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PREFACE

This document has been prepared by the Product Development Group of McDonnell Douglas
Acrospace - Huntsville (MDA-HSV) to document the mathematical model and numerical
simulation of adsorption of H20 and CO2 on 5A zeolite. The work was performed under the
Molecular Sieve Bench Testing and Computer Modeling contract (NAS8-38250-17) to ION

Electronics.
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SECTION 1
INTRODUCTION

Adsorption is a process involving the selective transfer of one or more solutes from fluid
solutions onto and into solids. Physical adsorption is a surface phenomenon. When fluid is in
contact with a solid surface, molecules in the fluid phase spontaneously concentrate on the
surface without any chemical change. At low temperature, adsorption is usually caused by
intermolecular forces, such as Van der waal forces (Ruthven, 1984). Adsorption phenomenon,
like any other thermodynamic system which involves the interaction of two phases, is driven by
chemical potential differences between the phases. This chemical potential determines the
strength with which any given molecule is adsorbed. The differences in the surface energy of
adsorbent and the properties of each kind of molecule cause differences in the amount adsorbed
in certain kinds of surface, i.e., the selectivity. Separation can be accomplished through selective
collection and concentration of fluid molecules onto a solid surface.

Separation of gas mixtures by adsorption can be obtained by using either single column or mulu-
column configuration. However, for both processes the adsorbent column is alternately saturated
and regenerated in a cyclic manner.

One example of a cyclic selective process is the Four-Bed Molecule Sieve (4BMS) used in
International Space Station Alpha for the removal of CO, as shown in Figure 1-1.

COZSORBENT BED (3}

DESICCANT BED (1) (DESORBING) ELECTRICAL
(ADSORBING)
TEI"'“ HEATERS
5:53: : OPEN LOOP
; VENT VALVE
2 SELECTOR AIR SAVE
5A PUMP

A |t vayEs Y

phre PRECOOLER 2 7 _1I

SELECTO! ‘ g — U
- VALVES U
AIR AIR BLOWER nwes H 2 2
JRETURN INLET
SG 13 s +
ABSOLUTE
PRESSURE
SENSOR
i |~a— ELECTRICAL
DESICCANT BED (3) HEATERS
(DESORBING) CO2 SORBENT BED (2)
(ADSORBING) SPACE
VACUUM

FIGURE 1-1 SPACE STATION 4-BED MOLESIEVE

As shown in Figure 1, the actual CO2 removal system consists of four beds. Twe beds operate in
the adsorption mode (a desiccant and CO2 sorbent bed) while the other set of identical beds
desorb. The desiccant beds desorb through gas stripping while the sorbent beds are heated and
subjected to 2 vacuum (e.g., the pressure and thermal swing process). Following the air flow path
in Figure 1-1, cabin air laden with CO2 and water enters at the system inlet, then enters desiccant
bed (1), which consists of Silica Gel and 13X sorbent materials. The desiccant bed is required to
remove virtually all water from the air stream. The dry air is next pulled through the air blower,
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which overcomes the system pressure drop. A heat exchanger, the precooler, removes the heat of
compression and heat of adsorption from the desiccant bed before the air enters the A sorbent
which is responsible for removing the CO2 from air. Following the precooler, the SA bed (2),
CO2 removal bed, performs the primary system function of removing CO2. The other 5A bed (4)
is concurrently desorbed with heat from embedded electrical heaters and allowed to vent to space
vacuum . At the beginning of a new half cycle, the selector valves cycle to alternate the
desorbing and adsorbing beds. Heated air from the hot, previously desorbing CO2 sorbent bed,
trips the downstream desiccant bed (3) of water, which is returned to the cabin in the return air
stream.

Because of the complexity of the process, the design of an efficient 4BMS CO2 removal system
mission depends on many mission parameters, such as, duration, crew size, cost of power,
volume, fluid interface properties, etc. A need for space vehicle CO2 removal system models
capable of accurately performing extrapolated hardware predictions is inevitable due to the
change of the parameters which influences the CO2 removal system capacity.

The purpose of this study is to (a) investigate the mathematical techniques required for a model
capable of accurate extrapolated performance predictions and (b) obtain test data required to
estimate mass transfer coefficients and verify the computer model. Models have been developed
to demonstrate that the finite difference technique can be successfully applied to sorbents and
conditions used in spacecraft CO2 removal systems. The non isothermal, axially dispersed, plug
flow model with linear driving force for 5X and pore diffusion for Silica gel are then applied to
test data. A more complex model, a non-darcian model (2-dimensional), has also been
developed for simulation of the test data. This model takes into account the channeling effect on
column breakthrough.

—



September 1995 | MDC 95W5104

SECTION 2
DEVELOPMENT AND ANALYSIS OF A MATHEMATICAL MODEL

2.1  Gas/Solid Equilibrium

Gas/solid equilibria is the thermodynamic limiting capacity for mass transfer in gas adsorption. It
is one of the most important parameters for predicting solute separation from the bulk gas
phase. Since the composition, temperature, and pressure change in a wide range with time and
location within the adsorption column, a comprehensive gas/solid equilibrium model is needed.

2.1.1 Single Component Isotherm

The most popular single solute isotherms were correlated by Langmuir in 1918. The Langmuir
approach assumed the rate of adsorption is equal to that of condensation. The final form of this
equation is:

A Lt

1+BP, - eq. 2.1

where B;, and qn; are functions of temperature and heat of adsorption. Some of the single solute
isotherms were correlated by the Langmuir-Freundlich equation (Sips, 1948):

q = q,B,P"
| Y

1+B/P, ’ : eq. 2.2
where n; is a constant close to one.

The pure isotherm constants of COz, H,0, and N2 on 13X zeolite are as follows:
for CO3,
for T less or equal than 627.0 R
Qun,co, = (399.3942 —1.93842889T + 3. 25405x107°T? —1.82262x107°T°)/ 44 / 100
Bc,, = 35.35.358072159-.17016733T + 2.74587x10~*T? - 1.48412x10”'T*
n = -29.3861079+.153889849T — 2.61225877x10~*T* + 1.478185x107' T°
for H,0,
if partial pressure of H,O less or equal than .4 mm Hg

forT< 564.0R
Qupi,0 = (39.914452 — 8.87103x107T + 6.839503x10™ T?)/100/18.0

forT> 564.0R
Qo n,0 = (873.44464 - 3. 867835T +5.80375x10> T2 — 2.9346685x10°T°) /100 /18

n=10
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for partial presuure of greater than .4 mm Hg
Qyu,n,0 = (95.0938247-.217257754T +1. 4628603x10~°T?)/100/18
By o =48.56664 — 2.262024x107' T + 3.91017x10~ T - 2.3790985x10~" T*
n=10
and for N,
for T less than 610 °R
By, = 4.5597278759x10”" exp(9628.9655743/ T)

else
BN: = 5.808906668x10~ exp(9911.5734593/T)

Qu.n, = 00961197026 - 1. 637879912x10° T

where q is in 1b mole of solute per Ib of solid, T in Rankin, and P in mm Hg.
2.12 Muilticomponent Isotherm

Two types of multicomponent correlation were used in this study. One is based on the
Langmuir-Freundlich equation for multicomponent system

q,,B/P"

YT EBJPJ.’ eq 2.3

3

and the more reliable method is based on Ideal Adsorption Solution Theory (IAST) of Myers and
Prausnitz (1965). For pure-gas adsorption and assuming ideal gas behavior:
n{p )A s
Hp)A _ g gp
RT ‘P eq2.4

where A is the surface area, 7t is the spreading pressure. The ideal solution assumption is applied
to the adsorbed phase and the total amount adsorbed is then related to the mole fraction of each
component:

%=

The Raoult law is also applied to the relation between mole fraction in the gas phase and
adsorbed phase:

eq2.5

P = Py| = P:(TC)X.

’

eq 2.6

where y; and x; are mole fraction of the i-th component in the gas phase and in adsorbed phase.
respectively, and
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Zx,:Zy, =1

eq2.7

The IST theory assumes that the spreading pressure is the same for all the components in the
mixture.

The solution for the amount adsorbed in the solid phase in equilibrium with the gas phase
concentration is obtained by an iterative procedure with the IST theory. For the case of the
Langmuir-Freundlich single isotherm, from equations 2.2,2.4,2.6, and 2.7 one gets:

f=n
3 By -1=0
i=1 exp( TAn, )_1 B,
RTq,, . eq2.8
Bl

The derivation is shown in Appendix A. Knowing the total pressure and the solid temperature, 2
value of T is guessed and solution will be obtained by iteration until equation 2.8 is satisfied.

2.2 Mathematical Model For Nonisothermal Multicomponent Adsorption In a Packed
Bed

Separation of solutes from the bulk gas can be accomplished in a packed column which is filled
with a specific adsorbent that preferentially adsorbs certain constituents from the bulk gas. In the
simplest case of packed column adsorbent particles, the following mass transport processes arc
considered: axial dispersion in the interparticle fluid phase, fluid to particle mass transfer, and a
reversible adsorption in the interior of the particle. Also, adsorption is accompanied by the
evolution of heat, and temperature changes affect the adsorption equilibrium relation and, in
some cases, adsorption rate. Thus, especially in the gas phase adsorption, not only the effects of
mass transfer on adsorption rate but also effects of heat generation and heat transfer in the
adsorbent bed must be taken into account.

The dynamic bed behavior can be modeled by heat and mass balance equations. The
mathematical model will be used to estimate the breakthrough curve for a certain constituent in
the bulk gas. In return, this enables one to obtain the necessary parameters for predicting the
transient behavior of the temperature profile and concentration of the gas for different initial
parameters such as inlet concentration, temperature, and the fluid velocity.

The heat and mass balances could not be solved analytically; therefore, these equations were
solved numericallv by finite differences methods, namely the Under-Relaxation and Newman
methods. A FORTRAN code was written to find the numerical solutions to the transient

equations.

In this study two types of mathematical models were used to predict the dynamic behavior of the
bed. A one dimensional model was developed which takes into account only the mass and heat
ransfer rate of change in the axial direction of the bed. On the other hand, a two dimensional
model would also estimate these rates in the radial direction of the bed, and therefore this model
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was also developed. The mathematical derivation of a two dimensional model is shown in
Appendix B.

2.2.1 One Dimensional Adsorption Mathematical Model

In a one dimensional adsorption model in a packed column any rates of change of variables in

the radial direction are assumed to be negligible compared to the axial direction. Also, the
porosity of the bed is considered to be constant from the center to the column wall .

2.2.1.1 Mass Balance Equation

In the bulk stream of the gas within the bed, the material balance for the adsorbate concentration
is

aC, 9’C aC aq,
=D ) _ 1 _ 1
o Vox et
Boundary / Initial Condition
att<0,C =C ,for0<sx<L

att<0, 1'1,=('1,', for0<sxsL

eq2.9
att20,C,=C ,forx=0

att20, %:()forx:L

where C;is the concentration of each component in the gas bulk, D; is the axial dispersion, u is

the interstitial velocity, € is the void fraction, and q, is the adsorbate concentration in the solid

phase. The last boundary condition indicates a free sream boundary type. This boundary
condition is prescribed for situation where the normal derivative of flux, the gradient of
concentration or temperature, at the end of the packed column vanishes. In a numerical sense,
the value of the last grid outside the packed bed is set equal to that of last grid of the packed bed.

2.2.1.2 Total Material Balance

Assuming the ideal gas law C, =F y%u- and knowing Zy, =1, the above equation can be
recast into an overall mass balance equation,

2 - n »
P P JP _du _P_(HT *T JT)_RTI__eZ_a_qL

=D 5 -u P2+ [ oD, T
A o ox ok T\ lox ok e & 6q2.10

This equation was used to compute the pressure drop along the axial direction in the bed.
2.2.1.3  Gas Phase Energy Equation

The change of gas temperature with respect to time is the result of heat flux from the solid to the
gas plus convection of heat due to the fluid flow, as shown by the following equation:
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oT o’T daT, 1-¢ 4h,
chn at' =kf ax: _upac”-g'+-—e—h,a,(T,—T‘)—E-d—'—(TI—T')

Boundary / Initial Conditions
att<0, T,=T,  for0<x<L

att20, T, =T, forx=0 eq2.11

aT
tt20, —L=0forx=L
a > or x

where T, is bulk gas temperature, Ty, is the wall temperature, T is the solid temperature, p, is
bulk density, c,, is the specific heat of the bulk gas , kris the effective conductvity of the bulk
gas, h, is the heat transfer coefficient between the solid and the gas phase (Petrovic and Thodos,
1968), and h,, is the heat transfer coefficient between the wall and the gas phase.

2.2.1.4  Solid Phase Energy Equation

The following energy equation for the solid phase includes the term for heat flux from the solid
phase to the gas phase plus heat generation due to adsorption.

d T = . 9q
c,—t=k -+h -T.)-)Y AH —L
Pspe ot s axz s, (Tl s) ; i ot
Boundary / Initial Conditions
att<0, T, =T, ,for0<x<L

att20, T,=T forx=0

eq2.12
oT

tt>20, —=0fi =L

a . orx

2.2.15  Column Wall Energy Equation

The wall temperature T, is given by

p,c,,%‘-’- = 27R b, (T, T,)~ 27Rh.(T, = T.)

Initial Condition

att<0,T,=T,, ©q2.13
where T, is the surrounding temperature, hy, and h, are the heat transfer coefficients between the
wall and fluid and between the wall and the surrounding, respectively. Axial conductivity in the
canister wall is neglected since the area of hea: transfer from the fluid to wall and from the wall
to fluid is an order of magnitude larger than the area in the axial direction. This is analogous to
heat conduction in a slab.
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2.2.1.6 Momentum Equation

Bulk resistance to the fluid flow through a solid matrix, as compared to the resistance at and near
the surfaces confining the solid matrix, was measured by Darcy (1956). The following equation
characterizes the pressure drop in a packed column:

B

———— — _-u

dx K ' eq2.14

where K is the permeability of the solid and  is the fluid viscosity. This empirical slug-flow
equation, which is suitable for slip flow and creeping flow, is valid when the Reynolds number,
based on particle diameter, is close to one.

For higher Reynolds number, cross flow within the porous media creates additional pressure
drop. For this regime the Ergun equation could be used to estimate the pressure drop, see Ergun
(1952) and Beavers (1969):

ar =-Ly-pcu?

dx K , eq2.15

where C is the inertial coefficient.

The Darcian terms contain the empirical coefficients K and C, which are given by relations
developed by Ergun (1952) for flow in a packed bed:

d e’
iy §
150(1-¢)’ eq2.16
and
c=L750- £)
de” eq2.17

where dy, is particle diameter.

Equations 2.10 and 2.15 are used to compute the total pressure and the velocity respectively in
the axial direction. This was found to give better convergence than using them in the reverse
order.

2.22 Solid Phase Transport Equation

Mass transfer of solute from bulk gas to sorbed state is driven by equilibrium isotherms. The
mass balance equation inside the sorbent material depends on the structure of the pellet.
Monodisperse pore-diffusion and bidisperse pore-diffusion are the two models used to predict
the mass transport within the pellet. The schematics for the two types of sorbents are illustrated
in Figures 2-1 and 2-2. In general, the mass transfer mechanism of an adsorption process
includes four steps: fluid-film transfer, pore diffusion, surface adhesion, and surface diffusion.
Since the surface adhesion rate approximates the order of the collision frequency of the gas on
the solid surface, which is much greater than for the transport processes, equilibrium is assumed
to be reached instantaneously at the interfaces (Yang, 1987). Adsorbates initially transfer from
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the bulk gas stream through an external film around the particles and reach the external surface
of the particles. Molecules of adsorbate then diffuse into the pores of the particles, are adsorbed
on the active sites, and then diffuse along the surface. The film transfer and pore diffusion are
treated as sequential steps, since no accumulation of adsorbates are allowed; in other words,
conservation of mass applies. However, pore and surface diffusion generally take place in
parallel. Any combination of the resulting three steps can constitute the rate-contolling
mechanism. The external mass transfer rate is defined in terms of an effective transfer coefficient

(kfi) as a linear driving force equation.

bulk stream

bk ——

difusion

pore
diffusion

surface
diffusion

FIGURE 2-1 INTRAPARTICLE MECHANISM OF DIFFUSION FOR MONODISPERSE
SORBENT

bulk stream

intracystal
diffusion

pellet

FIGURE 2-2 INTRAPARTICLE MECHANISMS OF BIDISPERSE-PORE SORBENT
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Np==kq(Cy = Cipr)
eq2.18

For the low Reynolds number region covered in the present study, the correlation of Petrovic and
Thodos (1968) is used:
D

0357 ey Dat

kﬂ
€ 2R, eq2.19

for 3<N,;, <2000. N is the Reynolds number and Ns. is Schmidt number.

