(L.NE.O) GO TO 50

GO TO 10

(@]

220 CRIT=G

c WRITE(IMP,3) KAR
c 3 FORMAT(/,’ SORTIE DE RECHERCHE PAR LE TEST’,IZ2,/)
C WRITE(IMP,6) CRIT
c 6 FORMAT ('’ VALEUR DU CRITERE AU MINIMUM=',1PGl3.6,//,
c &10X, ' PARAMETRES' , 15X, ' FONCTIONS' }
c DO 230 I=1,NV
C 230 WRITE(IMP,7) I,XI(I),I,FI(I)
c 7 FORMAT (10X, "XI(",I2,")=',1PG13.6,5X,'FI(’',I2,')=",1PG1l3.6)
KIMP=ITER
OM=OMEGA
c WRITE(IMP,8) NAP, ITER,OM
c 8 FORMAT(//,' NOMBRE D APPELS DE LA FONCTION=', I6,/,
C &' NOMBRE D ITERATIONS=',I5,/,
C &’ FACTEUR DE RELAXATION FINAL=',1PG13.6,//)
RETURN
END

CDEB Dbatch
SUBROUTINE BATCH(XF, ITAB, XTAB, YTAB)

Crhakkhrhhkhkkhh kR hkhhkkhk ko hhkk ok krkdh bk bhhrrhhrrdhrhhhdddhhex

C SUBROUTINE D’ INITIALISATION ET D'APPEL DU SOLVEUR D’EQUATIONS

C DIFFERENTIELLES RKMER POUR LES SIMULATIONS DYNAMIQUES DE CULTURES
C DISCONTINUES.

c REMPLISSAGE DU VECTEUR ERRMAX(N) POUR LA PRECISION SUR LE CALCUL
C DES EQUATIONS INTEGRO-DIFFERENTIELLES.

Chhhk ek kR Rk kh kA A kR Rk Ak kk ok Ak kh AT m kAN Rk ok h ek kb kkrhh ok kkhdkhhnx

CFIN

IMPLICIT DOUBLE PRE..3ION (A-H,0-7)

PARAMETER (N=9)

DIMENSION ERRMAX (N), XTAB(ITAB), YTAB(N, ITAB), YO (N)
CALL INITBATCH(YO)

PRINT*

PRINT*

PRINT*, ' IR AR SRR SRS RS EREE N

PRINT™*, ’ CALCULATION IN PROGRESS’

PRINT*, ' khkhkkkhkkhkxhkhkkrkkkdhkkhdhk s

X0=0.

[ ol S S S

> [uSoNNoRo NNl N
| [

[T N N NI I S

L 1 e T O T VA [ N T

MODTAB=1
CALL RKMER (
RETURN

END

0,XF,YO0,N, H, ERRMAX, MODTAB, ITAB, XTAB, YTAB)
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mrinv
SUBROUTINE MRINV(A,B,N,NRC,DETER, EPS, X, INDIC)

bR A AL ELERE AL EEEEEEEEE SRS R iRt Rl iRt ll Rl

Qo000 nn

METHODE DE GAUSS JORDAN AVEC PIVOT MAXIMUM POUR LA RESCLUTION
D’'UN SYSTEME DE N EQUATIONS LINEAIRES OU L‘INVERSION D'UNE
MATRICE

A MATRICE DES COEFFICIENTS AUGMENTEE DU DEUXIEME MEMBRE
DANS LA N+1 EME COLONNE
B MATRICE CONTENANT LA MATRICE INVERSE APRES TRAITEMENT

*** SI ON NE SOUHAITE PAS CONSERVER A APPELER LE SP PAR
CALL MRINV(A,A,N,NRC,DETER, EPS, X, INDIC)
LA SOLUTION EST CALCULEE DANS LA N+1 EME COLONNE DE B PUIS
RANGEE DANS X
N NOMBRE D'EQUATIONS OU DIMENSION DE LA MATRICE A INVERSER
NRC DIMENSION DE A ET B (SUPERIEURE OU EGALE A N)
DETER VALEUR DU DETERMINANT DE LA MATRICE DES COEFFICIENTS

EPS PLUS PETITE VALEUR ACCEPTABLE POUR UN PIVOT (EN VALEUR
ABSOLUE)
X VECTEUR SOLUTION

INDIC NEGATIF CALCUL DE LA MATRICE INVERSE DE A
NUL CALCUL DE LA SOLUTION DU SYSTEME ET DE L’INVERSE DE
LA MATRICE DES COEFFICIENTS
POSITIF RESOLUTION DU SYSTEME SEULEMENT

ChhdkdhRdkkhkdkh ko ke ko k kR kA KA Rk kI AT kR Ak kA kA kAT x e h ke kT AT kXA F Rk AT T o *

CEFIN
1
C
c
C
8
9
11
14
17
18
c
C
C
20
C
C
C

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION IROW(100),JCOL(100),JORD(
DIMENSION A(NRC,NRC), B(NRC,NRC), X(N
MAX=N

IF(INDIC.GE.0Q) MAX=N+l1

IF(N.GT.100) GO TO 990

DO 1 I=1,N

DO 1 J=1,MAX

B(I,J)=A(I,J)

DETER=1.

100),Y(100)
)

DEBUT DE LA PROCEDURE D‘ELIMINATION

DO 18 K=1,N

KM1=K-1

PIVOT=0.

DO 11 I=1,N

DO 11 J=1,N

IF(K.EQ.1) GO TO 9

DO 8 ISCAN=1,KM1

DO 8 JSCAN=1, KM1
IF(I.EQ.IROW(ISCAN)) GO TO 11
IF(J.EQ.JCOL(JSCAN)) GO TO 11
CONTINUE

IF( ABS(B(I,J)).LE. ABS(PIVOT)) GO TO 11
PIVOT=B(I,J)

IROW(K)=I
JCOL (K} =J
CONTINUE

IF( ABS(PIVOT).LT.EPS) GO TO 980
IROWK=IROW(K)

JCOLK=JCOL (K)

DETER=DETER*PIVOT

DO 14 J=1,MAX

B(IROWK, J)=B{IROWK, J)/PIVOT
B(IROWK,JCOLK)=1./PIVOT

DO 18 I=1,N

AIJCK=B(I,JCOLK)

IF(I.EQ.IROWK) GO TO 18
B(I,JCOLK)=-AIJCK/PIVOT

DO 17 J=1,MAX

IF(J.NE.JCOLK) B(I,J)=B(I,J)~AIJCK*B(IROWK,J)
CONTINUE

CONTINUE

ORDONNER LE VECTEUR SOLUTION

DO 20 I=1,N

IROWI=IROW(I)

JCOLI=JCOL(I)

