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Developing notes

FAST-CHROM/SMB v1.2003.7.

1. This code aim to numerically solve PDE or PDAEs for initial value problems (IVP).ODE or DAE systems can also be treated. However, it is recommended for users to use this code mainly for PDE/PDAE systems.
2. This code is confirmed and tested for many problems. 

3. A user interface for data input will be enforced by GUI, soon.

4. The user will can supply a text-based model (e.g., XML) instead of programming codes (e.g., FORTRAN).

5. Automatic differentiation tool box will be added. This approach will supply quasi-analytic Jacobian functions for df/du and dp/du. 

6. Parameter estimation and optimization loops are added.
FAST-CHROM/SMB v2.2009.4.

1. Bug correction from FAST-Chrom/SMB version 1

2. Speed up by removing unnecessary calculation loop (10% more enhanced).

3. Dead volume (head and tail) treatment by MOC (method of characteristics)
4. Dead volume (bed-line) treatment by MOC

5. Extension to any zone SMB

6. Flushing in and out operation

7. Draining (outlet flow) operation

8. Connection of line flush inlet and outlet was completed. (2009. 4. 10)

9. The extract and raffinate time-averaged concentrations were calculated at the maximum accuracy, considering all the data points with time (2009. 6. 5).
10. A variable stepsize MOC algorithm was implemented on all dead volumes treatment (2009. 06. 20)

11. CSS optimization solver will be added some day (2009. 6. 31)
A-1. How to use 
This package is provided to users with 

1) FAST_ChromSMB_v2.exe (executable file)

2) 1 data input file (DATA1_project_description.dat) for problem presetting

3) 7 data input files (DATA_chro_1 – 7*.dat) for batch chromatography simulation

4) 8 data input files (DATA_SMBOpti_0 – 7*.dat) for SMB simulation.

5) Examples (batch, 4-zone SMB, and any-zone SMB). In each example, a matlab file is given for the result plot.
6) Help files (FAST_ChromSMB_new_features, manual main and appendix)

The users run FAST_ChromSMB_v2 and analyze the results as following steps

1) Copy this package in a directory (or folder). The executable file (FAST_ChromSMB_v2.exe) and the data files should exist in the same directory.

2) Modify the data files (for SMB case, 9 data files to be modified)
3) Run the executable file (FAST_ChromSMB_v2.exe).

4) 1 and 5 results files are created automatically with the names given in the 6th data file. One file has a common name as <output_performance.txt>, where you can see the process performance result shown in your PC monitor after running. You can analyze your problem (or process) with 5 results files (see section A2.1-5 for data structure of these 5 files, page A-18).
5) The file name <output_Average_Conc.xls> is also created, where the users can find:


i) Mean concentration of all components in extract and raffinate with respect to switching number.


ii) Concentration of all components in extract and raffinate with respect to time during the last switching (namely, breakthrough curve or elution curve).

6) The file name <output_DeadVolume_Conc.xls> is automatically created, where the users can find:


i) Concentrations in the dead volume (bed-head, bed-tail, and bed-line) for each column and component with respect to the spatial direction of dead volume.


ii) The concentrations are just saved during the last switching time
7) Save your 9 data files in another directory for the future reusing.

Requirements of installation

1. Minimum 50 MB available space in your hard drive

2. A text editor (ex. Notepad in MS Windows)

A-2. Examples
A2.1. Default case (1000): Burgers’ equation


A2.2. Chromatography (1100) ): RPC or general chromatography

A2.3. Chromatography (1200) ): IEC


A2.4. SMB: simulated moving bed (1300)
The package is not a user-friendly interface but easy to use.
At this moment, the user has 4 options:

1. Default case (Option_Flag = 1000): 1 dimensional PDEs for each component. 

2. RPC-Chromatography case (Option_Flag = 1100): 1 dimensional PDEs for each component, 2 PDEs in the liquid and solid phases, Adsorption isotherm functions.
3. IEC-Chromatography case (Option_Flag = 1200): 1 dimensional PDEs for each component, 2 PDEs in the liquid and solid phases, Adsorption isotherm functions, species-exchange mechanism.

4. SMB case (Option_Flag = 1300): 1 dimensional PDEs for each component. 2 PDEs in the liquid and solid phases, Adsorption isotherm functions, several columns.

The user must edit the 8-9 input files. For example, those files are in the SMB mode:
- DATA1_project_description.dat (process identification).
- DATA_SMBopti_0_specification.dat (SMB zone and flowrate specification).
- DATA_SMBopti_1_design_para.dat (column or bed geometry).
- DATA_SMBopti_2_operation_para.dat (switching time, component number, and feeding concentrations)
- DATA_SMBopti_3_MLOP.dat (it is used only for the optimization mode) 
- DATA_SMBopti_4_model_para.dat (adsorption isotherms, mass transfer coefficient, and diffusivity).