Molecular diffusion of a component in a mixture is described by the Stefan-Maxwell equation.
For single component diffusion in a mixture, however, the diffusion coefficient Dmi is
approximately related to the binary coefficients by the following relationship (Bird et al., 1960)

D, = '1——!3‘
RN €q2.20
wi Dl.j

For binary mixtures at low pressure, Djj can be estimated by the following equaton, (Slattery
and Bird, 1958):

D, = %(pap,,)"(T,AT,.)"’( I, + %w,)x’(%/“r,;r,. )

For nonpolar gaspairs:
a=2.745x10"
b=1.823

For H,0 with a nonpolar gas:
a = 3.640x10™
b=2.334

eq 2.21

'lI'ggoi(nudsen diffusion coefficient can be estimated by the following equation (Satterfield,

D, =4.67x10~ e Ly
. M
T, M, eq2.22

?

where 1o is the mean diameter of the pore size and 1, the pore tortuosity factor and is
approximately between 1-4 (Satterfield, 1980).

The surface diffusion is an activated process which can be expressed by an Arrhenius-type
expression (Smith, 1981):

10
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D, =D, exp(o=t
RT eq2.23

where Eg; is the activation energy for the surface diffusion and Dy, ; is pre-exponential factor.
2.2.3 Monodisperse Pore Diffusion Model
The pore structure of pellets are simulated by this model are monodisperse. Sorbents in this

category include activated carbon, alumina, and silica gel. The mass balance for component i
inside the pores of a spherical particle at the axial location x in the bed yield:

2
oo | 12 A, Ny) 24
o r’ or, ot eq 2.24

P ’

where o is the intraparticle void fraction, Njr is the flux of component i, rp, is particle radius, and
gi is the amount adsorbed on the solid phase.

Equation 2.24 can be simplified by employing the following particle volume-averaged quantities:

(-:lp = i_‘jc.prpzdr
R, , eq2.25
and
- 3
qlp = qubrpzdl’
P . eq2.26

By integrating equation 2.24 with respect to rp, using the volume averaged quantities and noting
that Nir=0 at r=0, the result is

aa&+—3—N:+a—qi=O
ot R, ot . eq2.27

To further simplify the model, parabolic concentration profile within the particle is assumed
(Tsai, 1983), thus

C,=E +Fr
) eq2.28
where the constant E and F can be evaluated by using the surface conditions:
C,=C,atr=R,
’ eq2.29
and
E=C,- F.R:
’ eq 2.30

1

where C_ is the concentration of i at the surface. By integrating equation 2.28 and using volume
averaged quantity:

11
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5

F,=(C, —Co)=r
ZR: . ‘ eq 2.31

Therefore, by inserting eq 2.31 and 2.30 into eq 2.28 and taking the derivative with respect to r at
the surface of particle:

oC -
arb )reg, =(Ci —Cw)5/R,
. eq2.32

(

The flux Njr is the combined pore and solid diffusions. Pore diffusion is dominated by Knudsen
diffusion with a constant diffusivity, Dik. Surface diffusion Dg obeys Fick's law. Thus,

aC 0
N, =_Du?b"nu'% 533
€q <.

A local equilibrium can be assumed between the gas phase in the pore and the solid phase. Since
the adsorbate concentrations are dilute, the solid phase concentration of each adsorbate may be
assumed to be independent of the gas phase concentration of the other adsorbate. Therefore, the

total flux of the ith component at the pore mouth of the particle is

aC ng C
N, =-D, _L‘L-n -D, Z—’——‘-"-l _ i=12,3.n
or ’ j aC” or r—Rp ) Cq2.34
Assuming gas-solid equilibrium within the pellet ,
39, _3q,
oC, dC,, eq2.35

The time derivative of g,, is a function of T, and gas concentration in pore side of the pellet, Cp;,

9q, ad. oT &9dq,0C, .
= + E L—L j=12...n
ot JdT ot 45 9C, ot eq 2.36

Equations 2.32-2.36 are substituted into equation 2.27, to obtain the final rate equation for
monodisperse pellet is

3G, .9Cw 15D, 34, v & 1. 15Dy W G
(e+—L) ==t L(C;, - Co)+—-(C,, -Cy)
ac'b ot R, ;acu o » R, w
. ad| _i a(.], anj °q2'37
aT, = oCu dat

12

- ;



September 1995 MDC 95W5104

2.2.4 Bidisperse Pore Diffusion Model for Zeolite

Zeolite sorbents consist of crystals, in the size range of 1-9 um, which are pelletized with a small
amount of binder. Diffusion rate is controlled by the crystals in the zeolite sorbents. The mass
balance within a spherical crystal is described as

dq, _D, o0 ,0q,
- 2 (r )
at r‘ or or . eq 2.38

The rate of change of q,, the volume average q, is

3q, 3 rdq
—l==|=lrdr
ot R: J‘ ot ’ eq 2.39
which results in
dq, _ 3D, 4, i
ot R, or, "7 . eq 2.40
As before, assuming a parabolic distribution
q,=E +Fr}
eq2.41
and
q=q;atr,=R,
) eq 2.42
using surface condition
E=q- FlRi
eq 2.43
by integrating equation 2.41 and using the volume average
s T, S
F =(q —q; )-Z—R—Z-
P eq2.44
obtain
0 s -
(El).ms, =@ -2)5/R,
r , eq2.45
and from equation 4.45 and 2.40,
aq, . =
(5H=15D, /R, (@} - &)
eg. 2.46

Assuming the mass transfer resistance between the bulk flow of the bed and the solid is not the

limiting resistance of gas diffusion into the solid, q; can be replaced by q, which is in
equilibrium with the bulk flow concentration. Thus,

0q * .
S=15D, /R, (q,-q)
. eq2.47

13
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This equation is what Glueckauf (1955) suggested. Eq 4.47 is the basis for the Linear Driving
Force approximation model,

g . .
D= k.a,(q-q)

ot , eq 2.48

where k.r may be obtained by experimental procedure and a; is the interfacial surface area.
2.2.5 Two Dimensional Adsorption Mathematical Model

For a packed bed the porosity varies with distance from the wall. Near the wall the porosity is
higher than the bulk of the bed. This increases the permeability. A few particles away from the
wall, the porosity equals the free stream value (Benenati, 1962; Roblee, 1958). As a
consequence of the porosity increase in the vicinity of the wall, the velocity of the flow paraliel
to the wall increases as the wall is approached and goes through a maximum before it decreases
to zero (to satisfy the no-slip condition). In general this leads to a net increase in flux, i.c., to the
phenomenon called channeling (Nield and Bejan, 1992). During the experimental portion of this
study (see Sect. 4.3.1), the effect of channeling was found to be significant for the intended final
application of this model. As a result, the effect on momentum, energy, and material balances
Bv;f considered to be important enough to require the development of a two-dimensional packed
model.

2.25.1 Mass Equation

2
a_cL=DMa %_a(uCL)+ . d (rBC,)_(l—e)rI
dt "t oox ox “"ror or £
Boundary / Initial Conditions

fort<0C,=C,, for0<x<Land 0<r<R
fort20C,=C ,,atx=0and 0<r<R

aC,

fort20 -a—x—=03tx=Land05r$R eq 2.49

fort20 %‘-:0 atr=0andr=R
r

14
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2.2.5.2  Gas Phase Energy Equation

aT 0*T, ouT, k, o roT, 1-¢

C —f=k g _ £ Lr £)— h -T

Pebme 5 ~ e T Tox T o or ) € (T, -T.)
Boundary / Initial Conditions

att<0, T,=T, ,for0<x<Land 0<r<R
att20, T, =T, forx=0and 0<r<R

oT
att>0, E‘-:Oforx=LandOSr$R
aT, 2.50
att=>0, —a—=Oatr=0for0$xSL eq <.
r
aT
attZO, krr—ai--h'(T"T')at r=Rfor0<x<L
T oor

2.2.5.3  Solid Phase Energy Equation

oT a’T, k,, 0 roT = 0
C,—t= L *)+ha (T,-T,)+ > AH,—
P.Co G = ko S+ 15 (5 R, - T+ 2 AR T
Boundry / Initial Condition

att<0, T,=T,,for0<x<Land 0<sr<R

att20, T,=T,, forx=0and 0sr<R

att20,-a—;x—'=0forx=Land05r.<.R eq 2.51

att20, %r—'=0atr=0andr=Rfor05xSL
r

Rate of adsorption, 3q%, can be substituted in the above equation either by 2.36 or 2.41. It
depends on the adsorbent material. If it is monodisperse or bidisperse type of pellet equation
2.36 or 2.41 will be used, respectively.

2254  Column Wall Energy Equation

dT,
" oot
Initial Condition
att<0, T, =T_,

p.C =27Rh (T, -T,)-2nR b (T, - T,)

eq 2.52

15
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2.25.5 Bed Energy Equation Based On Effective Conductivity

3T kg, 0
mx ox? e ar(

oT roT aT
(ep,C,, +(1- e)p,c,)ji- =gk o )-€up,c,, gx-

+(1- e)zm,%
=1

Boundary / Initial Condition
att<0, T=T,for0sxsLand 0sr<R
att20, T=T, forx=0and 0<r<R

att20, %xr—=0forx=Land05rSR

attzo,%rz=0atr=0for05x5L eq2.53

att20, k‘,',%= h (T,-T| ) forr=R
2.2.5.6 Momentum Equation

The governing momentum equation for fully developed flow in cylindrical beds is, from Vafai
and Tien (1982).

JoP U 1luod, ou

—— e C 2—-— +——— —
x_ TR Teor l-ar)’
Boundary Conditions
eq 2.54
u=——l-(-=§-l-)- atr=0andu=0atr=R,
m odx

where € is the bed porosity, and K and C are the permeability and inertial coefficient which
depend on the porosity and the type of porous materials. In the above equation, the second term
is the inertial effect which accounts for additional pressure drop resulting from interpore mixing
found at higher Reynolds numbers (Vafai, 1981; Ergun, 1952). The third term is the Darcian
force representing the pressure loss due to the presence of solid particles. The last term is the
viscous shear force representing the resistance to the flow caused by sheer stress along the solid
boundary. This term accounts for the no-slip boundary condition at the solid boundary. In this
study the entrance effect is not considered since the flow is fully developed after one to two
particle distance from the entrance (Vafai and Tien, 1981).

2.2.6 Porosity Variation

e=¢_[l1+aexp(-by/d,)]
eq 2.55

where €00 is the free-stream porosity, y is the distance from the wall, d is the particle diameter,
and a is taken to be 1.4 (Nield and Bejan, 1992). b is an experimental parameter that depends on
packing and particle size and it varies from 2 to 8.

16
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The empirical coefficients K and C are given by the relations developed by Ergun (1952) for
flow in a packed bed:

K= _d_vze_s_T
150(1~¢) eq 2.56

c-L750-¢)
d,e eq 2.57

The variables C and K are both functions of the bed porosity and particle diameter, dp. The
porosity in a packed bed increases from the center of bed, free-stream porosity, to a maximum of
one at the bed-wall boundary . This increase is confined to a few particle diameters from the wall
(Benenati, 1962; Roblee, 1958).

In the above two dimensional equations, the term which represents the radial diffusion is
10 (raC)

ror or ) . - eq 2.58
where C varies with r. Carrying out the derivatuve
13 ¥c
ror or eq 2.59
At the center where r=0, the first term is not finite. But
imit(22)- 25
l,r_l.l.lt ror) or eq 2.60

by L'Hospital's rule. Therefore the term, eq 2.58, in 2-dimensional form for the center point is
replaced by )

10 (raC}_ZB’C
ror\ or or? eq 2.61

Therefore, the diffusional term in the discretized forms of two dimensional PDE's at center grid
is replaced by eq 2.61.

2.2.7 Calculation Of Thermal Conductivity For 2-D Flow

In this study two different equations were used to calculate the effective conductivity in the
packed bed. One is based on the works of Kunii and Smith (1960), and the other one is based on
the experimental work of Fahien (1954).

The effective thermal conductivity in the axial and radial direction, Kefr.xKef,.r, are related as,
K =K. +k,

Kear, =K. +k;, eq 2.62
These conductivity's can be calculated by the theoretical equations presented below.

2271 Stagnant Conductivity ko

Kunii and Smith (1960) presented theoretical equations for estimating the stagnant conductivity,
ko. The stagnant conductivity can be found if k,, solid thermal conductivity, is given .

17
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K s -e)/[0+2/3)k, /K,)]
k, eq 2.63
where ki is the thermal conductivity of fluid and ¢ is the contribution of solid to solid heat

transfer through fluid film around a contacting point of neighboring particles. ¢ is given by

6= 0, + (6, ~9,){(e~.26)/.216]

for .476 2 €2.26

=9,

for £>.476 eq2.64
=9,

fore<.26

where ¢ ; and ¢ , are given in a schematic form, and are being interpolated linearly in tabular
form in the computer program.

2.2.7.2  Effective Radial Conductivity kf,r
Packed bed thermal conductivity in the radial direction is given by Baron (1952) as

C.pu/k,, =N, =8-10
eq 2.65

where N,,_is Peclet number, therefore the effective thermal conductivity in the radial direction
would be (Yagi and Kunii, 1952).

Ker, Kk
—ar _ X L (@BN. N
k, k, (aB) Reyp ' VPr

where (aB)=1/N,, =.1t0.125 eq 2.66

2.2.7.3  Effective Axial Conductivity keff,x

A similar equation can be derived for effective thermal conductivity in the axial direction, (Yagi,
Kunii, and Wakao, 1960). '

kaﬂ,x

——=£+1Nh,N,r

f r

where A =.5 to 1.0 eq 2.67

In the above equations, the radial and axial conductivity are the combination of two terms. The
first term is the stagnation conductivity, which varies from a bulk conductivity to fluid
conductivity with distance from the center to the column wall. Therefore, it depends on the
porosity variation which also is a function of bed parameters. The second term is due to the
dynamic or dispersion conductivity which incorporates the mixing caused by flow through the
particles. Incorporating the effects of porosity variation into the effective conductivity, the
effective conductivity reduces to (Hunt, 1987)

18
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2etr _ (142 exp(= bR))-—-+( B)](R)

4 l

where (af)=1/N,, =.1to.15 eq 2.68
and in the axial direction

NR!,NPr

IR)

K g Kk
—Tx — (1+a’exp(-bR))— N. N
" (1+a’exp( ))k +A 3 Vre Ner

f f

where A =.5to 1.0 eq 2.69

where a'is chosen such that ko/k¢ equals one at the wall as velocity becomes zero. The variation
of dispersion, mixing length, is

IR)_ /R,—r/R forR, —-r <1

eq2.70

where R, is tube diameter. An expression similar to porosity variation was used to predict the
mixing length variation (Hunt, 1987).

2.2.8 Calculation Of Mass Diffusivity For 2-D Flow

A similar theoretical approach can be taken for the calculation of mass diffusivity in the radial
and axial direction as that used for thermal diffusivity in the previous section.

2.2.8.1  Effective Diffusivity
Effective diffusivity follows the same expression as in thermal conductivity:
D,,=D.+D,,
D4, =D.+D,, eq2.71
2.282  Effectve Radial Diffusivity Dg,
The effective diffusivity in the radial direction by analogy to heat transfer is:

Dy, D
——L ===+ (af)N;. N
D, D' (aﬁ) Rey * 'SC?

where (af|)=1/ Npe, =.1to.125. eq2.72
2.2.83  Effective Axial diffusivity Demx
A similar equation can be derived for effective diffusivity in the axial direction; .