JORD(IROWI) =JCOLI

IF(INDIC.GE.0) X{JCOLI)=B(IROWI,MAX)
CONTINUE

SIGNE DU DETERMINANT

INTCH=0

NM1=N-1

DO 22 I=1,NM1

IP1l=I+1

DO 22 J=IP1,N
IF(JORD(J).GE.JORD(I)) GO TO 22
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27

28

29

30
300
980
981

990
991

999
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JTEMP=JORD({(J)

JORD(J) =JORD(I)

JORD(I)=JTEMP

INTCH=INTCH+1

CONTINUE

IF (INTCH/2*2 .NE.INTCH) DETER=-DETER

REMISE EN ORDRE DE LA MATRICE INVERSE

IF(INDIC.GT.0) GO TO 900
DO 28 J=1,N
Do 27 I=1,N
IROWI=IROW(IL
JCOLI=JCOL(I

(

IROWJ =IROW (
JCOLJ=JCOL{
Y (IROWJ) =B(
DO 30 J=1,N
B{I,J)=Y(J)
RETURN
WRITE (0,981)

FORMAT(1X,5(1H*),’ ERREUR DANS MRINV *MATRICE SINGULIERE ',

1 50 (1H*))

GO TO 999

WRITE (0,991)

FORMAT (1X,5(1H*},’ ERREUR DANS MRINV *PLUS DE 50 EQUATIONS ',
1 50{(1H*)).

STOP

END

rkmer
SUBROUTINE RKMER (X0,XF,Y0,N,H, ERRMAX,MODTAB, ITAB, XTAB, YTAB)

LEEEES AR LSS SRR REERS SRRl SRRl R RSl S R EE RS

CE SOUS PROGRAMME PERMET DE RESQUDRE UN SYSTEME DE N EQUATIONS
DIFFERENTIELLES ORDINAIRES DU PREMIER ORDRE

DY(J)/DX = F(X,Y,J) J=1,N
PAR LA METHODE DE RUNGE KUTTA MERSON DU QUATRIEME ORDRE A PAS
VARIABLE. (ESTIMATION DE L‘'ERREUR A CHAQUE PAS)

* LES VALEURS DES DERIVEES AU POINT X SONT CALCULEES PAR

* APPEL D’UN SOUS-PROGRAMME

* DERIV(Y,X,F)

* OU Y REPRESENTE LE VECTEUR DES INTEGRALES ET F LE VECTEUR
* DES DERIVEES AU POINT X

LR R R S R R R RS AR R RS R R R R S R R R R SRR EE SR A RS SRS R RS

ARGUMENTS D'ENTREE

X0 BORNE INFERIEURE D‘INTEGRATION

XF BORNE SUPERIEURE D’ INTEGRATION

Y0 (N) VECTEUR DES CONDITIONS INITIALES (EN XO0)

N NOMBRE D‘EQUATICNS DIFFERENTIELLES

H VALEUR SUGGEREE POUR LE PAS D’ INTEGRATION

ERRMAX (N) VECTEUR D'ERREUR RELATIVE MAXIMUM TOLEREE
(ERRMAX (J) EST RELATIF A LA FONCTION Y(J)})

MODTAB INITIALISER CET ARGUMENT A 1

ITAB NOMBRE DE VALEURS A STOCKER POUR CHAQUE FONCTION

Y (Y COMPRIS LES VALEURS AUX BORNES DE L'INTERVALLE
D' INTEGRATION) MINIMUM 2

ARGUMENTS DE SORTIE

XTAB(ITAB) VALEURS DE X POUR LESQUELLES SONT STOCKEES LES
VALEURS DES FONCTIONS Y (DES VALEURS REGULIEREMENT
ESPACEES SONT GENEREES PAR RKMER ET RANGEES DANS
XTAB )

YTAB (N, ITAB) VALEURS STOCKEES DES N FONCTIONS Y
YTAB(1,J)=Y1(XTAB(J)), ...
YTAB(I,J)=YI{(XTAB(J)),

(SI L'UTILISATEUR DESIRE STOCKER LA SCLUTION DU SYSTEME

POUR DES VALEURS DE X NON REGULIEREMENT ESPACEES ENTRE X0 ET XF
IL DOIT INITIALISER MODTAB A ZERO ET LE VECTEUR XTAB AUX VALEURS
DE X DESIREES(DE X0 A XF))

CE SOUS PROGRAMME DANS SA VERSION ACTUELLE EST LIMITE A UN
SYSTEME DE 50 EQUATICNS MAXIMUM. CECI PEUT ETRE MODIFIE EN
CHANGEANT LE DIMENSIONNEMENT DE YI,YIM1,ERR,K1,K3,K4,K5 ,F.

C********************’r****************-k**********t**********************

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
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45
50

DIMENSION YI(50),ERR(50),F(50)

DIMENSION YO (1), ERRMAX(1l),XTAB(l),YTAB(1)
COMMON/RKMERY /XIM1, YIM1(50)
COMMON/RKMERZ /ISTOP
DOUBLE PRECISION K1{50),K3(50),K4(50),K5(50)
ISTOP=0
NMAX=50
IF(N.GT.NMAX) GO TO 999
NHS2=0
INITIALISATION
IK=0

HTAB= (XF-X0) /FLOAT (ITAB-1)
IF(MODTAB.EQ.0) GO TO 2
DO 1 I=1,ITAB
XTAB(1)=X0+HTAB*FLOAT(I-1)
CONTINUE

Do 3 J=1,N

YTAB(J)=Y0(J)
YIML(J)=Y0(J)

YI(J)=Y0(J)

XIM1=X0

KTAB=2

CONTINUE

IF({ ABS(H).LT. ABS(HTAB)) GO TO 5
H=H/2.

GO TO 4

XI=XIM1+H

TEST POUR RANGEMENT EN MEMOIRE DES VALEURS DE Y

XFIO=(XTAB(KTAB)-XI}/(XF-~-X0)
IF{XFI0O.LT.1l..AND.XFI0.GT.0.)GOTO10
HO=H

H=XTAB(KTAB) -XIM1

IK=1

ALGORITHME DE MERSON D'ORDRE QUATRE

XI=XIM1

CALL DERIV(YTI,XI,Kl)

XI=XIM1+H/3.

DO 21 J=1,N

YI(J)=YI(J})+K1(J)*H/3.

CALL DERIV(YI,XI,K3)

DO 23 J=1,N

YI(J}=YIM1(J) +(K1{(J)+K3(J)}/2.*H/3.

CALL DERIV(YI,XI,K3)

XI=XIM1+H/2.

DO 25 J=1,N

YI(J)=YIM1{J) +3./8.*{K1(J)+3.*K3(J))*H/3.

CALL DERIV{YI,XI,K4)

XI=XIMI1+H

Do 27 J=1,N

YI(J)=YIML(J) +3./2.*(K1(J)-3.*K3(J)+K4(J)*4.)