- DATA_SMBopti_5_simul_para.dat (number of meshes per column and time steps per switching time).

- DATA_SMBopti_6_output_file.dat (file name of results saved in your hard disk).

- DATA_SMBopti_7_advanced_option.dat (only the code developer uses it).
The user can see the following screen, as shown in Fig. 2-1-1 after each run. Basic performance of each run is shown in the user’s screen. The user can see in the screen i) current simulation time, ii) computational times (CPU time) at the starting time and final time, iii) eventually some process performance.
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Fig. 2-1-1. Output screen after execution.
A2.1. Default case (1000): Burgers’ equation (for the advanced user only)
Consider the well-known Burgers’ equation with a smooth initial condition:
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where, the flux function 
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. One initial condition (IC) and two boundary conditions are required for Eq. (1-1-1):
IC: u(x,0)=-sin((x), -1(x(1





(1-1-2)
BC: u(-1,t)=u(1,t)=0,  (t






(1-1-3)

The solution is a wave that develops a very steep gradient near zero. As time increases, the solution develops to a steep sawtooth wave at the origin. The gradient at the origin reaches its maximum value at about 
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. Beyond this time, the solution relaxes to zero because of dissipation, as shown in Fig. 1-1-2. The wave amplitude diminishes with increasing time, because of the zero boundary values. 
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Fig. 2-1-2. The numerical solution of the Burgers’ equation.

To solve this problem using the CE/SE method, the user supplies 

i) Make a main user program

ii) IC in Eq. (1-1-2)

iii) BC in Eq. (1-1-3)

iv) Convection term, 
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v) Diffusion term, 
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vi) Source term, 
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Note that convection, diffusion and source terms should be a function of 
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 are treated independently in the CE/SE method. In the next section, details are described.
A2.1-1. Main user program
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Fig. 2-1-3. Main user program.

Here, all of subroutines (i.e., Fun_convection_flux, Fun_diffusion_flux, Fun_source_term, Jacobian_flux, and Jacobian_source_term) should be supplied by the user (see later for definition of these subroutines). 
In the subroutine (Main_CESE_SMB), a core engine for one dimensional CE/SE simulation is called: 
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Fig. 2-1-4. Core subroutine for one dimensional CE/SE simulation

where,

1) TMB_SMB_option: For SMB chromatography processes, the model is selected. 

TMB_SMB_option='SMB_model' or 'TMB_model'

2) Option_Flag: process selection option, see Fig. 1-1-3.
Option_Flag=1000, 1100, 1200 or 1300

3) user-supplied PDE information: Fun_convection_flux, Fun_diffusion_flux, Fun_source_term, Jacobian_flux, Jacobian_source_term
4) i_time: staggered time level index

5) ij_switch: if there are several inlet conditions through switching of operating conditions (which often appear in boundary condition definition, see Fig. 1-1-8), this index must be predefined in SUBROUTINE user_BC().
6) iFlag: dummy index, set to whatever integer.

7) time: present integration time, 
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8) u(NGrid, NVar, NumComp, NumColumn): state variables, NGrid=number of mesh points, NVar=number of PDAEs for each component, NumComp=number of components, and NumColumn=number of columns/reactors/compartments (e.g., in the case of SMB processes, there are several columns described by the same PDAEs)
9) ux(NGrid, NVar, NumComp, NumColumn): in the CE/SE simulation, there are two independent variables, u and ux, 
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 where x is the one dimensional spatial variable. The initial values for u and ux are supplied by SUBROUTINE user_IC().
10) bc_old, bcx_old, bc2_new, bc3_new: the previous time values (bc_old and bcx_old) on the first and last mesh points, as well as the present time values (bc2_new, bc3_new) computed already by CE/SE method are served to define boundary conditions. see Fig. 1-1-8.
A2.1-2. Input data files (2) : 
DATA_Default_1_base.dat

DATA_Default_2_simul_para.dat

DATA_Default_1_base.dat
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#1#Space_direction_length_starting_x0(m)
-1.0d0

#2#Space_direction_length_final xf{m)

+1.0d0

#3#Number_component(integer)

1

#itotal_real_simulation_time(s)

3,040

#5#approsimated_mazimum_flow_velocity(m/s)

1.0d0

#printing_options

#6#fle_name_defanli(character*60)
“output_Burger_g200.res’
#7#fle_name_for_exel(character*60)
“output_Burger_g200.1s"
#8#fle_name_for_animation_data_space_time(character*60)
“output_Burger_g200_all mm3'
#9#fle_name_for_animation_data_Elution_Curve(character*60)
“output_Burger_g200_EC.mm3'
#10#output_data_requency_for_#6/7/8_les(integer)

10

#11#output_data_frequency_for_#9| files(even_integer)
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Fig. 2-1-5. Basic input data.
#1. first mesh position (z0)

#2. last mesh position (zf)

#4. the total physical time to be simulated (
[image: image16.wmf]total
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#5: Guess an approximated maximum flow velocity. Not necessary to give exact value.