D .

—ﬂ = 2—+ lNR‘ NSC’

r Dr r
eq 2.73

where A =.5 to 1.0.

19
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Incorporating the effects of porosity variation into the effective diffusivity, the effective
diffusivity reduces to (Hunt, 1987),

D, D. I(R)
—==(1+a'exp(-bR))—+(af)—
D, ( p( ) D, (aB) 4

where (aB)=1/N,, =.1t0.125. €q2.74
and in the axial direction,

NRC,NSC’

D, D, .l
—-61"—=(l+a'exP(-bR))-l-)—+7~LdR2Nn.,Nsv

f f

where A =.5 to 1.0. eq2.75

2.29 Effective Radial Thermal Conductivity Based on Fahien Equations

In contrast to weak effect of mass diffusion on radial mass fraction, the thermal conductivity
profile has a strong effect on both temperature and mass adsorption. A thermal conductivity
profile for different ratio of dyyd, was approximated by Fahien (1954),

2 3

K, =<k > (kj + 3(k3 — k3 )= + 2(Kiy —K,}=—) 0Sr<r,
Tm Tm

K, =< k> (k3 = (ki =Ky ) =) 1>,

-T

s a e eq 2.76
3.0-.9kr,* — ki Iy —3ry +2
1-ry
1+r,+.1r,}

ky =

rM=l—§

a=d,/d, eq2.77

where k;, is the effective radial conductivity at the center of the column wall, k,, is the
maximum effective thermal conductivity, ky, is the effective thermal conductivity near the wall,

<k > is the average effective thermal conductivity, and ry is the location of maximum in
conductivity profile. These conductivity's are obtained by Argo and Smith (1953) equation using
the void fraction values as a function of radial position. According to Argo and Smith

dC.G hk,d
ko =€k, + 'CnC 4( ° )d,(o. 173)(T, /100%) |+ (1 — &) ——E—
4 ' Npt 2-0o 2k, +hd, eq2.78

where o is the emissivity of the solid particle, T, is the average tcmpcraturc In the above
equation,

h=h +h, +h,
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h, = 1.95C,.GN,, N, ™% Ny, <350

h, =1.06C,,GN,, *°N;,™ N, >350 eq 2.80
b = k,(2k, +hd,)
d k,
o T,? eq 2.81
k, =4 —— |d (.173) —=
=555 )
- k,(2k, +hd,)
P d,k,
eq 2.82

log, k, =1.76+.0129k, / ©

2.2.10 Effective Radial Diffusivity Based on Fahien Equations

2 3

Dy, =<D> (D, +3(Dy - D;)=+2(D} - D;)=—) 0sr=r,
M M
D, =<D>([Dj,—™M) r>r,
. 1-ry | eq 2.83

. _3.0-.9D;r,}
D= Trruring
ry+.1ry,

D, is obtained from work of Fahien and Smith (1955) to be

D, =9/8V,(1+4.8507)
eq2.84

where Vo is velocity at the center of packed bed.
2.2.11 Heat Transfer Coefficient Between Wall Surface and Packed Bed, hy

The effective thermal conductivity in the wall layer of thickness Rp=dp/2, kew, is defined and hy,
is considered as a correction factor based on the difference kesr, and kew (Kunii and Suzuki,

1966).
k k

(1.4 - ewd + 1 1
k, Kk +— ’ - €q2.85
a N, N,  hod /K

where ¢, denotes the contribution of fluid mixing in the wall layer and is taken as 0.2. h,
represents the heat transfer coefficient of the thermal boundary layer which develops on the wall
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surface. This becomes dominant at high Ng.p and is given by Blasius type equation as (Suzuki,
1990),

hd, /K, = C(N,,"*N,,,*") .
€q <.

where C is an experimental coefficient with value of 0.1 to 0.2 (Kunii, Suzuki and Ono, 1968).
Kewo is obtained by the following equation similarly to eq (2.65).

Ko e +(1-e,)/[0, +(2/3)K, /K,)]
f

k eq2.87

where &, denotes void fraction in the wall layer of about 0.7.
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SECTION 3
NUMERICAL ANALYSIS

The solution of nonequilibria adsorption/desorption problems must be solved numerically. For an
n component mixture, the numerical model would involve the solution of several coupled
differential equations: n-I mass balances equations, n mass balances of rate equations, n
equilibrium isotherms, one total mass balance, one momentum equation, one heat balance of
fluid flow, one solid phase heat balance, and one heat balance for the wall.

The finite difference technique, which is mostly used for processes with varying boundary and
initial conditions, is a convenient method for solving the coupled partial differential equations
(PDE's).

In this work, the PDE's were discretized by first or second order differences in time and spatial
dimensions. The set of discretized finite difference equations were solved simultaneously by an
implicit method. At first, based on the stiffness and the sharpness of the momentum equation and
the mass and heat transfer fronts, two different implicit numerical methods were used to simulate
the dynamic behavior of the packed bed. For adsorption and flow-through desorption of one and
two dimensions, the implicit-iterative method of under relaxation was used. For vacuum
desorption, since the convergence of equations are difficult to achieve because of the steep
gradient of pressure drop in the packed bed, a more rigorous method had to be used. The implicit
method of Newman (1968, 1967) was used to simulate the vacuum desorption process. Later,
during the development of the numerical computation, it appeared that the use of Newman
method for all the processes reduced the required CPU ume and resulted in more stable
discretized PDE's.

3.1  The Discrete Numerical Equations
The spatial dimension was discretized using first or second order backward, forward or central

differencing depending on the stability of PDE. For instance, having C as a variable, the spatial
finite differences for three cases are:

oC = G -C +0(Ax) Backward difference
ox Ax
dC = Sy -G, +0(Ax) Forward difference
ox Ax
oC = G —Ci +0(Ax?) Central difference q3.]
ox 2Ax
20 n L} n
aa(‘; =S 2C,z i +0(Ax*) Central difference
ox Ax

The backward finite difference was used in time:

n+l n+l 0
aC; ___C, C +O(A)
ot at eq3.2
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Where
n =the old time step
n+1  =the current time step being solved for
i =the node position

3.1.1 Discretized Spatial Finite Difference With Unequal Grid Size

Figure 3.1 shows a situation in which adjacent grids are not the same size. This type of grid
spacing was used out in the radial direction in solving the PDE's. To establish the finite difference

for the first and second derivatives, Taylor series expansion in powers of (fAx) and (-Ax) were
used, giving

fax)* 3*C|

ac| . ( ;
= } O(f Ax
Ca C"’J'(M"’axlu+ 2! ax’l.,,+ (Fe)
aC (Ax)’é’_C_{ 3 eq 3.3
=C,, - — O(Ax

C.,=C, (Ax)é;{u"' T u"' (Ax)

Eliminating %S— between these equations,
L)

a’C___ 2 [ C, +C,_M__Cu]

' (AxP fU+f) A+ f eq3.4
If %x£ is eliminated between egs 3.3 and 3.4 then

1.}

aC _ 1[ C, __f ¢ _(l—f)c]

x M) fa+fH) a+H ™ f ™ eq3.5

with an error of the order of (Ax)*.

\

1
ny
&
>

1, i ny

FIGURE 3-1 SHOWS THE GRIDS WITH DIFFERENT SIZES
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3.2  Discretized Partial Differential Equations (PDE's)

Using the approximated values of first and second order derivatives in PDE's, the discretized
forms of PDE's for one-dimensional flow will be generated for numerical solution. Theses
approximated equations will be solved by the methods mentioned above.

3.2.1 Discretized Component Mass Balance:

3C, _ &C,_ 3C, _1-edq

=D -u
ot ' ox? ox £ ot €q 2.9
Inserting the finite difference approximations:
Ciil-Cl _p G =26+ Gl GGl 1-e
At ' (Ax)* ) Ax g ™

collecting C};' terms
n+l

A= _1_ -+ .z_'lzL + EJ_

At Ax Ax

solving for C{"}‘ and applying under - relaxation method

n+l n n 1 C:J C:I:l + Cl..;:l n+l Cln,+:l 1-¢ n+l = 36
C =C,+o —Cu+x v +D, (Axy +u; e —T_r"‘
— - 3.22 Discretized Gas Phase Energy
oT a’T aT, 1-¢ 4h
t -k :_ —t ha (T,-T,)-—(T,-T
PeCop % 3 UP,Coq % 2,(T,-T,) ed (T,-T.) eq2.11
Inserting the finite difference approximation
n+l _ n Tn+1 - Tn+l +Tn+1 Tu+l - Tn-o-l
p c T!,I !.! - k ‘,!'l-l 2 I,I l.!"l _ul+lp c !.! !,!—l +
3 At f ( Ax)z ] Ax
1 - E ne -+, 4h' n n+l
= h,a,(T}) - Toy ""ed_(Taﬁl -To)
eq 3.7

collecting T} terms

un+1 c _
A = plcn + 2k'2 + )] p. PR + h‘a' l € T:Sl + 4h' T:;l
At (Ax) Ax € ed

solving for C;";’ and applying under - relaxation method

p,C —:i‘f'k T::':'l+ :31-1 +un+lp c :T.ll-l +
n+l _ on . 17T oaAr T (Ax) ) TeTm Ay
T;.J =Tu+m —T'_J-a——
h,a,1Em1 4 e pes
€ ' ed ’
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3.23 Discretized Solid Phase Energy Equation

3 ‘ n -
e s =k, Lot 4 ,(T, - T,)- 3, a0, 2
ot ox =1 ot eq 2.12
TMI -7 T-+l - 2Tn+1 + Tn+1 n
[ ] [N 8,j+1 8, ] 5, §~1 n+1 B+l n+l
p,c =Kk, +h.a, -T,,)—- 2 AHr
pe At (Ax)z t & J g 1"
collecting T} terms
A=Blr _2_k,7 +h,a,T)
At (Ax)
solving for C;}' and applying under - relaxation method
1 ™™ T--c»l + Tn+l n €q 3.8
To) =T.,+ 0(-'1'1.; + X[p.c,. A';’ +K, ""(‘Ax), bl 4 h,a, T - IZ;AH,r,‘” D

3.2.4 Discretized Column Wall Equation

PuCpu % =2aRh (T, - T,)-2nR.h.(T, - T.)
eq2.13

n+l »

PuCpm AJT"L =27Rh (T} = Toy) )= 27RA (T = T0
Collecting T,"; terms

A=2=Ce LonRn T 4 27R A TE
At ». »

Tl
To=To+ “{‘Th + %(p.c.- T't'l +27Rh, T2 + 27R.N. T2 )) eq 3.9

3.25 Discretized Total Material Equation

The total pressure equation was solved numerically using Newman's method.

oP 0P OP _ou P (a'r o°T a'r) 1-e<9q
—=D,—-u—-P—+—| —-D,—+u— |-RT—) —¢
a 'ox* & ox T, dt 'ax* ox e & ot eq2.10
n+l __ po a+l _ a+l n+1 n+l _ pe+l a+l _ _ onel
Foaetl P p P 2200 4P PSP pM U, eqan0
At (Ax) Ax Ax -
B+ n n+1 a+l a+l n+l n+l n
pj 1 T':"l o P.'j _ Dl L_:;"'l - ZT!:iz + T_l:i;l +u T!’l - T',j—l _ RT::],I 1 —£ Zr:“,l
Te) At (Ax) Ax e &
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3.2.6 Discretized Momentum Equation

The momentum equation was solved numerically by Newman's method.

d H 2

— =—~—u,-pCu

& K eq 2.15
P* -P] H o ae n+12

F2=J_At_j+iu’ 1'l'pCllJ !

eq. 3.11

3.2.7 Discretized Boundary Condition

In this study most of the boundary conditions are the homogeneous boundary type. In this type of
boundary condition the normal derivative of variables such as temperature, velocity, and
concentration at the boundary surface vanishes,

oC

—=90

ox eq 3.13
where C is any variable.

The boundary conditions for all the PDE's were discretized by extending the region at boundaries

a distance Ax so that there is an imaginary y node at j-1 or at j+1 at the inlet or outlet of the
column, respectively. Equation 3.13 can be discretized as,

€ =Cpy =0 :
24x eq 3.14

This equation can be solved for Cj,; or C;.; and to be substituted in the original PDE equation
for the imaginary node.

A second type boundary condition, where there is a linear combination of the variable and its
normal derivative at the boundary surface, such as boundary surface at the column wall,

dT
kK—+hT=hT
ax -

eq 3.15

where k is conductivity, T is fluid temperature, h is connective coefficient, and T_ is the wall
temperature. Eq 3.15 can be discretized as,

-T
Dozl hT,=hT,
2Ax eq3.16

This equation can be solved for Tj.; and to be substituted in the original PDE.cquation for the
imaginary node.
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3.3  Numerical Approach

For each interior grid point, a set of algebraic equations as given above results when finite
differences are used to approximate the PDE's. These system of simultaneous equations may be
written in a general matrix form as

[A)6]=[F]
eq3.17

where [A] is a square matrix, [¢] is a column vector containing unknown nodal values of ¢, and
[F] is the column vector containing the source and the prescribed boundary conditions. From
linear algebra, we know that the unique solutions of the above equation exist when the
determinant of [A] is nonzero.

An approach to the solution of eq. 3.17 is by using iterative methods. Iterative methods start from
a guessed initial field, and sequentially improve the field by using successive iterations until eq
3.13 is satisfied. When the most recent values of the iterate are used, the Gauss-Seidel method
results. Iteration can be enhanced by extrapolating the Gauss-Seidel improvement. This
technique is called relaxation method (Gerald and Wheatley, 1984), for the case of a simple
steady-state one-dimensional diffusion equation:

0. Q
—+==0
ox* k
the finite difference approximation will be
9~ 2¢; +9,. +.Qld =0
Ax k

using the Guess - Siedel method

=1

ne 1 n 4 Q'.
I l=i(¢|+1— 1+sz‘#)

implimenting the relaxation method the above equation becomes
eq3.18

;*1 = %(q,"ﬂ o™ + Ax? %"l)+ (1-w)o;

-1

where n indicates successive iteration, and w is called the relaxation factor. Iterative convergence
is achieved with 0< @ <2; @ =1 correspond to Gauss-Seidel iteration; 0< @ <1; to successive
under-relaxation (SUR); and 1< ® <2; to successive over-relaxation (SOR). A best, or optimum,
value of ® can be found from numerical test or from analysis. In this study, since the equations

are coupled and non linear, the value of @ was found by numerical test to be between .2 to .5
depending on the stiffness of the PDE.

In the case of vacuum desorption process, because of steep gradients in the pressure front and the
velocity equation, the SOR method was not a suitable choice for solving the PDE's system.
Instead, a different numerical method which is more stable and where the radius of convergence
is higher was used. This method is lengthy and explained in detail by Newman (1968, 1967). In
short, the set of PDE's are lincarized by Newton method resulting in a system of tridiagonol
matrix results which can be solved by any ordinary technique. The time of convergence for ~—
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Newman method is longer for a given time step but the grid points are three times larger and the
time step is up to a order of magnitude larger than SOR.

3.4  Convergence And Stability Of Numerical Techniques

The examination of convergence or the rate of convergence of the numerical methods used in
this study relied on actual testing of the iterative methods. Since the set of equations are coupled
and nonlinear, the analytical procedure for determination of convergence can not be used. By

extensive trial and error of SOR method, the approximated equations were stable for © up to 0.5.

The component mass balance equations were stable for a wide range of  close to 0.5, except for
the PDE for Hy0 component because of the high affinity of zeolite for water. The heat balance

equations were also stable for a wide range of  close to 0.5. Keeping w constant at these values,
the number of grids for a bed 20 inches long bed were 75 for CO2 and 150 for water in single
component adsorption. The time step ranged from 7 to 18 seconds. In multi-component
adsorption the limiting value is determined by what the H,O component was in the single
component adsorption case.