CALL DERIV{YI,XI,K5)

DO 30 J=1,N

YI(J)=YIM1(J) +(K1(J)+4.*K4{J)+K5(J))/2. *H/3.
E=K1(J)-9./2.*K3(J)+4.*K4(J)-K5(J) /2.
E=E*H/3.

ERR(J)=0.

IF(ABS(YI{J) ).GT.1.E-20) ERR(J)=ABS(E/YI(J))
CONTINUE

CHANGEMENTS DE PAS

IF(ISTOP.NE.1) GO TO 40
XF=XI

DO 35 J=1,N

YO(J)=YI(J)

RETURN

CONTINUE

IC=0

DO 50 J=1,N

IF(ERR(J) .LT.ERRMAX (J)) GO TO 45
NHS2=NHS2+1
IF(NHS2.GT.20) GO TO 995
H=H/2.

DO 42 JP=1,N
YI(JP)=YIMI1(JP)

IK=0

GO TO 10

IF(ERR{J) .GT.ERRMAX(J)/16.) IC=1
CONTINUE

IF(IK.EQ.1l) GO TC &0
IF(IC+NHS2.EQ.0) H=H*2
NHS2=0

REINITIALISATION PCUR LE PAS SUIVANT

XIM1=XI
DO 55 J=1,N

*H/3.
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10

15

20

25

YIM1(J)=YI(J)
GO TO S

RANGEMENT EN MEMCIRE DES VALEURS Y CALCULEES
ET REINITIALISATION

IK=0

H=HO

DO 65 J=1,N

JKTAB=N* (KTAB-1)+J

YTAB(JKTAB)=YI(J)

YIM1(J)=YI(J)

XIM1=XTAB(KTAB)

KTAB=KTAB+1

IF(KTAB.LE.ITAB}) GO TO 5

RETURN

WRITE(0,996) NHS2

FORMAT(1X,5(1H*), 'ARRET DANS RKMER APRES ‘,I3, 'DIVISIONS ',
1 'CONSECUTIVES PAR 2 DU PAS')

CALL DERIV(YIM1, XIM1,KS5)

WRITE(0,997) X,H, {YIM1(I),I=1,N)

WRITE(0,998) (K5(I),I=1,N)

FORMAT (' DERNIERE VALEUR DE X',G12.4,' DERNIERES VALEURS DE Y',/,
1 5(10G12.4,/))

FORMAT (’ DERNIERES VALEURS DES DERIVEES',/,5(10G12.4,/))
STOP

WRITE(0,9991) NMAX

FORMAT(1X,5(1H*), ’ERREUR DANS RKMER * PLUS DE ‘,I3,‘ EQUATIONS',
1 50 (1H*))

STOP

END

foncti

SUBROUTINE FONCTI (XI,FI}
****************************t****'k**********r********************t*
SUBROUTINE CONTENANT LE SYSTEME D’EQUATIONS NON LINEAIRES A
RESOUDRE PAR LA METHODE DE NEWTON-RAPHSON.

kkkk kA kA k kAR AR Rk kR AR Ak kTR ARk hhkhhkk kA hnhkhh bk kdhFh kxR or®

IMPLICIT DOUBLE PRECISION (A-H,0-Z2)
INTEGER COMPT

PARAMETER (N=9)

DIMENSION XI(N),FI(N),RI(N),CS(N)
COMMON/PHOTOL1/CI(14)

COMMON/PHOTO4 /COMPT, DIF

GO TO(10,20,30,40,50,60) COMPT

X=0.
CALL DERIV(XI X,RI)
FI(1)=CI(2)*(CI(3) XI(l))+RI
FI(2):CI(2)*( I(4)-XI(2))+RI .
FI(3)=CI{2)*(CI(5 )-XI(3))+RI‘
FI{4)=CI{(2)*(CI(6)-XI(4))+RI.
FI(5)=CI{2)*(CI(7)-XI(5))+RIiz:
FI(6)=CI(2)*(CI(8)-XI(6))+RIi2}
FI(7):CI(2)*(CI(9) XI(7))+RI(7>
FI(8)=CI(2)*(C 0)-XI(8))+RI(8)
FI(9)=CI(2)*(C ll) XI(9))+RI(9)
GO TO 70
X=0.
DO 15 I=1,N
CS{I)=XI{(I)
CONTINUE
C§{1)=DIF
CALL DERIV(CS,X,RI)
FI(1)=XI(1)*(CI(3)-DIF)+RI(1)
FI(2)=XI(1)*{CI(4)-XI(2))+RI(2)
FI(3)=XI(1)*(CI(5)-XI(3))+RI(3)
FI(4)=XTI(1)*(CI(6)-XI(4))+RI(4)
FI(5)=XI(1)*(CI(7)-XI(5))+RI(5)
FI(6)=XI{(1)*(CI(8)-XI(6))+RI(6)
FI(7)=XT(1)*(CI(9)-XI(7))+RI(7)
FI{8)=XI(1)*(CI(10)- XI(8))+RI(8)
FI(9)=XI(1)*(CI(11)-XTI{9))+RI(9)
CI(2)=XI(1)
GO TO 70
X=z0.
DO 25 I=1,N
S(I)=XI(I)
CONTINUE
CS(2)=DIF
CALL DERIV{CS,X, RI)
FI(1)=XI(2)*(CI(3)~-XI{(1))+RI(1)
FI(2)=XI(2)* (CI(4) DIF)+RI( )
FI(3)=XI(2) (CI(5)- XI( J+RI(3)
( y=XI{2)*(C ( ) - ) )+RI(4)
5)=XI(2)*(C 7‘—XI 5)Y)+RI(5)
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DIF

=0.
DO 55 I=
CsS(I)

CONTINUE

X
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NITRATE ET SULFATE;

- SOIT UNE INITIALISATION COMPLETE DE TOUS LES COMPOSES

EXOPOLYSACCHARIDE,

- SOIT UNE INITIALISATION MINIMALE DE LA CONCENTRATION EN BIOMASSE
ACTIVE,

INITIALES DES EQUATIONS INTEGRO-DIFFERENTIELLES DU MODELE POUR

SUBROUTINE PERMETTANT L'INITIALISATION DES CONCENTRATIONS
UNE SIMULATION DYNAMIQUE. REMPLISSAGE DU VECTEUR YO (N).