#10: See next figure Fig. 1-1-6. You will decide the number of time steps (Ntime  or (t) in #4. The frequency means here the interval in the total time steps (Ntime=1000). When Frequency=10, the data is written every 10th time level. Thus, 100 data sets will be recorded. Please use an even integer!

#11: See next figure Fig. 1-1-6. You will decide the number of time steps (Ntime  or (t) in #4 in Fig. 1-1-6. The frequency means here the interval in the total time steps (Ntime=1000). The frequency will particularly used for the dynamic data at the end of the column (e.g., final mesh point). Please use an even integer!

DATA_Default_2_simul_para.dat
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#1#Solution_Strategy(character)_1 NoSource_2 Nonlterafive_or_3 erative
NoSource'

#2#Number_PDE_per_Component(integer)

1

#3#Number_Grid_per_Column(integer)

201

#4#Number_TimeStep_per_OperatingTime(iateger)

1000]





Fig. 2-1-6. simulation parameter input.
To understand these data, it is required to read IV. Appendix. These data are the computational parameters. 

#1: you have three options to calculate your PDAE models. The ‘NonIterative’ option is three times faster than the ‘Iterative’ option in the CPU time. Normally, the ‘NonIterative’ option works well and there is little difference between the two options.

1. ‘NoSource’: in your model, no reaction term (or no source term)

2. ‘NonIterative’: there are reaction terms (or source terms), but reaction rates are not stiff with time.

3. ‘Iterative’: there are reaction terms (or source terms), and reaction rates are much stiff with time.

#2. The number of PDE for each component (=NVar).

#3. The number of equi-distance mesh points (NGrid). The spatial stepsize is internally defined by 
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 are first and last mesh positions defined by #1/2 in [DATA_Default_1_base.dat]. 

#4. The number of equi-distance time steps (Ntime). The time stepsize is internally defined by 
[image: image21.wmf]time

total

N

T

t

=

D

, where 
[image: image22.wmf]total

T

 is the total time defined by #4 in [DATA_Default_1_base.dat]. 

A2.1-3. Subroutines (2) : 
IC and BC

subroutine user_IC(i_column,i_comp,q0,qx0)

subroutine user_BC(time,bc_old,bcx_old,bc2_new,bc_new,bcx_new,ij_switch)
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Fig. 2-1-7. Subroutine initial conditions
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Fig. 2-1-8. Subroutine boundary conditions

A2.1-4. Subroutines (5) : 
PDAE information

subroutine Fun_convection_flux(i_column,ij_switch,t,i_mesh,u,ux,convection_flux)

subroutine Jacobian_flux(i_column,ij_switch,t,i_mesh,u,ux,df_du)

subroutine Fun_diffusion_flux(i_column,t,i_mesh,u,ux,diffusion_flux)

subroutine Fun_source_term(i_column,t,i_mesh,u,ux,source_term)

subroutine Jacobian_source_term(i_column,t,i_mesh,u,dp_du)

If the user wants to declare variables that will be shared in the 7 subroutines (IC, BC, and PDAE information), declare the user-defined variables in the following module:
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Fig. 2-1-9. User defined module.
where 5 modules have been predefined internally.

i) h_DesignParameter (mesh positions, physical dimensions etc.)

ii) h_operatingParameter (NumComp, operating times etc.) 

iii) Mod_main_simulation_definition (NGrid, NVar, Ntime etc.)

iv) Mod_Basic_calculation ((t, (z, CFL number etc.)

v) Mod_Problem_parameters
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Fig. 2-1-10. Flux function and its Jacobian for PDE model definition.
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Fig. 2-1-11. Diffusion  function for PDE model definition.
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Fig. 2-1-12. reaction/source term and its Jacobian for PDE model definition.
A2.1-5. Output file descriptions
5 output files are created after one simulation. Total storage quantity is about 4M for the 5 files. The file size is dependent on the two output data frequencies defined by #10 and 11 in [DATA_Default_1_base.dat]. 

1) output_Burger_g200.res
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Fig. 2-1-13. Output file of [output_Burger_g200.res]. 
2) [output_Burger_g200.xls]: The file is almost same as the previous user-defined file. But the mesh is normalized, 
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At the end of the file, you can see a dynamic data at the last mesh points with respect to time (or elusion curve, or breakthrough curve).
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Fig. 2-1-14. Output file of [output output_Burger_g200.xls].