In Newman's method, the number of grids could be reduced to 50 and time step increased to as
large as 60 seconds. In both methods the iteration was stopped if (Cr+1.Cn)/Cr+1 was less than
1.0E* for each grid point. This error criteria was chosen because the difference in two
consecutive iteration was less than 1.0e-5 for a gas phase concentration of 1.0e-10. For the first
few steps, the number of iterations is large but it decreases to a minimum of 20 to 50 after that.

The stability and the rate of convergence in these PDE's are mostly affected by the rate of
adsorption which is related to the isotherms. The second most important criteria is the diffusion
coefficients. The implementation of diffusion coefficients makes the PDE's parabolic and in turn
causes the equations to be more stable, preventing any initial error from propagating in time.
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SECTION 4
COMPUTER MODEL VERIFICATION

4.1  Test Apparatus

Verification of the numerical models is accomplished with test data from the Molecular Sieve
Material Bench Test (MSMBT), a Marshall Space Flight Center apparatus. The MSMBT was
designed to capture the dynamic adsorption and desorption characteristics of sorbent materials to
be used in the International Space Station 4BMS for a range of CO2 and H,0 partial pressures.
The test apparatus consists of a small packed column 2 inches in diameter and 10 or 20 inches
long, depending on the configuration. Instrumentation of the column includes temperature
probes and sampling tubes for measurement at sorbent material endpoints and intermediate
points. Continuous measurements of the exit CO2 and H20 partial pressures, and all
temperatures, are recorded. A gas chromatograph is used to capture the breakthrough at interior
bed locations. The MSMBT is fully described elsewhere (Knox, 1992; Mohamadinejad, 1994).
Any significant changes made in the test configuration will be discussed in the following
sections as appropriate.

The MSMBT is used to obtain data empirically that is not available otherwise or not reliable in
the open literature, such as heat of adsorption and lumped mass transfer coefficients. Testing to
obtain empirical data is performed in such a way as to isolate the phenomenon of interest as
much as possible. Heat transfer coefficients, (not available otherwise due to the use of unique
NASA foam insulation for superior adiabatic conditions) for example, were obtained by flowing
dry, heated nitrogen through a sorbent bed desorbed in the presence of nitrogen.

The second use of the MSMBT is to verify, following determination of empirical values, the
accuracy of the model under conditions similar to those expected in the ISSA. This consists of
comparing a series of MSMBT runs at varying conditions to the results of the computer model
ran at the same conditions. Of special interest is the capability of the model to predict transient
bed temperature and partial pressure for conditions not used to obtain the empirical values.

4.2  Thermal Characterization with Inert Gas Heating

In order to approach adiabatic conditions during adsorption and strip desorption testing, three
layers of high performance insulation are used on the column. The inner layers are commercially
available felt insulation. A third layer of spray-on foam specifically designed for the Space
Transportation System External Tank was added to improve heat retention. However, thermal
characteristics were not available for the foam insulation. In order to obtain coefficients for the
transfer of heat from the outside (ambient air) through the three layers of insulation to the
canister wall (H_OW) and from the carrier gas, or fluid, to the canister wall (H_FW), a test using
heated nitrogen gas was conducted.

To simulate the inert gas heating test, the bed iniet temperature measured during the test was
curve fit and applied as an input to the computer model. Bed inlet volumetric flow rate was
calculated based on the ideal gas law.
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4.2.1 Molecular Sieve S5A

Specifications for the thermal characterization test with molecular sieve 5A are shown in Figure

4-1. Volumetric flow rate is required as a model input. This is calculated based on the flow

;ontrollcr rate in standard liters per minute (conditions at point 1) and bed inlet conditions (point
):

_PT,G, _14.696 28.04

G
*7 P,T, 1547 535

eq4.l
P; (15.47 psia) is the average inlet pressure calculated from test data. Pressure varied less than

0.5% from P during the test. T3 is the test inlet temperature which has been curve fit for use in
the model. G, is the volumetric flowrate.

Thermal Characterization Data Sheet |
Swart Tene: [Data Fie: 05/17/94 heat char 13x i
Sorbent Maserial: 5A} — I
Carner Gas: N2)Nows: Thermal Characterzaton of 13X material. iniet heater set at 350°F.
Sorbate Gas(es): 171 is 5" before material ivet; 12 and 13 are matenai inlet, T4 is material CL. 75 and I
Test Duration: T6 are matenal exit. “
Conductor(s): HM
iniet and initial Conditions _GC Configurstion I
Camer Fiow Raw: 28.04 SLPM TCD VentFiow 1: ma R-2-15-AAA
CO2 Fiow Rase: ra ool TCD Vent Flow 2: na R-2-15-AAA
Init/Final InletDP:  ma degress C Sample Flow @PortS: ma R-2-15-AA
iniet H20 Mole %: me Detecxr Curent e mA
iniet ppH20: e mmHg Column Camlog No.: na Alitech Cat.
nNCO2%: m TCOOETT Temp.: na degrees C
inlet ppCO2: M mmig INVCOL Temp.: degrees C
Inital Bed Temp: 74.5 degrees F Vaive Heat Tomp.: & degrees C
Initial Ambient Temp: 75.0 degrees F Temperatures:
Final Ambient Temp: 76.3 F Té Location: Reactor Wall
Bed Pressures: with Port 6 flow o GC T13 Location: Inlet Manifold
5 from material inlet: 15.522 peia T12 Location: Ambient
Material iniet Pressure: 15,507 psia T14 Location: Ambient
Materia/ CL Pressure: 15.449 psia T15 Location: Column skin
Maierial Exit Pressure: 15.384 psia D1 Locaton: na
DP Sensor Pressure: ma psia D2 Location: na
C1 Location: ra
Ambient Pressure: C2 Location: na

FIGURE 4-1 5A THERMAL CHARACTERIZATION TEST SPECIFICATIONS

42.1.1 FLOWIMOL Model Thermal Verification

The determination of heat transfer coefficients and verification of the single material flow-
through adsorption and desorption model, FLOW IMOL, is described in this section.

Variations of the heat transfer coefficients, H_OW and H_FW, were studied with the computer
model. Sensitivity to changes in H_OW is shown in Figure 4-2. Sensitivity to changes in H_FW
is shown in Figure 4-3. The test data for the bed outlet is shown as "T5 [°F]", while the model
output for variations in the heat transfer coefficient is labeled "T gas@5".

The final values selected for H_FW and H_OW were 2.5 and 0.25, respectively. The

comparison with test data is shown in Figure 4-4. The test temperatures for the bed inlet, center,
and outlet are labeled based on the measuring thermocouple as "T3 [°F]", "T4 [°F]", and "T5

32



September 1995 MDC 95W5104

[°F]" respectively. The corresponding model data is labeled based on node point as "gas T 5",
"gas T 50", and "gas T 101" respectively.

As shown in Figure 4-4, the FLOW1MOL thermal model can simulate test data very closely with
the adjustment of the heat transfer coefficients. To test the model's predictive capabilides,
another nitrogen heating test with different flow rate and heater set point should be run.
Independent simulation with FLOW1MOL and comparison of results would indicate predictive
accuracy.

Variations of thermai coefficent H_FW
(Heat transter from fiuid to canister wall)

200 |

180

s
180

140 [

Tempersase, °F

120

100

80

8o " n i i "
0 0.5 1 15 2

FIGURE 4-2 VARIATIONS OF H_FW FOR FLOWIMOL
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Variations cffr thermal coefficent H_OW

100 |

50

(Heat tr om outside to canister wall)
220
200
o |
180 :
A [
H 140 [
! : .
120 3 .
1o | ]
s° :'—o---/‘ f
so [ . J
0 0.5 1 1.5 2
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FIGURE 4-3 VARIATIONS OF H_OW FOR FLOWIMOL
05-17-94 Comparison
Thermal Verification
FLOWIMOL
H_FW =225 H_OW= 025
250
’(___,.—-vy/
200 - /;;’::—*:
| =
. .
5 150 i M
=

Toms, Howrs

FIGURE 44 FINAL THERMAL VERIFICATION OF FLOWIMOL FOR 5A
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4.2.1.2 2DMOL Model Thermal Verification

The determination of heat transfer coefficients and verification of the two-dimensional
adsorption and desorption model, 2DMOL, is described in this section.

Variations of the heat transfer coefficients, H_OW and H_FW, were studied with the computer
model. Sensitivity to changes in H_OW is shown in Figure 4-5. Sensitivity to changes in H_FW
is shown in Figure 4-6. The test data for the bed outlet is shown as "T5 [°F]", while the model
output for variations in the heat transfer coefficient is labeled "T gas@5". Note that the
sensitivity of the 2-dimensional model is greatly increased over that of the 1-dimensional model
as shown in the previous section. This can be expected due to the existence of radial nodes in
this model, allowing a radial gradient ‘in temperature. Since the H_FW is a function of
temperature, it changes along the axial direction of the packed column. Simulation of model with
the actual test shows that the prediction of H_FW by theoretical equation as it described in
Section 2. fits the temperature profile very well.

The final values selected for H_FW and H_OW were 0.3 and 0.25, respectively. The
comparison with test data is shown in Figure 4-7. The test temperatures for the bed inlet, center,
and outlet are labeled based on the measuring thermocouple as "T3 [°F]", "T4 [°F]", and "T5
[°F]" respectively. The corresponding model data is labeled based on node point as "gas T 5",
"gas T 50", and "gas T 101" respectively.

As shown in Figure 4-7, the 2DMOL thermal model can simulate test data very closely with the
adjustment of the heat transfer coefficients. The final value selected for H_FW, 0.3, however, is
an order of magnitude less than the theoretical value (4.0), calculated in Equation 2.86. This is
expected since in the actual adsorption test the bed temperature is around 100° F. Since the heat
transfer coefficient is a function of Reynolds number, it would be best to run several experiments
with different Reynolds number and fit the obtained results in a empirical equation.

Variations of therma! coetflcient H_FW
(Heat transfer from fiuld to canister wall)

250

200 | /,///":—; |
=
///‘"”’
" b /
; 150 i : %
I ,/
2
[ ERLARINLE
100 T 5 0.0 0.28
=== H Y1517 ]
—— 3 LA LE
po-rrrra —p—T 51 V.0 | 0.2
TP & 2.8 ] 0.28
S . e LX) LX)
50
0 0.5 1 1.5 2
Thvw, Hurs

FIGURE 4-5 VARIATIONS OF H_FW FOR 2DMOL
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Variations of thermal coefficient H_OW
(Heat transfer from outside to canister wall)
220
[
200 |
180 |
160 |-
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b —— - :
4 —_— 8| bt
80 —pteTi 8 Hov T
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FIGURE 4-6 VARIATIONS OF H_OW FOR 2DMOL
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FIGURE 4-7 FINAL THERMAL VERIFICATION OF 2DMOL FOR 5A
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4.3 Carbon Dioxide Adsorption

4.3.1 Molecular Sieve SA

The test ran on 01-26-94 will be used to verify the FLOWIMOL and 2DMOL bed models for
carbon dioxide adsorption. Test specifications are shown in Figure 4-8.

Two phenomenon were observed to occur during this adsorption test which are not generally
accounted for in mathematical models of this type.

The first phenomenon is the significance of bed channeling in the 1.875 inch ID cylindrical
column with sorbent pellets of 8-12 mesh (appx. 2 mm in diameter). The existence of significant
bed channeling is evident in Figure 4-9, which shows the breakthrough of CO; in the column.
Note the discrepancy in the breakthrough at the material exit centerline (labeled "Outlet") from a
point 5 inches downstream of the material exit ("Outlet Beads"). The downstream point
measures all gas exiting the column, mixed via turbulence through 5 inches of 3 mm glass beads.
Consistent with the assumption of flow channeling at the column wall, the breakthrough is earlier
for the mixed gas than at the column centerline. The two-dimensional model was developed to
account for the channeling, and to aid in derivation of a technique to intelligently apply a
channeling factor to the more CPU efficient single dimension models.

It is important to note that the presence of channeling will be much more pronounced in the SA
sorbent bed heater core. The heater core is configured such that a number of approximately 1/2
inch square channels contain the sorbent material. Channeling occurs at the walls of the packed
bed, and the sorbent bed channels have a very high ratio of pellet diameter to wall diameter,
which is the critical parameter for flow channeling. The two-dimensional model can be used to
simulate the actual 4BMS as long as a good estimate of 5A sorbent bed reactor core channeling
is available.

The second phenomenon observed is the importance of including nitrogen co-adsorption for
accurate modeling of the carbon dioxide breakthrough with nitrogen as the carrier gas. Figures
4-10 and 4-11 show the test data compared with modeling results with and without coadsorption
of N2. As seen in Figure 4-10, the initial adsorption of N2 on a empty bed creates a fast rise in
temperature over the entire bed. The higher bed temperature reduces bed CO; adsorption
capacity. N2 coadsorption also marginally reduces the bed capacity for CO;. As a result, the
carlier breakthrough curves shown in Figure 4-11 reflect the lower bed capacity for modeling
with N2 coadsorption. These results also correspond well to the actual test data in both figures.

4.3.1.1 FLOWIMOL Model Verification

The determination of input values, mass transfer coefficients, and verification of the single
material flow-through adsorption and desorption model, FLOW1MOL, is described in this
section.

Mode! inputs are shown in Figure 4-12. Determination of appropriate values for each non-
obvious input parameter are discussed below.

Inside Diameter: Based on 2 inch OD and wall thickness of 1/16 inch.
Wall Density: For canister wall, stainless steel

Void Fraction: Based on value given in Wright et. al. for Davison 5A
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Interfacial Surface Area: Based on Davison Chemical Co. supply.

Pellet Conductivity: Based on Davison Chemical Co. supply.

Pellet Specific Heat: Based on Davison Chemical Co. supply.

September 1995

Heat Transfer Fluid to Wall: Determined via thermal characterization test (see Sect. 4-2)

Adsorb Data Sheet

Start Time: 10:00 |Data File:
Sorbent Material: 8A|
Carrier Gas: N2]Notss:

01/26/94 CO2 on 13x

Another run like 01/19/84 to validate column repeatability

Sorbate Gas(es): e
Test Duration: 3 HRS|
Conductor(s): JG, JK|
Infet and initisi Conditions _GC Configuration
Carvier Flow Rate: 28.04 SLPM TCD Vent Flow 1: 8
CO2 Flow Rate: 2239 SCCM TCD Vent Flow 2: 8.7
init/Final inlet DP: cdegrees C Sample Flow @Port 5: 11
Inlet H20 Mole %: Detector Current: 150
Inlet ppH20: mmHg Column Catalog No.: C-5000
In CO2 %.: 0.774 TCO/DETT Temp.: 120/130
Inlet ppCO2: 8.14 mmHg INJ/COL Temp.. 1507100
Inital Bed Temp: 77.7 degress F Valve Heat Temp.. 117
Initial Ambient Temp: 77 _degrees F Temperatures:
Final Ambient Temp: 77 degrees F T6 Location: Matl. exit opp. scre
Bed Pressures: with Port 6 fiow to GC T11 Location: Exit in Beads
Inlet Manifold Pressure: 15.587 psia T12 Location: Ambient
Material iniet Pressure: 15.348 psia T14 Location:
Materiai CL Pressure: 15.312 psia T15 Location: Insulation Skin
Material Exit Pressure: 15.265 psia D1 Location: Coiumn exit
DP Sensor Pressure: 15.22 psia D2 Location: Column exit
C1 Location: Column exit
Ambient Pressure: psia C2 Location: Column exit
€02 Calibration:

Cal. Gas CO2% Vol:  0.39992%  in N2
Low Pressure Calibration: psia

H20 Area N2 Area

Sample 1: 12036
Sample 2: 12048 2739601

2739386

High Pressure Calibration: Em

H20 Area N2 Area

sample 1:[ 12300 | 2797320 |

FIGURE 4-8 SPECIFICATIONS FOR 01-26-94 CO; ADSORPTION TESTING
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FIGURE 4-9 CO; PARTIAL PRESSURES FOR 01-26-94 TEST

01-28-94 comparison.
with N2: solid line
without N2: dashed line

108 test data: symbols

100 i - 101 ]

95 10
v
g 3 1 \ -
‘E 90 -
= f T ]
80 [i -
7s L
0 0.5 1 1.5 2

FIGURE 4-10 CO, MODEL TEMPERATURE COMPARISONS WITH AND WITHOUT
NITROGEN COADSORPTION
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01-26-94 comparison
with N2: solid line
without N2: dashed line
test data: symbols

poCOR, miy

- Y

33 )
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FIGURE 4-11 CO, MODEL BREAKTHROUGH COMPARISONS WITH AND WITHOUT
NITROGEN COADSORPTION

Heat Transfer Outside to Wall: Determined via thermal characterization test (see Section 4-2)
Pellet Density: Based on Davison Chemical Co. supply.
Heat of Adsorption: Based on Davison Chemical Co. supply.