DEUX OPTIONS SONT POSSIBLES:

SUBROUTINE INITBATCH(YO)
R L L e S S S SRS S AR A RS A AR A AR A b bbbl

initbatch
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CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)
PARAMETER (N=9)
DIMENSION YO (N)

1 PRINT*
PRINT*
PRINT*, * R R R iR R R I T I I
PRINT*, ’ INITIAL CONCENTRATIONS IN PHOTOBIOREACTOR’
PRINT*, ’ R R I I I I T Y
PRINT™*

WRITE(*, *) 'MINIMUM INITIALISATION FOR CONCENTRATIONS OF ACTIVE’
WRITE(*,*) 'BIOMASS, EXOPOLYSACCHARIDE, NITRATE AND SULFATE’
WRITE(*, *)’' (other concentrations are automatically calculated)= 1°
PRINT*

WRITE(*,*) ' INITIALISATION FOR EACH CONCENTRATION (7 values) = 27
PRINT*

READ(*,*) ICODE

IF(ICODE.LT.l.OR.ICODE.GT.2) GOTO 1

GOTO{10) ICODE

PRINT*

PRINT*

WRITE(*,600)'GIVE THE INITIAL ACTIVE BIOMASS CONCENTRATION !
* ,{in kg/m3 or g/L): ‘
READ(*,*)Y0(2)

PRINT*

WRITE(*,600) 'GIVE THE INITIAL EXOPOLYSACCHARIDE CONCENTRATION’
* , " {in kg/m3 or g/L):
READ(*,*)Y0(9)
PRINT*
WRITE(*,600)'GIVE THE INITIAL CHLOROPHYLL CONCENTRATION !
* , ' (in kg/m3 or g/L}: '
READ(*,*)Y0(3)
PRINT*
WRITE(*,600) 'GIVE THE INITIAL PHYCOCYANIN CONCENTRATION !
* , ' (in kg/m3 or g/L): '
READ(*,*)Y0(4)
PRINT*
WRITE(*,600)'GIVE THE INITIAL PROTEINS CONCENTRATION !
* , ' (in kg/m3 or g/L): ‘
READ(*, *)Y0(5)
PRINT*
WRITE(*,600) 'GIVE THE INITIAL NITRATE CONCENTRATION !
* , " {in kg/m3 or g/L): '
READ(*, *)Y0 (6)
PRINT*
WRITE(*,600) 'GIVE THE INITIAL SULFATE CONCENTRATION !
* ,{in kg/m3 or g/L): ’
READ(*, *)YO(7)
PRINT*
GOTO 20
10 PRINT*
PRINT*
WRITE(*,600) 'GIVE THE INITIAL ACTIVE BIOMASS CONCENTRATION !
* , " (in kg/m3 or g/L}: !
READ(*, *)Y (2)
PRINT*
WRITE(*,600)'GIVE THE INITIAL EXOPOLYSACCHARIDE CONCENTRATION’
* , " {in kg/m3 or g/L}:
READ(*,*)YO(9)
PRINT*
WRITE(*,600) 'GIVE THE INITIAL NITRATE CONCENTRATION !
* , ' (in kg/m3 or g/L): ‘
READ(*,*)Y (6)
PRINT*
WRITE(*,600)'GIVE THE INITIAL SULFATE CONCENTRATION !
* , ' {in kg/m3 or g/L): !
READ(*,*)Y0(7)

PRINT*
Y0(3)=.01*Y0(2)
Y0(4)=.162*Y0(2)
YO (5)=.684*Y0(2)
20 YO0(1)=Y0(2)+Y0(9)
Y0(8)=Y0(2)
600 FORMAT (A50)
RETURN
END

CDEB deriv

SUBROUTINE DERIV(Y,X,F)
C************t**********t***********************************************
SUBROUTINE CONTENANT LES DERIVEES DU SYSTEME D’EQUATIONS INTEGRO-
DIFFERENTIELLES DU MODELE (TN 19.2) DANS LE VECTEUR F(N).
LES CONCENTRATIONS DE CHAQUE ESPECE SONT FOURNIES DANS LE VECTEUR
Y(N), LA VARIABLE X REPRESENTE LE TEMPS.

CE SUBROUTINE FAIT APPEL A UNE FUNCTION RF(X,G,D) CALCULANT LES
RACINES D'UNE EQUATION PAR LA METHODE DE REGULA FALSI, ET A UNE

QOO0 n



C FUNCTION G(Z) OU SE TROUVE DEFINIE LA FONCTION.
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CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)
DOUBLE PRECISION MUXA,MUEPS
PARAMETER (N=9)

DIMENSION Y (N), F(N)
COMMON/PHOTOL/CI(14)
COMMON/PHOTO2/PAR(16)
COMMON/PHOTO3 /ALPHA, DELTA, RT
COMMON/ PHOTOS / ICREN, WIV

RT=.045
EA=PAR(1)/(PAR({3)+PAR(4))*(Y(3)+Y{4))
ES=PAR(2)*Y (8)
ALPHA=SQRT(EA/ (EA+ES))
DELTA=SQRT(EA* (EA+ES))
IF (ICREN.EQ.l) THEN

IF (X.GE.CI(14)) CI(1)=CI(13)

ENDIF
C RECHERCHE DU RAYON UTILE ECLAIRE.
C LOCALISATION DES RACINES PAR LE THEOREME DE ROLLE ET CALCUL DES
C RACINES PAR LA METHODE DE REGULA FALSIT.
C
PAS=RT/10
XI=1E-5

XS=1E-5+PAS
10 ROL=G (XI) *G(XS)
IF(ROL.GT.0) THEN
IF(XS.GE.RT) THEN
R1=1E-5
R2=1E-5
GOTO 20
ENDIF
XI=XS
XS5=XS+PAS
GOTO 10
ELSE
XG=XI
XD=Xs
R1=RF (XG, XD)
ENDIF
IF(XD.GE.RT) THEN
R2=R1
R1=1E-5
GOTO 20
ENDIF
XI=XD
XS=XD+PAS
50 ROL=G (XI) *G (XS}
IF(ROL.GT.0) THEN
IF(XS.GE.RT) THEN

R2=R1
R1=1E-5
GOTO 20
ENDIF
XI=XS
XS=XS+PAS
GOTO 50
ELSE
XG=XI
XD=Xs
R2=RF (XG, XD)
20 ENDIF
c CALCUL DES INTEGRALES DONNANT RXA ET REPSI1.
C
SA=1E-5
SB=R1
CALL SIMPSON(SA, SB,SJXA, SJEPS)
MUXA=2*PAR{6) *SJXA/ (R1*R1)
MUEPS=2*PAR (7) *SJEPS/ (R1*R1)
SA=R2
SB=RT
CALL SIMPSON(SA, SB,SJXA,SJEPS)
MUXA=MUXA+2*PAR (6) *SIXA/ {RT**2-R2**2)
MUEPS=MUEPS+2*PAR(7) *SJEPS/ (RT**2-R2**2)
GAMMA=WIV*{ (R1/RT)**2+ ( (RT**2-R2**2) /RT**2))
RXA=MUXA*GAMMA*Y (4)
REPS1=MUEPS*GAMMA*Y (4)
C CALCUL DE REPS2 PAR L'APPROCHE BIOCHIMIQUEMENT STRUCTUREE
C (voir TN 19.2).