3) output_Burger_g200_all.mm3:
The file is served for animation of solution variations with respect to column length and time. You can see solution changes from beginning to last time. If you use an animation program (eg., in MATLAB, use ‘avifile’ command), this is a raw data. 
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Fig. 2-1-15. Output file of [output_Burger_g200_all.mm3].

4) output_Burger_g200_EC.mm3:
The file is also served for animation of solution variations with respect to time. But, this file is more useful to draw a static graph with respect to the spatial axis.
Two timestep data are shown in the first and second row in Fig. 2-1-16. First one is the normal time step structure and second one is the normalized time step data. 
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. But, for the Burgers’ equation, the file will be empty, because the elution curve is not necessary.
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Fig. 2-1-16. Output file of [output_Burger_g200_EC.mm3].

In SMB cases, Fig. 2-1-17 shows a typical data structure of “*_EC.mm3”. The data shows concentrations of 2 components with respect to time and axial direction.
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5) output_Average_Conc.xls: average concentration with respect to shiftings
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A2.3. Chromatography (1300): IEC (ion-exchange chromatography)

In Appendix IV-3, detail description of the IEC problem are shown. Here, input data and subroutines are just depicted. 

1) Design parameters (DATA_IEC_1_design_para.dat): 8 input values


Fig. 2-3-1. Input data for the design parameters.

2) Operating parameters (operating_para.dat): 9 input values


Fig. 2-3-2. Input data for the operating parameters.
3) physical properties

Fig.2-3-3. Input data for the physical properties.
4) model parameters

Fig.2-3-4. Input data for model parameters.
5) Computational parameters (comput_para.dat): 4 input values

The file concerns about four computational parameters (#2 and #3) for the space-time CE/SE method. The number of grids (NGrid) and the number of time steps (Ntime) will decide the CFL number. Since the CFL number (
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) must be less than 1.0, too small number of time steps ((t) violates the CFL condition.
However, the FAST-CHROM/SMB v2 package detects automatically the condition. If the CFL condition is not satisfied, a warning message pops up and the program stops (see Fig. 3-1-1). In this case, increase the number of time steps in #4. Or, reduce the spatial time steps in #3. It is recommended for the CFL number to set to CFL(0.6.

Fig.2-3-5. Input data for computational parameters.
6) File names for results saving

Fig.2-3-6. Input data for output filenames.
7) Subroutines for reference (for the advanced user only)


A2.4. SMB: simulated moving bed (1300)

Example of Pais et al. (AIChE J. 44(3), 1998, 561-569).
Operating condition in Table 6 on page 568 (Pais et al., 1998).

Table 2-4-1. Operating conditions and simulation parameters for the binaphtol system (Pais et al., 1998).

	
	Zone I
	Zone II
	Zone III
	Zone IV

	Q, (ml/min)
	56.83
	40.83
	44.47
	35.38

	vL (cm/min)
	26.77
	19.24
	20.95
	16.67

	Dax (m2/min)
	0.00525(vL
	0.00525(vL
	0.00525(vL
	0.00525(vL

	k (min-1)
	6.0
	6.0
	6.0
	6.0

	Pe (LcvL/Dax)
	2000
	2000
	2000
	2000

	St (Lck/vL)
	2.35
	3.27
	3.00
	3.78

	Column information
	Length (Lc, cm)
	ID (cm)
	Bed voidage ((b)
	Numbe of columns

	
	10.5
	2.6
	0.4
	8 (2-2-2-2)

	Initial concentration
	Feed concentration (g/l)
	Desorbent concentration (g/l)

	
	2.9 (A)
	2.9 (B)
	0 (A)
	0 (B)

	Adsorption isotherm
	A
	B
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	Simulation parameters
	CFL number (
[image: image35.wmf]n

)
	Shifting time ((, min)
	N. mesh points (Nmesh)
	N. time steps(Ntime)

	
	0.7 
	2.75
	31
	300


* A: less retained component, B: more retained component.
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Fig. 2-4-1. Output screen of the SMB process.

Fig. 2-4-2. Simulation results in the final shifting (NumShift=43) at the three different time levels within one shifting.
A3. Structure of simulator


A3-1. Time marching procedure

A3-2. Data structure

A3-1. Time marching procedure






Fig. 3-1-1. Time marching procedure in the CE/SE method
A3-2. DATA structure
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Fig. 3-2-1. Data structure.
A4. Error description

1. CFL number condition
Since the CFL number (
[image: image39.wmf]1
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) must be less than 1.0, too small number of time steps ((t) violates the CFL condition. The FAST-CHROM/SMB v2 package detects automatically the condition. If the CFL condition is not satisfied, a warning message pops up and the program stops (see Fig. 3-1-1).
In this case, increase the number of time steps (Ntime). Or, reduce the spatial time steps (NGrid). It is recommended for the CFL number to set to CFL(0.6.

Fig. 4-1-1. Warning message from FAST-CHROM/SM,B when the CFL condition is not satisfied.