Masls Transfer Coefficients: Determined empirically based on comparison of test data to model
results

Results of the model comparison are shown by the solid lines in Figures 4-10 and 4-11. As is
evident, the comparison is very favorable. Note in particular the excellent agreement of
coadsorption temperature effects in Figure 4-10. The immediate temperature increase caused by
N2 adsorption is properly reflected by the model. In addition, although not exact in magnitude,
the subsequent dramatic drop at both the midpoint and outlet positions is also properly modeled.

Also note the proper change in slope of the breakthrough curve in Figure 4-12 from the midpoint
to outlet positions. This change is due to increasing bed temperatures and the subsequent
broadening of the mass transfer zone which is an indication of a nonequilibrium conditions
between the gas and solid phase during the adsorption of CO; on 5A material. The comparison of
the experimental data with models predicts the mass transfer coefficient of CO; to be .017 ft/hr.
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Variable Description Units Current Value
END final time hours 3
DELT1 time step hours 0.00100
NJ Number of nodes n/a 101
DELZ1 distance between nodes feet 0.0083333
TO Ambient temperature °R 537
GF Volumetric flow rate CH B5.5
TO Inlet temperature °R 537
NC Number of components 2
INERT Inert gas (1=N2; 2=He) n/a 1
P TOT Total inlet Pressure psia 15.89
BC C(1) Inlet partial pressure psia 0.12
BC C(2) Inlet partial pressure psia 0.00
BC C(3) Iniet partial pressure psia 18.77
BC C(4) Inlet partial pressure psia 0.00
Z Bed length_ feet 0.83333333
D E External Diameter feet 0.1666667
D | inside Diameter feet 0.15625
RO WA Wall Density Ib/ftA3 489
EPSEX void fraction (eta) dimless 0.35
AINT interfacial Surface Area ftA2/ftA3 635
CON S Peliet (solid) conductivity BTU/°F- 0.1
CP S Pellet (solid) specific heat BTU/°F-Ib 0.2
H FW Heat transfer fluid to wali 2.5
H OW Heat transfer outside to wall 0.1
RO S Peliet density b/ftA3 75
M_W(1) Molecular Weight Ib/tb-mol 44
M_W(2) Molecular Weight Ib/tb-mol 18
M W(3) Molecular Weight ib/Ib-mol 28
M_W) Molecular Weight_ lb/ib-mol 32
HEAT(1) heat of adsorption BTU/Ib-mole -20000
HEAT(2) heat of adsorption BTU/Ib-mole -30000
HEAT(3) heat of adsorption BTU/lb-mole -8600
HEAT(4) heat of adsorption BTU/b-mole -8988
K F(1) Mass Transfer Coefficent ft/hr 0.02
K _F(2) Mass Transfer Coefficent fvhr 0.003
K _F(3) Mass Transfer Coefficent f/hr 0.05
K F(4) Mass Transfer Coefficent ft/hr 0
IND(1) Indicator for CO2 present 1
IND(2) Indicator for H20 present 0
IND(3) indicator for N2 present 1
IND$42 indicator for O2 present 0

FIGURE 4-12 INPUT DATA SET "A" FOR FLOWIMOL COMPARISON WITH 01-26-94
TEST
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Variable Description Units Curmrent Value
LABEL(1) |Output Labels ppCO2
LABEL(2) pp N2
LABEL(3) gasT
LABEL(4) p tot
AOQUT(1) |C array indices to output 1
AQUT(2) 2
AQUT(3) 5
AQUT(4) 9
IOUT(1) Node locations to be output 5
1I0UT(2) 25
IOUT(3) 50
I0UT(4) 75
IOUT(5) 101
S B Cross sectional surface area ft*3 0.019175
CON WA | Wall thermal conductivity Buw/hr/fvR 32.875
CON WI Q 0.29
CON WI K 0.19
CP WA 0.109848
CP WI Q 0.21
CP_WI K 0.21 -
RO W! Q 3.5
RO Wi K 16
X WA Canister Wall Thickness feet 0.00541667
X Wi Q Q-felt insultation thickness feet 0.04166667
X Wil K K-felt insulation thickness feet 0.02083333
RA 0.0045893
RAV 0.0091785
EPSIN 0.317
RS 43
ALPHA1 575
RP 0.00472441
DP 0.00944882
BC L1 boundary temperature for fiuid 537
BC L2 boundary temperature for solid 537
BC L3 boundary temperature for canister wall 537
BC LS fluid pressure at each grid(?) 15.886
BC L6 15.886
IN_L1 inlet temperature for fluid 537
IN L2 inlet temperature for solid 537
IN L3 iniet temperature for canister wall 537
IN LS fluid pressure at each grid(?) 15.886
IN L6 15.886
R Gas Constant 10.73
Py - 3.141593
TEST 0

FIGURE 4-12 INPUT DATA SET "B" FOR FLOWIMOL COMPARISON WITH 01-26-94

TEST
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4.3.1.2 2DMOL Model Verification

The determination of input values, mass transfer coefficients, and verification of the two-
dimensional single material flow-through adsorption and desorption model, 2DMOL, is
described in this section.

Model inputs are shown in Figure 4-13 and 4-14.

Variable | Description Units Current Value
|[END final time hours 2
| DELT time step hours 0.00250
NJ Number of axial nodes n/a 51
NJR Number of radial nodes n/a 20
DELZ distance between nodes feet 0.01666666
TAMB Ambient temperature °R 537
G F Volumetric flow rate CH 55.6
O Iniet temperature °R 837
NC Number of components 2
INERT Inert gas (1=N2; 2=He) n/a 1
P TOT Total Inlet Pressure mmHg 789.43

P_C(1) Iniet partial pressure mmHg 6.13
P_C(2) Inlet partial pressure mmHg 0.00
P_C(3) inlet partial pressure mmHg 783.30
P_C(4) Inlet partial pressure mmHg 0.00
4 Bed length feet 0.83333333
D E External Diameter feet 0.1666667
D | Inside Diameter feet 0.155833
RO WA Wall Density Ib/ft*3 489
| EPSEX void fraction (eta) dimless 0.35
AINT Interfacial Surface Area fth2/ft"3 635
CP S Pellet (solid) specific heat BTU/°F-Ib 0.25
RO S Pellet density 1b/ft*3 75

M _W(1) Molecular Weight Ib/lb-mol 44

M_W(2) Molecular Weight Ib/ib-mol 18

M_W(3) Molecular Weight Ib/lb-mol 28

M_W(4) | Molecular Weight Ib/lb-mol 32

HEAT(1) heat of adsorption BTU/Ib-mole -18000
HEAT(2) heat of adsorption BTU/Ib-mole -28000
HEAT(3) | heat of adsorption BTU/Ib-mole -8988
HEAT(4) heat of adsorption BTU/b-mole -8988

K _F(1) Mass Transfer Coefficent ft/hr 0.02

K _F(2) Mass Transfer Coefficent ft/hr 0.0035

K_F(3) Mass Transfer Coefficent ft/hr 0.1

K _F(4) Mass Transfer Coefficent ft/hr ) 0.1

FIGURE 4-13 INPUT DATA SET "A" FOR 2DMOL COMPARISON WITH 01-26-94 TEST
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Variable Description Units Current Value
S B Cross sectional surface area f1r3 0.019069
CP_WA 0.109848
RA 0.00472441
RAV 0.0058
RHOS 75
ALPHA1 635
R P 0.0047244
D P 0.0094488
R Gas Constant 10.73
Pl 3.141593
UINS 0.354
HWALL 12
NC Number of components 2
T FO same as TO 537
| & 416975040
CON_St1 1
NP 125
PT same as PTOT 789.42569
[LEN same as Z 1.66667
VvOID B same as EPSEX 0.35
[ IND(1) ' 1
IND(2) 0
IND(3) 1
IND(4) . 0
IDESH 0
ISAT 0

FIGURE 4-14 INPUT DATA SET "B" FOR 2DMOL COMPARISON WITH 01-26-94 TEST

Results of the model comparison are shown in Figures 4-15 and 4-16. As is evident, the
comparison is very favorable. Note that two sets of mode] data are presented; averaged data and
centerline data. The centerline data for node 51 is the central node radially and the last bed
material node axially. Averaged data for node 51 is also at the last bed node axially, but is an
average of all the radial nodes. The averaged data is thus representative of gas after mixing in
the glass beads, or the test data labeled "Outlet Beads". Averaging of data was done by two
methods, Cubic Spline and Simpson integration (Gerald and Wheatley, 1984). It was found that
the Simpson integration method gives better results than the Simpson method.

Based on the above discussion, it is expected that centerline data - the line with filled markers in
Figure 4-15 - will compare with the small circular markers. As seen from the figure, this
comparison is indeed favorable. Average data should be compared with the small triangular
markers, and once again, this is a favorable comparison. As a result, it can be inferred that the
rwo-dimensional model does correctly model the channeling observed in this test.

As seen from Figure 4-16, the temperature comparison is also favorable. The increase in fidelity
of the two-dimensional model is evident by comparison of Figure 4-16 with the results from the
one-dimensional model in Figure 4-10. The 2DMOL simulation more closely follows the actual
temperature peak, both in time and in magnitude.
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Thp short time of breakthrough allows it to use IAST, even though it takes more CPU time than
using the Langmuir isotherm. A mass transfer coefficient of .017 fv/hr was used in predicting the
CO; breakthrough curve.

01-26-84 Comparison with 2DMOL
k_1=0.17

Holiow markers - centerline
Filled matkers - average
Small markers - test data

FIGURE 4-15 CO, MODEL BREAKTHROUGH COMPARISONS FOR 01-26-94 TEST
WITH 2DMOL RESULTS

01-26-84 Comparison with 20MOL
k_tw0.17
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FIGURE 4-16 CO, TEMPERATURE COMPARISONS FOR 01-26-94 TEST WITH 2DMOL
RESULTS
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4.4  Water Adsorption
4.4.1 Molecular Sieve SA
Adsorb Data Sheet
Start Time: Data File: 04/07/94 h20 in n2 on 13x adsorb
Sorbent Material: 13x
Carrier Gas: N2]Notes: Low partial pressure water vapor adsorb run
Sorbate Gas(es): H2O
Test Duration:
Conductor(s). HM.JG
iniet and initial Conditions ___GC Configuration
Carrier Fiow Rate: 28.04 SLPM TCD Vent Flow 1:
CO2 Fiow Ram: NA SCCM TCD Vent Flow 2:
Init/Final iniet DP: 3.8 degrees C Sample Flow @Port 5:
inlet H20 Mole %: 0.7803 Detector Current: 150
Iniet ppH20: 6.035198  mmHg Column Catalog No.: C-5000
in CO2 %: NA TCD/DETT Temp.: 120/130
Inlet ppCO2: #VALUE! mmHg INJCOL Temp.: 1507100
Initial Bed Temp: degrees F Valve Heat Temp.: 117
Initial Ambient Temp: degrees F Temperatures:
Final Ambient Temp: degrees F T6 Location: _ Wall at Midpoint
Bed Pressures: with Port 6 flow to GC T11 Location: Skin
Iniet Manifold Pressure: 15.587 psia T12 Location: Ambient
Material Iniet Pressure: 15.554 psia T14 Location: Beaker
Material CL Pressure: 15.505 psia T15 Location: _ Chiller
Material Exit Pressure: 15.456 psia D1 Location: Column exit
DP Sensor Pressure: 14.872 psia D2 Location: Column exit
C1 Location: Column exit
Ambient Pressure: 14.446 psia C2 Location: Column exit
H20 Calibration:
Curve Fit
Low Dewpoint H20 Area N2 Area Partial Pressure
-1.7 | sample1: 9654 2820155 405
degrees C Sampie 2: 9667 2827783 mm Hg
Medium Dewpoint H20 Area N2 Area Partial Pressure
10.6 | samplen: 22579 2809176 9.50
degrees C Sample 2: 22506 2810229 mm Hg
High Dewpoint H20 Area N2 Area Panial Pressure
18.2 | samplet1:] 36444 2791041 15.67
degrees C Sample 2: 36343 2789087 mm Hg

FIGURE 4-17 SPECIFICATIONS FOR 01-26-94 H,0 ADSORPTION TESTING

The test ran on 01-26-94 will be used to verify the FLOWIMOL and 2DMOL bed models for
water adsorption. Test specifications are shown in Figure 4-17. Breaktlirough for water is
shown in Figure 4-18. Note, as in the test of CO; adsorption, the discrepancy between
breakthrough at the material exit measured at the centerline and after gas mixing (marked "Exit"
and "Mixed" respectively). The extremely high affinity of zeolite 5A is also evident in the time

required for breakthrough.
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FIGURE 4-18 H,O BREAKTHROUGH FOR 04-07-94 TEST
4.4.1.1 FLOWIMOL Model Verification

The determination of mass transfer coefficients and verification of the single material flow-
through adsorption and desorption model, FLOW1MOL, is described in this section.

Model inputs are shown in Figure 4-19 and 4-20. Results of the model comparison are shown by
the solid lines in Figures 4-21 and 4-22. For breakthrough, the FLOW1MOL model compares
well with test data at the midpoint and fairly well at material exit, except as the breakthrough
curve approaches the inlet partial pressure. Deviations from the test data may be explained by
the lack of channeling modeled by FLOWIMOL. Channeling appears to have a greater
influence in water adsorption than CO;, perhaps due to the much longer duration of the
adsorption run. For temperatures, the comparison is also fairly good, especially during the
heating of the column.