A=4*CI(1)*ALPHA*SINH(DELTA*RT) / (RT* (COSH(DELTA*RT}+ALPHA*SINH
* (DELTA*RT) ) )

PE=1.222E-5*A+1.267
REPS2=(29.33*(PE*2.874-3.568)*RXA/23.096}/(3.33-PE*1.92)

C CALCUL DE REPS PAR LA MOYENNE ARITHMETIQUE DE REPS1 ET REPS2

REPS=(REPS1+REPS2)/2

c DERIVEES DES 9 ESPECES CONSIDEREES PAR LE MODELE (voir TN 19.2).

D=0.
TIMECONT=CI(12)
IF(X.GE.TIMECONT) THEN

D=CI(2)
ENDIF
IF (ICREN.EQ.2) THEN

IF (X.GE.CI(14)) D=CI(13)
ENDIF
IF (ICREN.EQ.3) THEN

IF (X.GE.CI{(14)) CI(8)=CI{(13)
ENDIF
IF (ICREN.EQ.4) THEN

IF (X.GE.CI(14)) CI(9)=CI(13)

ENDIF

C BIOMASSE TOTALE
F(l)=D*(CI(3)-Y{(l))+RXA+REPS

C BIOMASSE ACTIVE
F(2)=D*(CI(4)-Y(2))+RXA*(Y(6)/(PAR(10}+Y(6)))*(Y(7)/(PAR(1L)+
*Y(T7)))

c CHLOROPHYLLE

F(3)=D*(CI{(5)-Y(3))}+PAR(3)*RXA*(Y(6)/(PAR(10)+Y(6)))*(¥Y(7}/
*(PAR(11)+Y(7)))

C PHYCOCYANINE
F(4)=D*(CI(6)-Y(4))+PAR(4) *RXA*{(Y{6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(L1)+Y(7))) - ({PAR(10)/(PAR(10)+Y(6)))+(PAR(11)/
*(PAR(11)+Y(7)))))

C PROTEINES
F(S):D*(CI(7)—Y(5))+PAR(5)*RXA* (Y(e ) (PAR(10)+Y (6) )y *(Y(7)/
*(PAR(11)+Y(7)))-PAR(13)*(PAR(1L)/(PAR{11L)+Y(7))))

C NITRATE
F(6)=D*(CI(8)-Y(6))-PAR(14)*RXA*(Y(6)/(PAR{10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))

@ SULFATE
F(7)= *(CI(9)—Y(7))-PAR(lS)*RXA* (Y(6)/(PAR(10)+Y(6)))*(Y(7)/
*(PAR(11)+Y(7)))-PAR(16)*REPS*(Y(6)/(PAR(10)+Y(6)))*(Y(7)/(PAR(11)
*+Y (7))

C BIOMASSE VEGETATIVE
RXV=RXA* ( ((Y(6)/{PAR(10)+Y(6)))*(¥Y(7)/(PAR({LL)+Y (7))} )+((¥(4)/
*(PAR(12)+Y(4)*Y (4)))*((PAR(10)/(PAR(10)+Y(6)))+(PAR({11)/(PAR(11l)+
*Y{7))3)))
F{8)=D*{CI(10)-Y(8))}+RXV

C EXOPOLYSACCHARIDE
F(9)=D*(CI(11)-Y{3))+REPS*(Y(6)/(PAR(10)+Y(6)))*(Y(7}/
*(PAR(11)+Y (7)) )+ (RXA+REPS-RXV)* ( (PAR(10)/(PAR(10)+Y(6)))+
*(PAR(11)/(PAR(11}+Y(7})))
RETURN
END

CDEB rf

FUNCTION RF (XG, XD)
C******’(************************tt**************************************
cC SOUS-PROGRAMME RESOLVANT L‘EQUATION G(X)=0 PAR LA METHODE REGULA-
c FALST.

C******************t*********t****************t***********************t*

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
LOGICAL L
PARAMETER (EPS=.001, ITMAX=100)
YD=G (XD)
YG=G (XG)
DO 40 I=1, ITMAX
X=(YD*XG-XD*YG) / (YD-YG)
Y=G{X)



IF(Y*YD)10,10,20
10 YG=Y

VO-W
AG=A

GO TO 30
20 YD=Y
30 IF(ABS(XD-XG) .LT.EPS) GO TO 50
IF(ABS(Y).LT.EPS) GO TO 60

40 CONTINUE
50 RF=(XD+XG) /2

RETURN
60 RF=X

RETURN

END

CDEE g
FUNCTION G(Z)
C******************************t****************************************
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C***********************************************************************

CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)
COMMON/PHOTOL1/CI(14)
COMMON/ PHOTO3 /ALPHA, DEL
G= RT*Z*COSH(DELTA*Z) (Z2*
*1/CI(1)

RETURN

END

TA, RT
(COSH (DELTA*RT) +ALPHA*SINH (DELTA*RT) ) ) -

CDEB simpson
SUBROUTINE SIMPSON{SA,SB, SJXA,SJEPS)

(i A A EAE AL LR EEEEEREEELEEEREELEREEEEEREE sl il it ittt

C SUBROUTINE DE CALCUL D'INTEGRALE PAR LA METHODE DE SIMPSON.

SP=(SB-SA) /N

SX=SA

SIXA=-SYXA(SX)

SJEPS=-SYEPS(SX)

SX=SB

SJIXA=SIXA+SYXA (SX)

SJEPS=SJEPS+SYEPS (SX)

DO 10 I=0,N-1
SX=SA+I*SP
SJIXA=SIXA+2*SYXA(SX)
SJEPS=SJEPS+2*3YEPS (SX)

10 CONTINUE

DO 20 K=0,N-1

SX=SA+K*3SP+SP/2

SIXA=SIXA+4*SYXA(
SJEPS=SJEPS+4*SYE

20 CONTINUE
SJXA=SJXA*SP/6
SJEPS=SJEPS*SP/6
RETURN
END

sX)
PS(SX)

CDEB syxa
FUNCTION SYXA({SX)

b A AR EEEEEEEEREEEELESEREEEELEEEEEEEEEEEEEEREEEELEEREEALEEELELE LA RS
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(- FONCTION A INTEGRER CONCERNANT LA BIOMASSE ACTIVE.
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CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON/PHOTOL1/CI(14)

COMMON/PHOTO2 /PAR(16)

COMMON/PHOTO3 /ALPHA, DELTA, RT
PJ=RT*CI(1)*2*COSH(DELTA*SX)/{SX* (COSH(DELTA*RT)+ALPHA*SINH
* (DELTA*RT) ) )

SYXA=SX*PJ/ (PAR(8)+PJ)

RETURN

END



CDEB syeps
FUNCTION SYEPS({SX)

i A2 SRR RS ESRRS R S R Rl iR AR REREREEEEEEAEREREE R EREEEE

C FONCTION A INTEGRER CONCERNANT L'EXOPOLYSACCHARIDE.
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CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
COMMON/PHOTOL1/CI(14)
COMMON/PHOTO2 /PAR(16)
COMMON/ PHOTO3 /ALPHA, DELTA, RT
PJ=RT*CI(1)*2*COSH(DELTA*SX) / (SX* (COSH(DELTA*RT)+ALPHA*SINH
*(DELTA*RT) ))
SYEPS=SX*PJ/ (PAR(9)+PJ)
RETURN
END