2. Stack overflow error (for the advanced user only)
Memory size (Stack memory) in MS Visual Fortran and C/C++ is set, by default, by 1MB.
When the user simulates PDE problems for a long time, the number of time steps will be large. If the user sets [output_frequency2] to be small, data points for the elution curve will increase but the machine needs more memory. Thus, stack overflow error can appear, when the memory for the elution curve is over 1 MB.

You can fix this problem in the two ways. 

1. Increase the have the [output_frequency2] in the printing data setting.

2. Increase the default reserved stack memory size in your project.

i) Go to [project]-[settings]-[Link]-[Category (output)]-[stack allocation(reserve)].
ii) Put the approximated total memory size in Byte (e.g., 20MB ( 20 000 000). 

Fig. 4-2-1. Stack overflow.
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	MODULE h_User


		USE h_DesignParameter


		USE h_operatingParameter


		USE Mod_main_simulation_definition


		USE Mod_Basic_calculation


		USE Mod_Problem_parameters


		implicit none





		DOUBLE PRECISION,parameter:: pi=3.141592654





	END MODULE h_user





	SUBROUTINE Fun_diffusion_flux(i_column,t,i_mesh,u,ux,diffusion_flux)


	USE h_User


	implicit none





	integer,intent(in) ::i_mesh,i_column


	double precision, intent(in) ::t


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(in)::u,ux


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(out)::diffusion_flux





! output variables


!	1. diffusion_flux(NumPDE)





	diffusion_flux(1)= 1.0d-2*ux(1)/pi





	RETURN


	END SUBROUTINE Fun_diffusion_flux





	SUBROUTINE Fun_source_term(i_column,t,i_mesh,u,ux,source_term)


	USE h_User


	implicit none			


	integer,intent(in) ::i_mesh,i_column	! k= component


	double precision, intent(in) ::t			! t= current time


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(in)::u,ux	! u=state variable, ux=du/dx


		


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(out):: source_term


		


! output variables


!	1. source_term(NumPDE)


	source_term(1)=0.0d0








	RETURN


	END SUBROUTINE Fun_source_term





!--------------------------------------------------------------------------------------------------------------------------


	SUBROUTINE Jacobian_source_term(i_column,t,i_mesh,u,dp_du)


	USE h_User


	implicit none





	integer,intent(in) ::i_mesh,i_column


	double precision, intent(in) ::t


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(in)::u


	DOUBLE PRECISION,DiMENSION(NumPDE,NumPDE),intent(out)::dp_du





! output variables


!	1. dp_du(NumPDE,NumPDE): dp(i)/du(j)


	


dp_du(1,1)=0.0d0


		


	RETURN


	END SUBROUTINE Jacobian_source_term





	SUBroutine Fun_convection_flux(i_column,ij_switch,t,i_mesh,u,ux,convection_flux)


	USE h_User


	implicit none	


	integer,intent(in) ::i_mesh,i_column,ij_switch


	double precision, intent(in) ::t


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(in)::u,ux


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(out)::convection_flux





! Define convection terms, df/dz. f=g(u)


!	input variables


!	1. NumPDE = NVar*NumComp, total number of PDAEs


!		eg) when NVar=2 and NumComp=2,  f(1)=[1 Nvar, 1 NumComp]


!						f(2)=[2 Nvar, 1 NumComp]


!						f(3)=[1 Nvar, 2 NumComp]


!						f(4)=[2 Nvar, 2 NumComp]


!	2. u(NumPDE) for state variables


!	3. ux(NumPDE) for state variables, du/dz





! output variables


!	1. convection_flux(NumPDE)


	convection_flux(1)=0.5d0*u(1)**2.0





	RETURN


	END SUBroutine Fun_convection_flux





!--------------------------------------------------------------------------------------------------------------------------


	SUBROUTINE Jacobian_flux(i_column,ij_switch,t,i_mesh,u,ux,df_du)


	USE h_User


	implicit none





	integer,intent(in) ::i_mesh,i_column,ij_switch


	double precision, intent(in) ::t


	DOUBLE PRECISION,DiMENSION(NumPDE),intent(in)::u,ux


	DOUBLE PRECISION,DiMENSION(NumPDE,NumPDE),intent(out)::df_du





! output variables


!	1. df_du(NumPDE,NumPDE): df(i)/du(j)





	df_du(1,1)=u(1)





	RETURN


	END SUBROUTINE Jacobian_flux





	SUBROUTINE user_BC(time,bc_old,bcx_old,bc2_new,bc3_new,bcx2_new,bcx3_new,bc_new,bcx_new,ij_switch)


	USE h_User


	implicit none


	DOUBLE PRECISION,intent(in):: time


	integer,intent(out):: ij_switch


	DOUBLE PRECISION,DiMENSION(NVAR,2,NumComp,NumColumn),intent(in)::bc_old,bcx_old,bc2_new