47



MDC95W5104 September 1995
Variable Description | Units | Current Value
END final time hours 4
DELT1 time step hours 0.00300
NJ Number of nodes _n/a 61
DELZ1 distance between nodes feet 0.01388888
O Ambient temperature °R 532
G F Volumetric flow rate CHH 56.76
T0 inlet temperature °R 532
NC Number of components 2
INERT Inert gas (1=N2; 2=He) n/‘a 1
P _TOT Total Inlet Pressure ia 15.68
BC _C(1) Inlet partial pressure ia 0
BC_C(2) inlet partial pressure sia 0.116021
BC_C(3) Inlet partial pressure psia 15.56397
BC_C(4) inlet partial pressure psia 0
Z Bed length feet 0.83333333
D E External Diameter feet 0.1666667
D | Inside Diameter feet 0.15625
RO WA Wall Density Ib/ft*3 489
EPSEX void fraction (eta) dimless 0.35
AINT Interfacial Surface Area fta2/itr3 635
CON S Pellet (solid) conductivity BTU/Mr ft °R 0.1
CP S Pellet (solid) specific heat _BTU/hrib °R 0.2
H FW Heat transter fluid to wall 2.5
H OW Heat transfer outside to wall 0.1
RO S Pellet density lb/ftA3 75
M_W(1) Molecular Weight ib/ib-mol 44
M_W(2) Molecular Weight ib/lb-mol 18
M_W(@3) Molecular Weight ib/Ib-mol 28
M W(4) Molecular Weight ib/Ab-mol 32
HEAT(1) | heat of adsorption BTU/Nb-mole -19000
HEAT(2) | heat of adsorption BTU/Ib-mole -28000
HEAT(3) | heat of adsorption BTU/b-mole -8988
HEAT(4) heat of adsorption BTU/b-mole -8988
K_F(1) Mass Transfer Coefficent fi/hr 0.02
K_F(2) Mass Transter Coefficent f/hr 0.0025
K_F(3) Mass Transfer Coefficent fvhr 0.1
K _F(4) Mass Transfer Coefficent fhr 0
IND(1) Indicator for CO2 present 0
IND(2) indicator for H20 present 1
IND(3) Indicator for N2 present 1
IND(4) indicator for O2 present 0

FIGURE 4-19 INPUT DATA SET "A" FOR FLOWIMOL COMPARISO

TEST
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LABEL(1) ' Output Labels i "ppH20"
LABEL(2) "op N2"
LABEL(3) "gas T"
LABEL(4) "tot P"
AQUT(1) C array indices to output 1
AQUT(2) 2
AQUT(3) 5
AQUT(4) 10
IOUT(1) Node locations to be output 2
I0UT(2) 15
IOUT(3) 30
1I0UT(4) 45
IOUT(5) 61
S B | Cross sectional surface area 173 0.019175
CON_WA Wall conductivity BTU/r ft °R 32.875
CON WI Q Conductivity for Q-fiber BTU/r ft °R 0.29]
CON_WI K Conductivity for Min-K BTU/hr ft °R 0.19
CP_WA Specific Heat for wall BTU/hr Ib °R 0.109848
CP WL Q Specific Heat for Q-fiber BTU/r Ib °R 0.21
CP_WI K Specific Heat for Min-K BTU/hr Ib °R 0.21
RO Wi Q Density for Q-fiber Ib/ftA3 3.5
RO Wi K Density for Min-K b/ftA3 16
X _WA Canister Wall Thickness feet 0.00541667
X WLQ Q-fiber insultation thickness feet 0.04166667
X Wi K Min-K insulation thickness feet 0.02083333
RA not used 0.00472441
RAV not used 0.00472441
EPSIN Pellet macropore porosity 0.317
RHCS Pellet density Ib/ftA3 43
ALPHA1 not used 575
R P Pellet radius feet 0.00472441
DP Pellet diameter feet 0.00944882
BC_L1 boundary temperature for fiuid °R 532
BC L2 boundary temperature for solid °R 532
BC L3 boundary temperature for canister wall__| °R 532
BC LS fluid pressure at inlet psia 15.68
BC L6 fluid pressure at inlet psia 15.68
IN_L1 initial temperature for fiuid °R 532
IN_L2 initial temperature for solid °R 532
IN L3 initial temperature for canister wall °R 532
IN_L5 initial pressure at each grid °R 15.68
IN_L6 initial pressure at each grid °R 15.68
R (Gas Constant 10.73
Pl 3.141583
ITEST flag for calculation of flow properties 0

FIGURE 4-20 INPUT DATA SET "B" FOR FLOWIMOL COMPARISON WITH 04-07-94

TEST
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04-07-84 Comparison

H20 Adsorption on SA

model data: solid lines
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FIGURE 4-21 H,0 BREAKTHROUGH COMPARISONS FOR 04-07-94 TEST WITH
FLOWIMOL RESULTS

04-07-94 Comparison
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FIGURE 4-22 H;0 TEMPERATURE COMPARISONS FOR 04-07-941 TEST WITH
FLOW1IMOL RESULTS
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4.4.1.2 2DMOL Model Verification

The de.tcrmination of mass transfer coefficients and verification of the two-dimensional
adsorption and desorption model, 2DMOL, is described in this section.

Input data for the 2DMOL model for the 04-07-94 test are shown in Figures 4-23 and 4-24. The
results of the model comparison are shown by the solid lines in Figures 4-25 and 4-26. As
expected the center line breakthrough and temperature profile match the one-dimensional flow
model. The average breakthrough at the midpoint and the outlet of the bed are shown. The model
midpoint average is reasonably good, since the dispersion is moderate compared to the centerline
breakthrough. There was no test data point for the average component partial pressure at the
midpoint. This can not be done without the distortion of flow regime in the rest of the bed.

The result of the model for the average breakthrough at the outlet shows an early breakthrough
compared to test data for breakthrough of H2O/N2. This can be attributed to several factors. The
equilibrium isotherm, the porosity, and the radial diffusivity of H,0. This is also apparent from
an early breakthrough at the centerline of the bed. Any small deviation in isotherm measurement
causes an early/later breakthrough. The porosity variation effect is also a large contributor to the
early average breakthrough. In this study, The wall porosity was taken as .85 as it was suggested
in theoretical section. Monudin (1976) used a value of .54 in a packed reactor and had good
model result with test data. Therefore, it is possible that a smaller porosity value should be taken.
The third parameter that affects the average breakthrough is the radial diffusion of H,O in the
bed. Two different equations were used in this work to describe the radial diffusion as it
described earlier. The equation by Fahien (1954) predicts the average breakthrough better and
was used in this study. Even though this equation gave good result for the adsorption of CO2/Na3,
it is possible that it underestimates the water radial diffusivity.

A mass transfer coefficient of .0035 was used to predict the breakthrough curve. Langmuir
isotherm was used to predict H;O/N; isotherm.
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Variable | Description Units Current Value
| END final time hours 5
| DELT time step » hours 0.00250
NJ Number of axial nodes n/a 51
NJR Number of radial nodes n/a 20
DELZ distance between nodes feet 0.01666666
TAMB Ambient temperature °R 532
GF Volumetric flow rate CHH 56.12
O Inlet temperature °R 532
NC Number of components 2
INERT Inert gas (1=N2; 2=He) n/‘a 1
P_TOT Total Inlet Pressure mmHg 810.89
P_C(1) Inlet partial pressure mmHg 0.00
P_C(2) Inlet partial pressure mmHg 6.04
P_C(3) Inlet partial pressure mmHg 804.85
P_C(4) Inlet partial pressure mmHg 0.00
| Z Bed length feet 0.83333333
ID E External Diameter feet 0.1666667
Dl inside Diameter feet 0.155833
RO WA Wall Density Ib/ftA3 489
| EPSEX void fraction (eta) dimless 0.35
AINT Interfacial Surface Area ftA2/ftA3 635
CP_ S Pellet (solid) specific heat BTU/°F-Ib 0.25
RO S Peliet density Ib/ftA3 75
M_W(1) Molecular Weight Ib/Ib-mol 44
M_W(2) Molecular Weight b/Ib-mol 18
M_W@Q) Molecular Weight ib/lb-mol 28
M W(4) Molecular Weight Ib/Ib-mol 32
| HEAT(1) | heat of adsorption BTU/b-mole -18000
HEAT(2) | heat of adsorption BTU/b-mole -28000
HEAT(3) | heat of adsorption BTU/Ib-mole -8988
HEAT(4) | heat of adsorption BTU/Ib-mole -8988
K_F(1) Mass Transfer Coefficent ft/hr 0.017
K_F(2) Mass Transfer Coefficent f/hr 0.0035
K_F(3) Mass Transfer Coefficent fvhr 0.05
K_F(4) Mass Transfer Coefficent fvhr 0.1
ERROR1 0.00000001
ERROR2 » 1E-09

FIGURE 4-23 INPUT DATA SET "A" FOR 2DMOL COMPARISON WITH 04-07-94 TEST
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Variable | Description | Units { Current Value
S B | Cross sectional surface area ftA3 0.019069
CP_WA Wall specific heat 0.109848
RA not usec feet 0.00472441
RAV not used feet 0.0058
RHCS not used 75
ALPHA1 not used 635
RP Pellet radius feet 0.0047244
D P Pellet diameter feet 0.0094488
R Gas Constant 10.73
Pl 3.141583
UINS 0.354
HWALL 12
NC Number of components 2
T FO same as TO 537
€] 416975040
CON_S1 1
NP 125
PT same as PTOT 789.42569
LEN same as Z 1.66667
VOID B same as EPSEX 0.35
IND(1) 1

IND(2) 0
IND{(3) 1
IND{4) 0
IDES1 0
ISAT 0
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04-07-94 Comparison with 2DMOL Model
H20 Adsorption in S5A
average dsta: solid lines
test data: symbols
centeriine data: dashed lines

ppH20, mmHy

FIGURE 4-25 H,0 BREAKTHROUGH COMPARISONS FOR 04-07-94 TEST WITH
2DMOL RESULTS
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FIGURE 4-26 H,0 TEMPERATURE COMPARISONS FOR 04-07-94 TEST WITH 2DMOL
RESULTS
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4.5  Water and Carbon Dioxide Adsorption
4.5.1 Molecular Sieve 5A

Adsorb Data Sheet |
Swurt Time: Data File: 05/06/94 h2o and co2 in N2 on S5A adsord “
Sorbent Maserial: Sa |
Carrier Gas: N2{Nows: Low partial pressure water vapor adsord run |
Sorbate Gas(es): H20, CO2
Test Duranon;
Conductor(s): HM
inlet and inltia! Conditions GC Configuration
Carner Fiow Rate: 28.05 SLPM TCD Vent Fiow 1: R-2-15-AAA
CO2 Flow Rate: 107.9 SCCM TCD Vent Flow 2: R-2-15-AAA
intUFinal iniet DP: 4.5 degreas C Sampie Flow @Fort 5: R-2-15-AA
Iniet H2O Mole %: 0.7945 Detector Current: 150 mA
iniet ppH20: 6.290476 mmHg Column Catalog No.: C-5000 Alitech Cat.
In CO2 %: NA TCODETT Temp.: 120/130 degrees C
Iniet ppCO2: SVALUE! mmHg INJCOL Temp.: 1507100 degrees C
Initial Bed Temp: degrees F Vaive Heat Temp.: 117 degrees C
Initial Ambient Temp: degrees F Temperatures:
Final Ambient Temo: oegrees F T6 Location: Matl. outiet
Bed Pressures: with Port 6 flow to GC T11 Location: Beads outiet
iniet Manifold Pressure: 15.26 psia T12 Location: Ambient
Material intet Pressure: 15.31 psia T14 Location: Beaker
Materal CL Pressure: 15.36 psia T15 Location;: Chiller
Material Exit Pressure: 15.39 psia D1 Location: Column exit
DP Sensor Pressure:  14.74 psia D2 Location: Column exit
C1 Location: Column exit
Ambient Pressure: 14.362 psia C2 Location: Column axit

FIGURE 4-27 SPECIFICATIONS FOR 05-06-94 H,0/CO, ADSORPTION TESTING

The test ran on 05-06-94 will be used to verify the FLOW1MOL and 2DMOL bed models for
water and carbon dioxide adsorption. Test specifications are shown in Figure 4-27.
Breakthrough for water is shown in Figure 4-28. Note, as in the previous tests, the discrepancy
between breakthrough at the material exit measured at the centerline and after gas mixing
(marked "matl outlet” and "column outlet” respectively). The extremely high affinity of zeolite
5A is also evident in the time required for breakthrough. It is also evidenced by the fact that the
presence of CO3 is not evident by comparison of this figure with Figure 4-18, which shows water
breakthrough for a similar test, except without COx.

Figure 4-29 shows the centerline bed temperatures for the test. Note the early peaks resulting
from CO; adsorption around 0.5 hours.

Figure 4-30 shows the carbon dioxide breakthrough. The roll-up phenomenon is evident in this

graph, wherein the weaker adsorbate (CO,) is driven off the bed by the stronger (H20), resulting
in an outlet partial pressure greater than at the inlet.
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FIGURE 4-27 H20 BREAKTHROUGH FOR 05-06-94 TEST
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FIGURE 4-28 H,0/CO2 TEMPERATURES FOR 05-06-94 TEST
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FIGURE 4-29 CO, BREAKTHROUGH FOR 05-06-94 TEST
4.5.1.1 FLOWIMOL Model Verification

The determination of mass transfer coefficients and verification of the single material flow-
through adsorption and desorption model, FLOW IMOL, is described in this section.

Model inputs are shown in Figure 4-30 and 4-31. Determination of appropriate values for each
non-obvious input parameter is discussed below (values discussed in previous sections are
neglected).

Results of the model comparison are shown by the solid lines in Figures 4-32, 4-33, and 4-34.
For breakthrough, the FLOW1MOL model compares well with test data at the midpoint. At the
outlet, the model data (representing plug flow) falls, as expected, between the test data for the
outlet at the centerline and the outlet following mixing.

For temperatures, the comparison is also fairly good, especially during the heating of the column.
As noted for No/CO, adsorption, an early temperature peak corresponding to CO2 adsorption is
reflected by the model. In contrast to CO; adsorption, the temperature profile remains steady for
a large time and suddenly decreases. The period of steady state temperature profile indicates the
balance between the heat generated by heat of adsorption of H20 and the heat of desorption of
CO; and N, and the heat transferring to the wall of the packed bed. The sudden decrease of
temperature or the sharp breakthrough of E2O is the reflection of high affinity of water on 5A
material. This causes the adsorption of H,O to occur in a short length of the bed, with little
dispersion taking place. It is possible that in the case of water adsorption the assumption of
equilibrium between the gas phase and solid phase is valid to a large extend. Mass transfer
coefficients of .0035 ft/hr for H,0 and .017 ft/hr for CO, were used to predict the breakthrough

curves.

For carbon ¢:icxide breakizrough, the comparison of modei results and test data show that
FLOWIMOL properly models the trends exhibited in coadsorption, that is, the roll-up
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phenomenon observed earlier. Differences in magnitude are most likely due to the lack of
accuracy in the equilibrium isotherms and the approximate nature of the multi-component
isotherm equations. The accuracy is expected to improve as more precise isotherm data,
particularly on multi-component adsorption, is received. The Langmuir isotherm for mixture of
CO; and Hy0O was used which underestimates the loading of CO2and H20 on 5A. The IAST
predicts this loading much closer to the test data. Since the solution to the IAST isotherm is not
analytical it is costly in terms of CPU usage.

Variable Description Units Default Value | Current Vaiue

| END final time hours 3 4
DELTH time step hours 0.00100 0.00300
NJ Number of nodes n/a 101 61
[DECZA distance between nodes foet 0.0083333_| 0.01388888
O Ambient temperature °R §32.5 534.4
G F Volumetric flow rate CFH 62.82 57.9
IO iniet tempaerature °R 532.5 5344 |
NC Number of components

INER inert gas (1=N2: 2=He) n/a - 1 1
[P TOT Total Iniet Pressure psia 15.413 15.26
BC c() CO2 Iniet partial pressure psia 0.058 0.05647969
BC C(2) _IH20 Iniet partial pressure psia__ 15.354 | 0.12224371
BC C(3) N2 Iniet partial pressure psia__ 0! 15.0812766 |
BC Ci4) 02 Iniet partial pressure psia 0 0
2 Bad ienath teat 0.83333333 0.83333333
D E Extemal Diameter feet 0.1666667 0.1666667

D | Inside Diameter toot 0.15625 0.15625
1RO WA Wall Density loMA3 489 489
EPSEX void fraction (eta) dimless 0.373 0.35
AINT Interiacial Surtace Area A 2/MA3 635 635
[CON S Pellet (solid) conguctivi BTUPE- 0.1 0.1
CPS_ | 'F__Lﬂ_m‘—auez (solid) specitic heat BTUFF-b 02 0.2
H FW Heat transfer fiuid to wall 2.5 2.5
H OW Heat transter outside to wall 0.1 0.1
RO S Pellet gensity IoMtA3 70 75
M W({1) _ [Moiecular Weight Io/lo-mol 44 a4
M_W(@) Molecular Waight lo/ib-mol 28 18
M W(3) Moiecuiar Waeight lb/lb-mol 18 28
M_W(a) — JMolecuiar Weiaht To/ib-mol 32 32
HEAT{1) heat of adsorption BTUAb-mole -17000 -19000
HEAT(2) heat of adsorption BTUAb-mole -8988 -28000
HEAT(3) heat of adsorption BTU/b-mole -8988 -8988
HEAT(4) heat of adsorption BTU/b-mole -§988 -8988 |
K F(1) Mass 1 ranster Coefficant fnr 0.025 0.017 ||
K F(2) __|Mass Transter Coefficent jt/hr 0.05 0.0035
K _F3) Mass Transter Coetficent ft/nr 0 0.1
K Fg4) Mass Transter Coefficent t/hr 0 0
IND(1) indicator for Eﬁgﬁesem 1
rIN_D(ZL Indicator for H20 present 1
[IND(3) Indicator for N2 present 1
IND£4! Indicator for O2 present — 0