CDEB forglob

SUBROUTINE FORGLOB{CS,COEF)
C****************************************************tt**t**t***********
C SUBROUTINE DE CALCUL DE LA FORMULE BRUTE GLOBALE DE LA BIOMASSE
C SORTANT DU REACTEUR EN REGIME PERMANENT (options 2,3,7 et 8)
C***kt*ﬁ*****t%’*i******************w*************i’**********************
CFIN

IMPLICIT DOUBLE PRECISION (A-H,0-2)

PARAMETER (N=9)

DIMENSION CS(N),COEF(5)

TB=CS(8)+CS(9)

ABF=CS(2)/TB

IF ((CS(8)-CS(2

GLYF=(CS(8)-CS{(

EPSF=CS(9)/TB

}).LE..05*CS(8)) GLYF=0
2))/TB

C COEFFICIENT DE L'HYDROGENE
COEF (1) =ABF*1.566+GLYF*1.67+EPSF*1.65

cC COEFFICIENT DE L'OXYGENE
COEF(2)=ABF*.405+GLYF*.711+EPSF* .95

c COEFFICIENT DE L'AZOTE
COEF{3)=ABF*.192

c COEFFICIENT DU SOUFRE
COEF (4)=ABF*.0052+GLYF*.0007+EPSF*.015

c COEFFICIENT DU PHOSPHORE
COEF (5)=ABF*.0063
RETURN
END



APPENDIX 7

Figures



LEGEND OF FIGURES

Figure 1 (option 1): Batch culture simulation with an incident radiant energy flux of 20 W/m?2.

The initial concentrations in the photobioreactor are respectively:
3

C..o= 02 Lko/m3
\.ztl)b o NS e ‘\O/ 111
Cy = .5 kg/m?

The nitrate concentration becomes limiting after 100 hours of cultivation and leads to a
decrease in phycocyanin concentration and an increase in exopolysaccharide and intracellular
glycogen concentrations (see appendix of TN 19.1 for further explanations).

Figure 2 (option 1): Batch culture simulation with an incident radiant energy flux of 200
W/m?. The initial concentrations in the photobioreactor are respectively:

Cya=.1kgm?

CEPS =.02 k"/m’

\.zN - 5‘ l\b/lll

= 2 kg/m?

The nitrate concentration becomes limiting after 40 hours of cuitivation and leads to a decrease
in phycocyanin concentration and an increase in exopolysaccharide and intracellular glycogen
concentrations (see appendix of TN 19.1 for further explanations).

Figure 3 (option 1): Batch culture simulation with an incident radiant energy flux of 20 W/m?Z.
The initial concentrations in the photobioreactor are respectively:

o= 02 ka/m3
\/tl) NSl AN 2 11
CN = 8 kg/m”

Lg = .Va Kg/m-
The sulfate concentration becomes limiting after 100 hours of cultivation and leads to a
decrease in phycocyanin concentration and an increase in exopolysaccharide and intracellular
glycogen concentrations. Moreover, it appears a decrease in protein concentration when the
sulfate is exhausted (see appendix of TN 19.1 for further explanations).

Figure 4 (option 2): Starting of a continuous culture after a batch cultivation period of 100
hours with an incident radiant eneroy flux of 20 W/m2. The initial concentrations in the

L2 e Ao L1V} Pe 84 fSY LA Ul LV LSAV ) § L Wiws) Quiv: (28 S S $ )

photobloreactor are respectively:

1 Lo/l

\‘XA =1 Kg/m

Cpr = .02 kp/m}

Cy = .5 kg/m?

Cg= 2 kg/m?
At a time of 100 hours, the reactor is supplied with a dilution rate of 02 h'! and with
substrates at the fol]owing concentrations in the incoming flow:

CN 5 kg/m

Cq = 2 kg/m?
This value of the dilution rate leads to a dynamic phase before reaching steady state conditions
for productivities in the outgoing flow.

LI Vil




Figure S (option 2): Starting of a continuous culture after a batch cultivation period of 100
hours with an incident radiant energy flux of 20 W/m?. The initial concentrations in the
photobioreactor are respectively:

CXA =1 kg/m;
CEPS = 02 kg/m3
CN =35 kg/m3

CS =2 kg/m"
At a time of 100 hours, the reactor is supplied with a dilution rate of .005 h'! and with
substrates at the following concentrations in the incoming flow:

Cy = .5 kg/m’

Cg = .2 kg/m?
With this value of dilution rate, the nitrate is exhausted into the reactor, so a dynamic phase
appears for the productivities in the outgoing flow leading to a decrease in the phycocyanin
productivity and an increase in the exopolysaccharide and intracellular glycogen productivities.

Figure 6 (options 2 et 3): Starting of a continuous culture after a batch cultivation period of
100 hours with an incident radiant energy flux of 20 W/m?. The initial concentrations in the
photobioreactor are respectively:

CXA =1 kg/mz

CEPS = .02 kg/m"

Cy = 8 kgm’

CS =2 kg/m3
At a time of 100 hours, the reactor is supplied with an optimal calculated dilution rate of .0093
h-! (option 3) and with substrates at the following concentrations in the incoming flow:

Cy = .5 kg/m’

CS =2 kg/m‘
This optimal value of the dilution rate enables to reach immediatly steady state conditions for
biomass productivities in the outgoing flow.

Figure 7 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with a step in incident radiant energy flux from 50 W/m? to 100 W/m? after
250 hours of cultivation. The initial concentrations in the photobioreactor are respectively:

CXA =1 kg/m3

CEPS = .02 kg/m‘

Cy = .8 kg/m?

CS =72 kg/m3
At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h'! and with
substrates at the following concentrations in the incoming flow:

Cy = .8 kg/m?

CS =72 kg/m3
At a time of 250 hours, the incident radiant energy flux is increased from 50 W/m? to 100
W/m?. It appears on this simulation that the first order dynamic response time is about 100
hours before reaching a new steady state conditions for productivities in the outgoing flow.

Figure 8 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with a step in incident radiant energy flux from 50 W/m? to 100 W/m? after
250 hours of cultivation. The initial concentrations in the photobioreactor are respectively:

Cyxa = .1 kg/m?

CEPS = .02 kg/m}

Cy = .8 kg/m?

CS =2 kg/mﬂ‘




At a time of 50 hours, the reactor is s pphed with a nonoptlmal dilution rate of .05 h! and
with substrates at the following concentrations in the incoming flow:

CN =38 kg/m3

Cg = .2 kg/m?