	DOUBLE PRECISION,DiMENSION(NVAR,2,NumComp,NumColumn),intent(in):: bc3_new, bcx3_new


	DOUBLE PRECISION,DiMENSION(NVAR,2,NumComp,NumColumn),intent(out)::bc_new,bcx_new


	INTEGER::i,j,k,l


	DOUBLE PRECISION,DiMENSION(NGrid):: mesh


! input variables:


!	1. NVar: the number of PDE/PDAE equations for each component


!			eg) chromatography problems: NVar=2 (PDE) or 3 (PDAE),


!			regardless of the number of components


!	2. NGrid: the number of mesh points, defined by user in DATA5 (simulation data)


!	3. NumComp: the number of components for each PDAEs


!	4. NumColumn: the number of columns for SMB process


!			eg) in general, NumColumn=1





!	5. bc_old(input): at the previous time step (t=n-1/2), u() at first and last mesh points


!			eg) bc_old(:,1,:,:) = u(1,:,:,:) at z=z0 + 1/2


!			      bc_old(:,2,:,:) = u(NGrid,:,:,:) at z=zf - 1/2


!	6. bcx_old(input): at the previous time step (t=n-1/2), du/dz() at first and last mesh points


!			eg) bcx_old(:,1,:,:) = ux(1,:,:,:) at z=z0 + 1/2


!			      bcx_old(:,2,:,:) = ux(NGrid,:,:,:) at z=zf - 1/2


!	7. bc2_old(input): at the previous time step (t=n-1/2), u() at second and last second mesh points


!			eg) bc2_old(:,1,:,:) = u(2,:,:,:) at z=z0 + 1+ 1/2


!			      bc2_old(:,2,:,:) = u(NGrid-1,:,:,:) at z=zf - 1 - 1/2


	8. bc2_new(input): at the present time step (t=n), u() at second and last second mesh points


!			eg) bc2_new(:,1,:,:) = u(2,:,:,:) at z=z0 + 1+ 1/2


!			      bc2_new(:,2,:,:) = u(NGrid-1,:,:,:) at z=zf - 1 - 1/2


	9. bc3_new(input): at the present time step (t=n), u() at third and last third mesh points


!			eg) bc3_new(:,1,:,:) = u(3,:,:,:) at z=z0 + 2+ 1/2


!			      bc3_new(:,2,:,:) = u(NGrid-2,:,:,:) at z=zf - 2 - 1/2





! output variables


!	NOTE:	In the CE/SE method, there are two independent state variables, u() and ux()


!			Thus, BC is needed for u(1), ux(1), u(NGrid) and ux(NGrid).


!	1. bc_new(ouput): at z=z0 and zf, state variables, u(1), u(NGrid)


!	2. bcx_new(ouput): at z=z0 and zf, state variables, ux(1)=du/dz(1), ux(NGrid)=du/dz(NGrid)


!	3. ij_switch(output): if the BC is switched to another operating condition, set the orter.


!		eg) ij_switch=1, maximum value = NumSwitch, defined by [operation_para.dat]


! Default BC is set to the previous values.


!	for the first mesh point, i=1


	DO j=1, NVar		! default BC definition


		bc_new(j,1,:,:) = bc_old(j,1,:,:)


		bcx_new(j,1,:,:) = bcx_old(j,1,:,:)


!	for the last mesh point, i=NGrid


		bc_new(j,2,:,:) = bc_old(j,2,:,:)


		bcx_new(j,2,:,:) = bcx_old(j,2,:,:)


	END DO





	ij_switch=1


	j=1


bc_new(j,1,1,1) = 0.0d0				! first mesh point


	bc_new(j,2,1,1) = 0.0d0				! last mesh point


	bcx_new(j,1,1,1) = bcx_old(j,1,1,1)		! first mesh point


	bcx_new(j,2,1,1) = bcx_old(j,2,1,1)		! last mesh point


	RETURN


	END SUBROUTINE user_BC





	SUBROUTINE user_IC(i_column,i_comp,q0,qx0)


	USE h_User





	implicit none 


	INTEGER,intent(in)::i_column,i_comp


	DOUBLE PRECISION,DiMENSION(NVAR,NGrid),intent(out)::q0,qx0





	INTEGER::i,j,k


	DOUBLE PRECISION,DiMENSION(NGrid):: mesh





! input variables:


!	1. NVar: the number of PDE/PDAE equations for each component


!			eg) chromatography problems: NVar=2 (PDE) or 3 (PDAE),


!			regardless of the number of components


!	2. NGrid: the number of mesh points, defined by user in DATA5 (simulation data)