FIGURE 4-30 INPUT DATA SET "A" FOR FLOWIMOL COMPARISON WITH 05-06-94
TEST
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CABEL(1) /Quiput Laels “ppH20" "ppCO2°
LABEL(2) ! “pp N2* [*ppH20"
LABEL(3) “gas T “poN2"
ILABEL(4) | | "tot P~ I~gas T"
AQUT(1) IC array indices to output 1 1
AOUT(2) ! 2 2
AQUT(3) | 3
AQUT(4) 11 | 7
JOUT(1) INode locations to be output 5 2
IOUT(2) 10 15
1I0OUT(3) 30 30
IOUT (4) 35 45
IOUT(5) | 60 61
S B ICross sectional surface area 23 0.019175 0.019175
CON WA ! 32.875 32.875
CON WI Q| 0.29 0.29
CON WI K| 0.19 0.19
CP WA | 0.109848 0.109848
CP W QO | 0.21 0.21
CP Wl K ! 0.21 0.21
RO WI Q 3.5 3.5
RO WI K 16 16
X WA }Canistar Wall Thickness feet 0.00541667 0.00541667
IX WILQ |Q-felt insultation thickness feet 0.04166667 0.04166667
X WL K K-felt insulation thickness feet 0.02083333 0.02083333
RA 0.00472441 0.00472441
RAV 0.00472441 0.00472441
EPSIN | 0.317 0.317
RS 43 43
ALPHA1 575 57
RP 0.00472441 0.00472441
D P 0.00944882 0.00944882
BC L1 boundary temperature for fluid 532.5 532
BC L2 boundary temperature for solid 5§32.5 532
BC L3 boundary temperature for canister wall 532.5 532
BC L5 Itivid pressure at each grid(?) 15.413 15.68
BC L6 15.413 15.68
IN_L1 inlet temperature tor fluid 532.5 532
IN L2 inlet temperature for solid 532.5 532
IN L3 inlet temperature for canister wall 532.5 532
IN LS |fluid pressure at each grid(?) 15.413 15.68
IN L6 : 15.413 15.68
R Gas Constant 10.73 10.73
Pi 3.141583 3.1415693
MEST 0 0

FIGURE 4-31 INPUT DATA SET "B" FOR FLOW1MOL COMPARISON WITH 05-06-94

TEST
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05-06-94 Comparison
CO2 snd H20 adsorption on zeclite 5A with Nitrogen carrier gas
Simulation resuits: solid lines
v Experimental results: symbols
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FIGURE 4-32 H,0 BREAKTHROUGH COMPARISONS FOR 05-06-94 TEST WITH

FLOWIMOL RESULTS
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05-06-94 Comparison
CO2 and H20 adsorption on zeclite 5A with Nitrogen carrier gas
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FIGURE 4-33 H,0/CO, TEMPERATURE COMPARISONS FOR 05-06-94 TEST WITH
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05-06-94 Comparison using Lang. isotherm (6/13)
CO2 and H20 adsorption on zeolite 5A with Nitrogen carrier gas
Simulation results: solid lines
Experimental results: symbols
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FIGURE 4-34 CO, BREAKTHROUGH COMPARISONS FOR 05-06-94 TEST WITH
FLOWIMOL RESULTS

4.5.1.2 2DMOL Model Verification

The determination of mass transfer coefficients and verification of the two-dimensional
adsorption and desorption model, 2DMOL, is described in this section.

Input data for the 2DMOL model for the 05-06-94 test are shown in Figures 4-35 and 4-36.
Determination of appropriate values for each non-obvious input parameter is discussed below
(values discussed in previous sections are neglected).

Results of the model comparison are shown by the solid lines in Figures 4-37 and 4-38. As
expected the center line breakthrough and temperature profile match the one dimensional flow
model. The average breakthrough at the midpoint and the outlet of the bed are shown. The model
midpoint average is reasonably good, since the dispersion is moderate compare to the centerline
breakthrough. There was no test data point for the average component partial pressure at the
midpoint.

The result of the model for the average breakthrough at the outlet shows an early breakthrough in
compared to the test data for breakthrough of HoO/N3. This can be attributed to several factors:
the equilibrium isotherm, the porosity, and the radial diffusivity of H,O as were discussed in

H20/N2 adsorption.

The Langmuir isotherm was used to predict loading of the H20/CO; mixture on SA material.
Langmuir isotherm for mixwure of CO; and H,O underestmates the loading of CO2 and H20 on
5A. The IAST predicts this loading much closer to the test data. Since the solution to the IAST
isotherm is not analytical it is costly in terms of CPU usage.
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Variable | Description | Units i Current Value
END ' final time hours | 2
DELT i time step hours 0.00250
NJ Number of axial nodes n/a 51
NJR Number of radial nodes n/a 20
DELZ distance between nodes feet 0.01666666
TAMB Ambient temperature °R 534.4
G F Volumetric flow rate CHH 57.9
o] iniet temperature °R 534.4
NC Number of components 3
INERT inert gas (1=N2; 2=He) n/a 1
P_TOT Total inlet Pressure mmHg 789.26

P_C(1) Inlet partial pressure mmHg 2.92

P_C(2) inlet partial pressure mmHg 6.31

P_C(3) inlet partial pressure mmHg 779.94

P_C(4) Inlet partial pressure mmHg _ l 0.00
4 Bed length feet 0.83333333
D E External Diameter feet 0.1666667
D_| Inside Diameter feet 0.155833
RO WA Wall Density b/ft"3 489
EPSEX void fraction (eta) dimless 0.35
AINT Interfacial Surface Area frr2/1tA3 635
CP S Pellet (solid) specific heat BTU/F-Ib 0.25
RO S Pellet density Ib/ft*3 75

M W(1)} | Moiecular Weight Ib/lb-mol 44

M _W(2) Molecular Weight {b/lb-mol 18

M_W(3) Molecular Weight Ib/ib-mol 28

M W(4 Molecular Weight lb/tb-mol 32

HEAT(1) | heat of adsorption BTU/Ib-mole -18000
HEAT(2) ! heat of adsorption BTU/b-mole -28000
HEAT(3) | heat of adsorption BTU/Ib-mole -8988
HEAT(4) heat of adsorption BTU/Ab-mole -8988
K _F(1) Mass Transfer Coefficant fi/hr 0.017
| K F(2) Mass Transfer Coefficent fhr 0.0035

K_F(3) Mass Transter Coefficent fv/hr 0.05

K _F(4) Mass Transfer Coefficent ft/hr 0.1
ERROR1 0.00000001
ERROR2 1E-09

FIGURE 4-35 INPUT DATA SET "A" FOR 2DMOL COMPARISON WITH 05-06-94 TEST
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Variable | Description {  Units i Current Value
S B I Cross sectional surface area ft*3 0.019069
CP_WA Wall specific heat 0.109848
RA not used feet 0.00472441
RAV not used feet 0.0058
RHOS not used 75
ALPHA1 not used 635
R P Pellet radius feet 0.0047244
DP Pellet diameter feet 0.0094488
R Gas Constant 10.73
Pl 3.141593
UINS 0.354
HWALL 12
NC Number of components 3
T FO same as TO 534.4
< 416875040
CON _S1 % 1
NP 125
PT same as PTOT 789.42569
LEN same as Z 1.66667
VOID B same as EPSEX 0.35

IND(1) 1

IND(2) 1

IND(3) 1

IND(4) 0
IDESH1 0
ISAT 0

FIGURE 4-36 INPUT DATA SET "B" FOR 2DMOL COMPARISON WITH 05-06-94 TEST
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05-06-94 Comparison with 2DMOL Model
H,O and (:O2 Adsorption on 5A with N: carrier gas
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FIGURE 4-37 CO, BREAKTHROUGH COMPARISONS FOR 05-06-94 TEST WITH
2DMOL RESULTS

05-06-94 Comparison with 2DMOL Model
H,0 and CO, Adsorption on SA with N, carrier gas
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FIGURE 4-38 H,0/CO, TEMPERATURE COMPARISONS FOR 05-06-94 TEST WITH
2DMOL RESULTS



05-06-94 Comparison with 2DMOL Model
HzO and CO' Adsorption on 5A with N, carrier gas

average data: solid lines
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FIGURE 4-39 H,;0/CO, BREAKTHROUGH COMPARISONS FOR 05-06-94 TEST WITH
2DMOL RESULTS
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4.6  Carbon Dioxide Desorption

4,6.1 Molecular Sieve SA

Strip Desorb Data Sheet

September 1995

Start Time: | Data Fila: 01/27/84 CO2 13x strip
Sorbent Materiat 5A
Carrier Gas: N2 |Nctes: Desorplion of 01/26/54 1est
Sorbate Gas(es):
Test Duration: 3 HRS
Conductorts): JG
Iniet and Initisl Conditions GC Configuration
Carrier Flow Ratq: 28.04 SLPM TCD Vent Flow 1: 8 R-2-15-AAA
CO2 Row Rate: S TCD Vent Flow 2: 8.7 R-2-15-AAA
init /Final inlet DP: degrees C Sampie Flow @Port 5: 11 R-2-15-AA
Inlet H2O Mole %: Detector Cumrent: 150 mA
inlet ppH20: mmHg Coilumn Cataiog No.: C-5000 Amiech Cat.
in CO2%: TCO/DETT Temp.: 120/130 degrees C
Inlst ppCC2:  Need Dats  mmHg INJCOL Temp.: 150/100 degrees C
Initia) Bed Temp: 77 degrees F Vaive Heat Temp.: 117 degrees C
initial Ambient Temp: 77 degrees F Tempersatures:
Final Ambient Temp: 77 degrees F T6 Location: Matl. exit opp. screen
Bed Pressures: with Port 6 flow 10 GC T11 Location: Exit in Beads
Iniet Maniiold Pressure: 15.587 psia T12 Location: Ambient
Material Iniet Pressure: 15.348 psia T14 Location:
Maierial CL Pressure: 15.312 psia T15 Location: _ Insulation Skin
Material Ext Pressure: 15.265 peia D1 Location: Column exit
DP Sensor Pressure: 1522 peia D2 Location: Column exit
. C1 Location: Column exit
Ambient Pressure: _ psia C2 Location: _Column exit
FIGURE 4-40 SPECIFICATIONS FOR 01-27-94 CO, DESORPTION TESTING

The test ran on 01-27-94 will be used to verify the FLOWIMOL and 2DMOL bed models for
carbon dioxide desorption. Test specifications are shown in Figure 4-40. Breakthrough for CO,
and temperatures will be shown in the comparative plots in the following sections.

4.6.1.1 FLOWIMOL Model Verification

The determination of mass transfer coefficients and verification of the single material flow-
through desorption and desorption model, FLOW1MOL, is described in this section.

Model inputs are shown in Figure 4-41 and 4-42.

Results of the model comparison are shown by the solid lines in Figures 4-43 and 4-44. After the
bed was saturated with CO,, the regeneration process was started by using N as the purge gas. As
it is shown the effluent CO2 concentration has a sharp drop in the first few minutes and the slope
of the breakthrough flattens out as time goes by. The initial drop in temperature is due to heat of
desorption and finally reaches the inlet condition when there is no depletion of CO; from the bed.
The same mass transfer coefficient of .017 was used. Model predictions’ of temperature and
breakthrough agree well with test data. The IAST was used to predict the mixture isotherm of

CO2/N,.
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Variable | Description [ Units - Default Value | Current Value
END final ime hours r 3 2
DELT1 time step hours 0.0010C 0.00300
NJ { Number of nodes n/a 101| 51
DELZ1 | distance between nodes feet 0.0083333 0.016666
O] Ambient temperature °R 532.5 537

F Volumetric flow rate CHH 62.82 55,26
T0 iniet temperature °R 5§32.5 537
NC Number of components 2 2
INERT Inert gas (1=N2; 2=He) n/a 1 1
P_TOT Total inlet Pressure psia 15.413 15.265

BC _C(1) CO2 Inlet partial pressure psia 0.059 0.1185348
BC_C(2) H20 Inlet partial pressure psia 15.354 0
BC C(3) N2 !nlet partial pressure psia 0 15.265
BC C{4) 02 Inlet partial pressure | psia 0 0
4 Bed length feat 0.83333333 0.83333333
D E Extemal Diameter feet _0.1666667 0.1666667
D_| inside Diameter feet 0.15625 0.15625
RO WA Wall Density Ib/Mt*3 489 489
ePSEX void fraction (eta) dimless 0.373 0.35
AINT Interfacial Surface Area ftr2/1tA3 635 635
CON S Pellet (solid) conductivity BTU/°F- 0.1 0.1
CP S Peliet (solid) specific heat BTU/°F-ib 0.2 0.25
H FW Heat transfer fiuid to wall 25 2
H OwW Heat transfer outside to wall 0.1 0.1
RO S Pellet density 1b/ftA3 70 75

M _W(1) | Molecular Weight lb/b-mol ! 44! 44

M _W(2) Molecular Weight Ib/lb-mol 28 18

M_W(3) Molecular Weight lbAb-mol 18 28

M W(4) Molecular Weight Ib/lb-mol 32 32
HEAT(1) heat of adsorption BTUNb-mole -17000 18000

HEAT(2) | heat of adsorption BTU/Mb-mole -8988 28000
HEAT(3) heat of adsorption BTUAb-mole -8988 -8988
HEAT(4) | heat of adsorption | BTUAMb-mole -8988 -8988

K_F{1) Mass Transter Coefficent ft/hr 0.025 0.017

K_F(2) Mass Transfer Coefficent f/hr 0.05 0.0035

K_F(3) Mass Transter Coefficent ft/hr 0 0.05

K _F(4) Mass Transter Coefficent ft/hr 0 0

IND(1) indicator for CO2 present 1

IND(2) i r for resent 0
| IND(3) ! _Indicator tor N2 present 1
|_IND(4) Indicator for O2 present 0
IDES1 Flag to indicate if bed ungoing desorption 0
ISAT Flag to indicate prior saturation of bed _ 1

FIGURE 4-41 INPUT DATA SET "A" FOR FLOW1MOL COMPARISON WITH 01-27-94

TEST
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LABEL(1) |Output Labels "ppH20" ‘ppCO2'
LABEL(2) "pp N2* ‘ppN2'
LABEL(3) "gas T° ‘PpN2’
LABEL(4) *tot P" ‘gas T'

AOUT(1) C array indices to output 1 1
AQUT(2) 2 2
AQUT(3) 6 5
AQUT(4) Al 6
IOUT(1) | Node locations to be output 5 5
IQUT(2) 10 15
IOUT(3) 30 25

| IOUT(4) -35 35

I0UT(5) 60 51
S B Cross sectional surtace area ft*3 0.019175 0.019175
CON_WA 32.875 32.875
CON WI Q 0.29 0.29
[CON_WI_K 0.19 0.19
CP_WA 0.109848 0.109848
CP_WI Q 0.21 0.21
CP_WILK 0.21 .21
RO W' Q 3.5 3.5
RO WI K 16 16
X_WA Canister Wall Thickness feet 0.00541667 0.00541667
X W Q Q-felt insultation thickness feet 0.04166667 0.04166667
X WI K K-felt insulation thickness feet 0.02083333 0.02083333
RA 0.00472441 0.0045893
RAV 0.00472441 _ 0.0091785
EPSIN 0.317 0317
| RHOS 43 43
ALPHA1 575 575
B_P 0.00472441 0.00472441

DP 0.00944882 |  0,00944882
1BC L1 boundary temperature for fluid 832.5 537
BC L2 boundary temperature for solid 532.5 537
BC L3 -boundary temperature for canister wall 532.5 5§32
BC L5 fiuid pressure at each grid(?) 15.413 15.265
|BC L6 15.413 15.265
IN_L1 iniet temperature for fluid 532.5 537
IN_ L2 inlet temperature for solid 532.5 537
IN L3 inlet temperature for canister wall 532.5 537
IN LS fiuid pressure at each grid(?) 15.413 15.265
IN L6 15.413 15.265
R Gas Constant 10.73 10.73
Pl _3.141593 3.141593

TEST 0 0

FIGURE 4-42 INPUT DATA SET "B" FOR FLOW 1MOL COMPARISON WITH 01-27-94

TEST
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01-27-94 Compaerison run 06-10-95
CO2 desorption off zeclite SA with Nitrogen gas
Simuiation results: solid lines
Experimental results: symbols

TV rT

ppCOR, mmig

FIGURE 4-43 CO, BREAKTHROUGH COMPARISONS FOR 01-27-94 TEST WITH
FLOWIMOL RESULTS

01-27-94 Comparison run 06-10-95
CO2 desorption off zeolite SA with Nitrogen gas
mulation results: solld lines

78 Experimental resuits: symbois
: ; / .//
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FIGURE 4-44 CO, TEMPERATURE COMPARISONS FOR 01-27-94 TEST WITH
FLOWIMOL RESULTS
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4.6.1.2 2DMOL Model Verification

The dc'tcrmination of mass transfer coefficients and verification of the two-dimensional
desorption model, 2DMOL, is described in this section.