At a time of 250 hours, the incident radiant energy flux is increased from 50 W/m? to 100
W/m?. It appears on this simulation that the first order dynamic response time is about 250
hours before reaching a new steady state conditions for productivities in the outgoing flow.
This very high response time, if compared with the preceding simulation, is probably due to the
nonsteady state conditions existing at the time 250 hours because of the unadapted value of the
dilution rate provided at 50 hours.

Figure 9 (nonexisting option): Starting of a continuous culture after a batch cultivation
neriod of 50 hours with a step in 1 .nc}denf radiant enerov flux fraom SO W/m2 tao 25 W/m2 after
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250 hours of cultlvatlon The initial concentrations in the photobioreactor are respectively:
Cxa = .1 kg/m?
CEPS = 02 kg/m“
Cy = .8 kg/m?
CS =2 kg/m3
At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h-! and with
substrates at the following concentrations in the incoming flow:
Cy = 8 kg/m?
CS =72 kg/m*
At a time of 250 hours, the incident radiant energy flux is decreased from 50 W/m? to 25
W/m2 It appears on this simulation that the first order d\mnmm response time 1s about 100

hours before reaching a new steady state conditions for productwmes in the outgoing flow.

Figure 10 (nonexisting option): Starting of a continuous culture with an incident radiant
energy flux of 20 W/m?, after a batch cultivation period of 100 hours with a step in dilution
rate from .025 h-! to .035 h-! after 500 hours of cultivation. The initial concentrations in the
photobioreactor are respectively:

Cya = .1 kg/m?

Ceps = .02 kg/m?

Cy = 8 kg/m?

Cs = .2 kg/m?
At a time of 100 hours, the reactor is supplied with a nonoptimal dilution rate of .025 h'! and

with substrates at the following concentrations in the incoming flow:
Cy = .8 kg/m’

At a t1
xL L . .
this simulation a complex dynamics and a very high esponse time when the reactor is supplied
(100 to 500 hours), due to the unadapted value of the dilution rate provided at 100 hours. At
the contrary, the step in dilution rate at S00 hours leads to a classical first order response such

as steps in incident radiant energy tlux.

—_

Figure 11 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with an incident radiant energy flux of 50 W/m?2, and with a step in initial
nitrate concentration in the incoming tflow. The initial concentrations in the photobioreactor are
respectively:

Cyxa = .1 kg/m?

Crpq = .02 kg/m3
cro O;

CN = 8 kg/lnJ



Cq = 2 kg/m?
At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h-! and with
substrates at the following concentrations in the incoming flow:

CN =38 kg/m“’

Cg = 2 kg/m?
At a time of 250 hours, the initial nitrate concentration in the incoming flow is decreased from
8 kg/m? to .3 kg/m* It appears on this simulation that the nitrate concentration becomes
rapidly a limiting factor in the reactor, so all the productivities are affected in the outgoing
flow.

Figure 12 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with an incident radiant energy flux of 50 W/m2, and with a step in initial
nitrate concentration in the incoming flow. The initial concentrations in the photobioreactor are
respectively:

Cxp =.1 kg/m’

Cepg = 02 kg/m?

CN =38 kg/m3
Cg = .2 kg/m?

At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h-! and with
substrates at the following concentrations in the incoming tlow:

Cy = .8 kg/m?

Cg = .2 kg/m?
At a time of 250 hours, the initial nitrate concentration in the incoming flow is increased from
8 kg/m3 to 1.2 kg/m3. It appears on this simulation that the nitrate concentration increases in
the reactor as a first order response, so the productivities for other compounds remain
unchanged in the outgoing flow.

Figure 13 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with an incident radiant energy flux of 50 W/m2, and with a step in initial
sulfate concentration in the incoming flow. The initial concentrations in the photobioreactor
are respectively:

Cxa =1 kg/m?

CEPS =02 kg/m3

Cy = 8 kg/m’

Cg = .05 kg/m?
At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h-! and with
substrates at the following concentrations in the incoming flow:

CN =38 kg/m3

Cg = .05 kg/m?
At a time of 250 hours, the initial sulfate concentration in the incoming flow is increased from
.05 kg/m3 to .08 kg/m3. It appears on this simulation that the sulfate concentration increases in
the reactor as a first order response, so the productivities for other compounds remain
unchanged in the outgoing flow.

Figure 14 (nonexisting option): Starting of a continuous culture after a batch cultivation
period of 50 hours with an incident radiant energy flux of 50 W/m?, and with a step in initial
sulfate concentration in the incoming flow. The initial concentrations in the photobioreactor
are respectively:

CXA =1 kg/m‘

Cgps = .02 kg/m?

CN =38 kg/m‘




Cq = .05 kg/m?
At a time of 50 hours, the reactor is supplied with an optimal dilution rate of .026 h-! and with
substrates at the following concentrations in the incoming flow:

Cy = .8 kg/m?

Cg = .05 kg/m?
At a time of 250 hours, the initial sulfate concentration in the incoming flow is decreased from
05 kg/m3 to .02 kg/m?. It appears on this simulation that the sulfate concentration becomes
rapidly a limiting factor in the reactor, so all the productivities are affected in the outgoing
flow.

Figure 15 (option 4): Simulation of a step in incident radiant energy flux from 50 W/m? to
100 W/m? after 100 hours of cultivation, with an optimal dilution rate of .026 h-l. The initial
concentrations in the photobioreactor are respectively:

Cxa = 83 kg/m?

CEPS =19 kg/m”’

Cy = 37 kg/m?

CS =17 kg/m}

In the incoming flow, the substrates have the following concentrations:
CN =38 kg/m‘
Cg = .2 kg/m?

At a time of 100 hours, the incident radiant energy flux is increased from 50 W/m? to 100
W/m?2. It appears on this simulation that the first order dynamic response time is about 100
hours before reaching a new steady state conditions for productivities in the outgoing flow.

Figure 16 (option 4): Simulation of a step in incident radiant energy flux from 50 W/m? to 25
W/m? after 100 hours of cultivation, with an optimal dilution rate of .026 h-l. The initial
concentrations in the photobioreactor are respectively:

CXA =83 kg/m‘

CEPS =19 kg/m*

Cy = 37 kg/m?

CS =17 kg/m3
In the incoming flow, the substrates have the following concentrations:

CN =8 kg/m;

Cg = 2 kg/m?
At a time of 100 hours, the incident radiant energy flux is decreased from 50 W/m? to 25
W/m2. It appears on this simulation that the first order dynamic response time is about 100
hours before reaching a new steady state conditions for productivities in the outgoing flow.

Figure 17 (option 5): Simulation of a step in dilution rate from .026 h-! to .035 h-! after 100
hours of cultivation, with an incident radiant energy flux of 50 W/m2. The initial concentrations
in the photobioreactor are respectively:

Cya = .83 kg/m?

Ceps = .19 kg/m?

Cy =37 kg/m’

Cg = .17 kg/m?
In the incoming flow, the substrates have the following concentrations:

Cy = 8 kg/m?