!	3. i_column(input): the number of column in the case of multiple columns


!			eg) i_column = 1 in general, i_column = 1-20 in SMB processes


!	4. i_comp(input): the number of components


!			eg) i_comp=1-NumComp, where NumComp is the maximun number of components,


!			defined by user in DATA2 (operation data)


! output variables


!	5. q0(ouput): initial state variables for all spatial points (=u0)


!	6. qx0(ouput): spatial derivative of initial state variables, (=ux0 or du/dx) 





	q0=0.0d0


	qx0=0.0d0





	DO i=1,NGrid


		mesh(i)=x0_input + dx*(i-1)


		q0(1,i)=-dsin(pi*mesh(i))


		qx0(1,i)=-pi*dcos(pi*mesh(i))


	end do





	RETURN


	END SUBROUTINE user_IC
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Subroutine CESE2002_TimeMarching(TMB_SMB_option, Option_Flag, Fun_convection_flux, Fun_diffusion_flux, Fun_source_term, Jacobian_flux, Jacobian_source_term, i_time, ij_switch, iFlag, time, u, ux, bc_old, bcx_old, bc2_new, bc3_new)





INTEGER, intent(in)::i_time, iFlag, Option_Flag


	INTEGER, intent(inout):: ij_switch


	character*30, intent(in)::TMB_SMB_option


	DOUBLE PRECISION, intent(in):: time


	DOUBLE PRECISION, Dimension(NGrid,NVar,NumComp,NumColumn),intent(inout):: u, ux


	DOUBLE PRECISION, DiMENSION(NVar, 2, NumComp, NumColumn), intent(out):: bc_old, bcx_old,


bc2_new, bc3_new





! User defined functions


	EXTERNAL Fun_convection_flux, Fun_diffusion_flux,


      Fun_source_term, Jacobian_flux, Jacobian_source_term





	Program main_user


! User defined functions


	integer:: Option_Flag


	EXTERNAL Fun_convection_flux, Fun_diffusion_flux, Fun_source_term, &


		 Jacobian_flux, Jacobian_source_term





! Option selection details:


!	1000=[default], 1 Dimension, 1 PDE/PDAE, 1 component, 1 column.


!	1100=[chromatography], 1D, 2PDE, 2C for RPC


!	1200=[chromatography], 1D, 2PDE, 2C for IEC


!	1300=[chromatography], 1D, 2PDE, 2C for SMB


!	2000=[2D] under construction


!	3000=[3D] under construction





	Option_Flag=1000


	CALL Main_CESE_SMB (Option_Flag, &


		Fun_convection_flux, Fun_diffusion_flux, Fun_source_term, &


		Jacobian_flux, Jacobian_source_term)





	STOP


	END Program main_user
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	SUBROUTINE user_IC(i_column,i_comp,q0,qx0)


	USE h_User





	implicit none 


	INTEGER,intent(in)::i_column,i_comp


	DOUBLE PRECISION,DiMENSION(NVAR,NGrid),intent(out)::q0,qx0





	INTEGER::i,j,k


	DOUBLE PRECISION,DiMENSION(NGrid):: mesh





! input variables:


!	1. NVar: the number of PDE/PDAE equations for each component


!			eg) chromatography problems: NVar=2 (PDE) or 3 (PDAE),


!			regardless of the number of components


!	2. NGrid: the number of mesh points, defined by user in DATA5 (simulation data)


!	3. i_column(input): the number of column in the case of multiple columns


!			eg) i_column = 1 in general, i_column = 1-20 in SMB processes


!	4. i_comp(input): the number of components


!			eg) i_comp=1-NumComp, where NumComp is the maximun number of components,


!			defined by user in DATA2 (operation data)


! output variables


!	5. q0(ouput): initial state variables for all spatial points (=u0)


!	6. qx0(ouput): spatial derivative of initial state variables, (=ux0 or du/dx) 





	q0=0.0d0


	qx0=0.0d0





	IF (i_comp .EQ. 1) then		! BSA


		q0(1,:)=0.0d0


		q0(1,1)=c_feed(1,i_comp)		! *IonValent(i_comp)


		q0(2,:)=0.0d0


	else if (i_comp .EQ. 2) then


		q0(1,:)=c_feed(1,i_comp)		! *IonValent(i_comp)


		q0(2,:)=ResinCapacity


	end if





	RETURN


	END SUBROUTINE user_IC





	SUBROUTINE user_BC(time,bc_old,bcx_old,bc2_new,bc_new,bcx_new,ij_switch)


	USE h_User


	implicit none


	DOUBLE PRECISION,intent(in):: time


	integer,intent(out):: ij_switch


	DOUBLE PRECISION,DiMENSION(NVAR,2,NumComp,NumColumn),intent(in)::bc_old,bcx_old,bc2_new 