Cg = 2 kg/m?
At a time of 100 hours, the dilution rate is increased from .026 h-! to 035 h-!. It appears on
this simulation a complex dynamic response with a response time of about 200 hours before
reaching a new steady state conditions for productivities in the outgoing flow.




Figure 18 (option 6): Simulation of a step in initial nitrate concentration in the incoming flow
after 100 hours of cultivation, with an incident radiant energy flux of 50 W/m?2. The initial
concentrations in the photobioreactor are respectively:

Cya = .83 kg/m?

Ceps = .19 kg/m?

Cy = .37 kg/m?

Cg=.17 kg/m?
In the incoming flow, the substrates have the following concentrations:

CN =8 kg/m3

CS =72 kg/m“
At a time of 100 hours, the initial nitrate concentration in the incoming flow is decreased from
8 kg/m3 to .3 kg/m3. It appears on this simulation that the nitrate concentration becomes
rapidly a limiting factor in the reactor, so all the productivities are affected in the outgoing flow
with a dynamic response time greater than 200 hours.

Figure 19 (option 6): Simulation of a step in initial sulfate concentration in the incoming flow
after 100 hours of cultivation, with an incident radiant energy flux of 50 W/m2. The initial
concentrations in the photobioreactor are respectively:

Cya = .83 kg/m?

CEPS =19 kg/m‘

CN =37 kg/m‘

Cg = .023 kg/m?
In the incoming flow, the substrates have the following concentrations:

CN =38 kg/m"

CS = .05 kg/m“
At a time of 100 hours, the initial sulfate concentration in the incoming flow is decreased from
.05 kg/m3 to .02 kg/m3. It appears on this simulation that the sulfate concentration becomes
rapidly a limiting factor in the reactor, so all the productivities are affected in the outgoing flow
with a dynamic response time greater than 200 hours.
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APPENDIX 8

Examples of simulation
results for options 7 and 8




Option 7: example of calculation of the nine compounds concentrations in the outgoing flow
with a fixed value of dilution rate to .0094h-1 ( the total biomass is found to 1.41 g/L).

FOR AN INCIDENT LIGHT FLUX OF 20.0000 W/m2, THE
ARE OBTAINED:

DILUTION RATE:
NITRATE CONCENTRATION IN THE INCOMING FLOW:
SULFATE CONCENTRATION IN THE INCOMING FLOW:

TOTAL BIOMASS CONCENTRATION IN THE QUTGOING FLOW:
ACTIVE BIOMASS CONCENTRATION IN THE OQUTGOING FLOW:
(no signification under mineral limitation)
CHLOROPHYLL CONCENTRATION IN THE QUTGOING FLOW:
PHYCOCYANIN CONCENTRATION IN THE OUTGQING FLOW:
PROTEINS CONCENTRATION IN THE OUTGOING FLOW:
NITRATE CONCENTRATION IN THE OUTGOING FLOW:
SULFATE CONCENTRATION IN THE OUTGOING FLOW:

VEGETATIVE BIOMASS CONCENTRATION IN THE QUTGOING FLOW:

EXOPOLYSACCHARIDE CONCENTRATION IN THE OUTGOING FLOW:
NEW EXECUTION = 1

END = 2

FOLLOWING RESULTS

.940000E-02 h-1.

.500000
.200000

1.40722

.8353862
.935362E-02
.104850
.838122
.173532E-01
.172486
1.12273
.208261

kg/m3.
kg/m3.

kg/m3.

kg/m3.
kg/m3.
kg/m3.
kg/m3.
kg/m3.
kg/m3.
kg/m3.
kg/m3.



Option 8: example of calculation of the nine compounds concentrations in the outgoing flow
with a fixed value of the total biomass to 1.41 ¢/ (the calculated dilution rate is found to

A LIAV Qiuv Ui WG UaviiGs Y O A (MY VRIVUIAILL it

0094 h-1).

FOR AN INCIDENT LIGHT FLUX OF 20.0000 W/m2, THE
ARE OBTAINED:

DILUTION RATE:
NITRATE CONCENTRATION IN THE INCOMING FLOW:
SULFATE CONCENTRATION IN THE INCOMING FLOW:

TOTAL BIOMASS CONCENTRATION IN THE OUTGOING FLOW:
ACTIVE BIOMASS CONCENTRATION IN THE QUTGOING FLOW:
(no signification under mineral limitation)

CHLOROPHYLL CONCENTRATION IN THE OUTGOING FLOW:
PHYCOCYANIN CONCENTRATION IN THE OUTGOING FLOW:

OEAMTTTATA AALTATILIMA AMT ALY TIT MITT AITITMAATAIAN TT ALY

PROTEINS CONCENTRATION IN THE OUTGOING FLOW:
NITRATE CONCENTRATION IN THE OUTGOING FLOW:

CUHTRATR AAMATDMTRAMTAM T MUD AIIMANTNA BT AL
SULTZTALLD LURNLLODNIRAALLUVUDLNY LY 100 VULOULDGT D Luw.

VEGETATIVE BIOMASS CONCENTRATION IN THE OUTGOING FLOW:
LOW

EXOPOLYSACCHARIDE CONCENTRATION IN THE QUTGOING F

Ln\JL uusun\;uun \.LUJJ A4 RS AR TS DAV P A PR Y) WA AN AT o TT .

NEW EXECUTION =

-

END =

N

A8 A ARl

OLLOWING RESULTS

.8368239E-02 h-1.

.500000 kg/m3.
.200000 kg/m3.
1.41000 kg/m3.
.935785 kg/m3.
.8935785E-02 kg/m3.
.1048687 kg/m3.
.838387 kg/m3.
.171448E-01 kg/m3.
.172484 kg/m3.
l 12330 kg/m3.
2NR88%5 kg /m

LUV W g/ Wi .



APPENDIX 9

95% response times for step
in_incident radiant energy
flux
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APPENDIX 10

Definitions of vectors
CI(14) and PAR(16)




The vector CI(14) is a flow of information and is composed by the
following elements:

CI(1)
Cl(2)
CI(3)

CI(11)
CI(12)
CI(13)

CI(14)

Incident radiant energy flux
Dilution rate

values of the concentrations in the incoming flow of the
reactor for the nine considered compounds, i.e. values
of the vector CE(1,....... ,9)

time for starting the continuous culture
new value for the step in operating conditions (Fgr, D,

CiE)
time for the step in operating conditions

The vector PAR(16) is a vector of the model parameters defined in the
Technical Note 19.2. It has the following composition:

PAR(1)
PAR(2)
PAR(3)
PAR(4)
PAR(5)
PAR(6)
PAR(7)
PAR(S)
PAR(9)
PAR(10)
PAR(11)
PAR(12)
PAR(13)
PAR(14)
PAR(15)
PAR(16)

Ea
Es

ZCH
ZpC