	DOUBLE PRECISION,DiMENSION(NVAR,2,NumComp,NumColumn),intent(out)::bc_new,bcx_new


	INTEGER::i,j,k,l


	DOUBLE PRECISION,DiMENSION(NGrid):: mesh


!	DOUBLE PRECISION,DiMENSION(2,NumComp,NumColumn):: bc2_ConcLiq


	DOUBLE PRECISION :: v_in,v_out


	DOUBLE PRECISION,DiMENSION(NumComp) :: C_in, conc_0


	double precision:: local_var(10), SigmaCoeff, Sigma


! input variables:


!	1. NVar: the number of PDE/PDAE equations for each component


!			eg) chromatography problems: NVar=2 (PDE) or 3 (PDAE),


!			regardless of the number of components


!	2. NGrid: the number of mesh points, defined by user in DATA5 (simulation data)


!	3. NumComp: the number of components for each PDAEs


!	4. NumColumn: the number of columns for SMB process


!			eg) in general, NumColumn=1





!	5. bc_old(input): at the previous time step (t=n-1/2), u() at first and last mesh points


!			eg) bc_old(:,1,:,:) = u(1,:,:,:) at z=z0 + 1/2


!			    bc_old(:,2,:,:) = u(NGrid,:,:,:) at z=zf - 1/2


!	6. bcx_old(input): at the previous time step (t=n-1/2), du/dz() at first and last mesh points


!			eg) bcx_old(:,1,:,:) = ux(1,:,:,:) at z=z0 + 1/2


!			    bcx_old(:,2,:,:) = ux(NGrid,:,:,:) at z=zf - 1/2


!	7. bc2_old(input): at the previous time step (t=n-1/2), u() at second and last second mesh points


!			eg) bc2_old(:,1,:,:) = u(2,:,:,:) at z=z0 + 1+ 1/2


!			    bc2_old(:,2,:,:) = u(NGrid-1,:,:,:) at z=zf - 1 - 1/2


! output variables


!	NOTE:	In the CE/SE method, there are two independent state variables, u() and ux()


!			Thus, BC is needed for u(1), ux(1), u(NGrid) and ux(NGrid).


!	1. bc_new(ouput): at z=z0 and zf, state variables, u(1), u(NGrid)


!	2. bcx_new(ouput): at z=z0 and zf, state variables, ux(1)=du/dz(1), ux(NGrid)=du/dz(NGrid)


!	3. ij_switch(output): if the BC is switched to another operating condition, set the orter.


!		eg) ij_switch=1, maximum value = NumSwitch, defined by [operation_para.dat]


! Default BC is set to the previous values.


!	for the first mesh point, i=1


	DO j=1, NVar		! default BC definition


		bc_new(j,1,:,:) = bc_old(j,1,:,:)


		bcx_new(j,1,:,:) = bcx_old(j,1,:,:)


!	for the last mesh point, i=NGrid


		bc_new(j,2,:,:) = bc_old(j,2,:,:)


		bcx_new(j,2,:,:) = bcx_old(j,2,:,:)


	END DO


! 2 switching mode


!	DO i=1,NumSwitch


	IF (time.GE.t_feed(1) .AND. time.LE.t_feed(2)) then


		ij_switch=1


		C_in(:)=c_feed(ij_switch,:)		 


	ELSE IF (time.GE.t_feed(2) .AND. time.LE.t_feed(3)) then


		ij_switch=2


		C_in(:)=c_feed(ij_switch,:)	


	END IF


!	END DO


! continuous function for feeding with time


	If (time .LT. 1.0d0) then


		SigmaCoeff=500.0d0


		Sigma=dexp(SigmaCoeff*(time-t_feed(2)))


		Sigma=Sigma/(1.0d0+Sigma)


		C_in(1)= (1.0d0-Sigma)*c_feed(1,1)


	end if


	j=1		! liquid conc, c


	DO l=1, NumColumn


		conc_0(:)=bc2_new(j,1,:,l) - C_in(:)


! BC for ux at first point: (du1/dx)


!	(dc/dx) = 0.5*(c(2) - C_out)/dx,


		bcx_new(j,1,:,l) = 0.5d0*conc_0(:)/dx


! BC at first mesh point: v(c1-c0)=D*(dc/dx)


!	c(1)=c0 + D/v * (dc/dx), where dc/dx=0.5*conc_0/dx


		bc_new(j,1,:,l) = C_in(:) + Diffu_per_Velo(l,ij_switch,:)*bcx_new(j,1,:,l)


! BC at last mesh point: (dc/dx)=0


!		c(NGrid)=c(NGrid-1)


		bc_new(j,2,:,l) = bc2_new(j,2,:,l)


! BC for ux at last point: (dc/dx)=0


		bcx_new(j,2,:,l) = 0.0d0


	END DO


	RETURN


	END SUBROUTINE user_BC
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