Input data for the 2DMOL model for the 01-27-94 test are shown in Figures 45 and 46.

Results of the model comparison are shown by the solid lines in Figures 4-47 and 4-48. The
model prediction of centerline and average breakthrough matches the obtained experimental data.
The temperature profile result of the two dimensional model also estimates the experimental data
fairly well. The few degree discrepancy between the model and experimental data is largely due
to thermal conductivity profile estimation which has a strong effect on radial temperature profile.
Trial and error must be used in order to obtain a corrected thermal conductivity equation. The
IAST was used to predict the COo/N2 mixture isotherm. A mass transfer coefficient of .017 ft/hr
was used for the prediction of breakthrough curve.

70

Variabie | Description Units | Current Value
| END final time hours 2
| DELT time step hours 0.00250
NJ Number of axial nodes na 51
NJR Number of radial nodes na 20
DELZ distance between nodes foet . 0.01666666 |
TAMB Ambient temperature °KR 537
GF Volumetric flow rate ’ CHH 55.6
).e) Inlet temperature °R 537
NC Number of components 2
INERT | Inert gas (1=N2; 2=He) na 1
P_TOT Total Iniet Pressure mmHg 789.43
P C(1) Iniet partial pressure mmHg 6.13
P C(2) Inlet partial pressure mmHg 0.00
P_C(3) Inlet partial pressure mmHg 783.30
P C{4) Iniet partial pressure mmHg 0.00
2 Bed length feet 0.83333333
D E _External Diameter foot 0.1666667
D_| Inside Diameter feet 0.155833
[RO WA __ | Wall Density [bAtA3 489
EPSEX void fraction (eta) dimless 0.35
AINT Interfacial Surface Area ftr2/4t13 635
CP S Pellet (solid) specific heat BTU/F-bb 0.25
RO Peliet density ib/tA3 75
M_W(1) Molecular Waight ib/b-mol 44'
M W(2) | Molecular Weight ib/lb-mol 18
M_W(3) | Molecular Weight Ib/lb-mol 28}
M_W(4) | Molecuiar Weight Ib/lb-mol 32“
HEAT(1) heat of adsorption U/lb-mo -18000
HEAT(2) heat of adsorption BTU/b-mole -28000
HEAT(3) heat of adsorption B8TU/b-mole -8988
‘ HEAT(4) heat of adsorption 8TU/b-mole -8988
K_F(1) Mass Transfer Coefficent fthr 0.017}
K _F(2) Mass Transfer Coefficent fi/hr 0.0035}
K_F(3) Mass Transfer Coefficent f/hr 0.05]f
K_F(4) Mass Transfer Coefficent fthr 0.1 “
[ERROR1 0.00000001
ERROR2 1E-08 “

FIGURE 4-45 INPUT DATA SET "A" FOR 2DMOL COMPARISON WITH 01-27-94 TEST
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Description | Units

Variable | | Current Value
S B | Cross sectional surface area ftA3 0.019069
CP_ WA | Wall specific heat 0.109848
RA | not used feet 0.00472441
RAV not used feet 0.0058
RHOS not used 75
ALPHA1 not used 635
R P Peliet radius feet 0.0047244
D P Pellet diameter feet 0.0094488
R Gas Constant 10.73
Pl 3.141593
UINS 0.354
HWALL 12
NC Number of components 2
T FO same as TO 537
< 416975040
CON _S1 1
NP 125
PT same as PTOT 789.42569
LEN same as Z 1.66667
VOID B same as EPSEX 0.35
IND(1) 1
IND(2) 0
IND(3) 1
IND(4) 0
IDESH1 0
ISAT 1
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FIGURE 4-46 INPUT DATA SET "B" FOR 2DMOL COMPARISON WITH 01-27-94 TEST
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01-27-94 Comparison with 2DMOL
CO2 desorption off zeolite SA with Nitrogen gas
Averaged Simulation Results: solid lines
Experimental Results: symbols
Centerline Simulation Resuits: dashed lines
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FIGURE 4-47 CO, BREAKTHROUGH COMPARISONS FOR 01-27-94 TEST WITH
2DMOL RESULTS
. 01-2784 Comparisen with 2DMOL
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FIGURE 4-48 CO, TEMPERATURE COMPSAUII{..I'?SONS FOR 01-27-94 TEST WITH 2DMOL
RE
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4.7  Water Desorption
- 4.7.1 Molecular Sieve SA
Strip Desorb Data Sheet
Start Time: Data File: 04/19/94 desord H20 from 13x, 04/19/94 stno H20 on 13x GC
Sorbent Material: 13x
Carrier Gas: N2iNows: Desorption of bed salurated on 4/18/94 at 16.2 mmHg H20
Sorbate Gas(es): wval Calibration data from 4/18 used for this fest.
Test Duration: 4.2 hours
Conducr(s): HM|
iniet and Initial Conditions GC Configuration
Carrier Fiow Rate: 28.04 SLPM TCD Vent Flow 1: R-2-15-AAA
Iniet Temperature 70 degrees F TCD Vent Flow 2: R-2-15-AAA
Init/Final iniet DP: degrees C Sampie Flow @Port 5: R-2-15-AA
iniet H20 Moie % Detector Current: 150 mA
inlet ppH20: mmig Column Catalog No . C-5000 Alitech Cat.
in CO2 %: TCO/OETT Temp.: 120/130 cegrees C
inlet ppCO2: mmig INCOL Temp.: 1507100 degrees C
inital Bed Temp: degrees F Vaive Heat Temp.. 117 degrees C
nital Ambient Temp: degrees F Temperatures:
Final Ambient Temp: degrees F T6 Locaton:
Bed Pressures: with Port 6 how to GC T11 Locaton:
Iniet Manifoid Pressure:  15.851+.188 pela T12 Locaton: Ambient
Matenal Iniet Pressure:  15.65+.188 psia T14 Location:
Material CL Pressure:  15.575+.188 psia T15 Location:
Mawrial Exit Pressure:  15.542+.188 psia D1 Location: Mixed
DP D1 Sensor Pressure:  15.068+.188 psia D2 Location: Miapoint
DP D2 Sensor Pressure:  15.098+.188 psia C1 Location:
— Ambient Pressure:  14.305+.183 psia C2 Location:
H20 Calibration:
Curve Fit T1 Locabon:
Low Dewpoint H20 Area N2 Area Partial Pressure T2 Location: Material inlet
0 | sample1: 11208 2718544 458 T3 Locavon: Miaooint
cegrees C Sampie 2: 11370 2719964 mm Hg T4 Locason: Material exit
T5 Location:
Medium Dewpoint H20 Area N2 Area Partial Pressure
9.9 | sampie1:| 21651 2703569 9.15
oegrees C Sampie 2 22061 2702918 mm Hg
High Dewnoint H20 Area N2 Area Partial Pressure
18.6 | sample1:{ 37971 2678608 16.07
osgrees C Sampie 2: 37415 2680533 mm Hg
Total Pressure: psia
20 GC ca P
Detection Peak Time: Minutes

FIGURE 4-49 SPECIFICATIONS FOR 04-19-94 H20 DESORPTION TESTING
The test ran on 04-19-94 will be used to verify the FLOWIMOL and 2DMOL bed models for

water desorption. Test specifications are shown in Figure 4-49. Breakthrough for H20 and
temperatures will be shown in the comparative p:ots in the following sections.
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4.7.1.1 FLOWIMOL Model Verification

The determination of mass transfer coefficients and verification of the single material flow-
through desorption and desorption model, FLOW1MOL, is described in this section.

Model inputs are shown in Figures 4-50 and 4-51. Results of the model comparison are shown by
the solid lines in Figures 4-52 and 4-53. The results of the partial pressure of H2O and
temperature profile of 1-D desorption model are not in good agreement with the test data. The
model shows a fast reduction of H,O partial pressure in the gas phase. A mass transfer
coefficient as large as .04 ft/hr, in contrast with .0035 ft/hr in the case of H,O adsorption, was
used. However, there shouldn't be such a large difference mass transfer coefficients in
adsorption versus desorption process for the same component. Even with this large mass transfer
coefficient , the desorption of H,O from the bed was not enough to increase the H2O partial
pressure in the gas phase. In contrast with adsorption process, any small discrepancy of H2O
partial pressure with test data will remain as an error throughout the completion of the test. In
adsorption any small error at any point in the bed, if it caused by the isotherm at some partial
pressure of the feed will be eliminated at a later time because of the correct value of isotherm at a
larger partial pressure of the feed. This can be seen from the early breakthrough of most works
done by previous researchers, (Hirpyuki, et al 1982, Rice, 1982). The obvious reason is that the
equilibrium isotherm at low partial pressures are being underestimated. It is also possible that
the adsorption/desorption of H2O on 5A material could be modeled based on the assumption of
equilibrium, where there is no resistance between the two phases. The other possible source of
error is how the H,O partial pressure was measured. Perhaps a more sensitive instrument should
have been used in the test.
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Variable ! Description i Units i Default Value 1 Current Vaiue
END final time hours 3 2
DELT1 time step hours 0.00100 0.00300
NJ Number of nodes n‘a 101 51
|IDELZY distance between nodes feet 0.0083333 0.016666
L) Ambient temperature °R 532.5 531
G F Volumetric fiow rate CHH 62.82 55.26
TO Inlet temperature °R 532.5 531
NC Number of components 2 2
INERT Inert gas (1=N2; 2=He) n/a 1 1
P_TOT Total Inlet Pressure psia 15.413 15.55

BC C(1) CO2 Inlet partial prassure psia 0.059 0
BC _C(2) H20 Inlet partial pressure psia 15.354 0.3132568
BC_C(3) N2 Inlet partial pressure psia 0 15.55
BC C(4) Q2 Inlet partial pressure | psia 0 _0
Z Bed length feet 0.83333333 0.83333333
D E External Diameter feet 0.1666667 0.1666667
D | Inside Diameter feet 0.15625 0.15625
RO WA Wall Density ib/ftA3 489 489
EPSEX void fraction (eta) dimiess 0.373 0.35
AINT Interfacial Surface Area RA2MA3 * 635 635
CON S Pellet (solid) conductivity BTUPF- 0.1 0.1
CP S Pellet (solid) specific heat BTU/F-b 0.2 0.25
H FW Heat transfer fluid to wall 2.5 2
H_OwW Heat transfer gutside to wall 0.1 0.1
RO S Pellet density 1b/ftA3 70 75

M W) Molecular Weight Ib/ib-mol 44 44

M W(2) Molecular Weight Ib/ib-mol 28 18

M_W(3) | Molecular Weight Io/tb-mol 18 28l

M W(4) Molecular Weight Ib/tb-mol 32 32

HEAT(1) | heat of adsorption BTU/Ib-mole -17000 -18000
HEAT(2) | heat of adsomtion BTUMAb-mole -8988 -28000
HEAT(3) | heat of adsorption BTUNb-mole -8988 -8988
HEAT(4) heat of adsorotion BTUMb-mole -8988 -8988

K_F(1) Mass Transfer Coefficent fi/nr 0.025 0.017

K F(2) Mass Transfer Coefficent fvhr 0.05 0.02

K_F(3) Mass Transfer Coefficent fi/hr 0 0.05

K _F(4) Mass Transfer Coefficent fhr 0 0

IND(1) indicator for CO2 present 0

IND(2) Indicator for H2O present 1

IND(3) Indicator for N2 present 1

IND(4) indicator for O2 present 0
IDES1 | Flag to indicate if bed ungoing desorption off
ISAT | _Fiag to indicate prior saturation of bed 1]

FIGURE 4-50 INPUT DATA SET "A" FOR FLOWIMOL COMPARISON WITH 04-15-94
TEST

75



MDC 95W5104 Septemnber 1995
LABEL(1) { Output Labels "ppH20" '‘ppCO2'
LABEL(2) “pp N2° 'ppN2'

| LABEL(3) "gas T" ‘PRN2’
LABEL(4) “tot P* ‘gas T
AQUT(1) C array indices to output 1 1
AQUT(2) 2 2
AQUT(3) & 5
AOUT(4) 11 8
IOUT(1) | Node locations to be output 5 )
I0UT(2) 10 15
I0UT(3) 30 25
QUT(4) 35 b 35
IQUT(5) 60 51
S B Cross sectional surface area ft*3 0.019175 0.019175
CON WA 32.875 32.875
CON Wi Q 0.29 0.29
ON_WI_K 0.19 0.1
CP_WA 0.109848 0.109848
CP Wl Q 0.21 0.21
CP_WI K 0.21 0.21
RO _WI Q 3.5 3.5
RO _WI K s 16 16
X_WA Canister Wall Thickness feet 0.00541667 0.00541667
X WL Q Q-telt insultation thickness feet 0.04166667 0.04166667
X WL K K-felt insulation thickness feet 0.02083333 0.02083333
BA 0.00472441 |
RAV 0.00472441 0.0081785
EPSIN 0.317 0.317
RHOS 43 43
JALPHA1 575 575 f
B_P 0.00472441 0.00472441
D P 0.00944882 0.00944882
BC L1 boundary temperature for fluid 532.5 531
BC L2 boundary temperature for solid 532.5 531
BC 13 boun i £32.5 531
BC LS fiuid pressure at each grid(?) 15.413 15.55
BC L6 15.413 15.55
IN L1 inlet temperature for fluid 532.5 531
IN L2 inlet temperature for solid 532.5 5§31
IN_L3 i i 532.5 531
IN_LS fiuid pressure at each grid(?) 15.413 15.85
IN_L6 15.413 15.55
R Gas Constant 10.73 10.73
Pl 3.141593 3.141583
| ITEST2 0 0
ITEST1 1

FIGURE 4-51 INPUT DATA SET "B" FOR FLOW1MOL COMPARISON WITH 04-19-94

TEST
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04-19-94 Comparison with FLOW1MOL
H20 desorption off zeclite SA with N2 gas
Simulation resulis: solid lines
Experimental Results: symbois
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FIGURE 4-52 H20 BREAKTHROUGH COMPARISONS FOR 04-19-94 TEST WITH
FLOWIMOL RESULTS

04-19-94 Comparison with FLOW1MOL
H20 desorption off zeclite 5A with N2 gas
Simuistion resuits: soiid lines
Experimental Resuits: symbois
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FIGURE 4-53 TEMPERATURE COMPARISONS FOR 04-19-94 TEST WITH FLOWIMOL
RESULTS
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4.7.1.2 2DMOL Model Verification

The determination of mass transfer coefficients and verification of the two-dimensional
desorption and desorpton model, 2DMOL, is described in this section.

Input data for the 2DMOL model for the 04-19-94 test are shown in Figures 4-54 and 4-55.
Results of the model comparison are shown by the solid lines in Figures 4-56 and 4-57. The
results of the partial pressure of H,0 and temperature profile of 2-D desorption model are better
than the 1-D model. The model shows a fast reduction of H,O partial pressure in gas phase as in
1-D model, but much closer to the test data. A mass transfer coefficient of .0035 ft/hr was
chosen as in the case of Hy0 adsorption. The same argument can be made as in 1-D on the
discrepancies between model results and the test data. However, since the 2-D results are in
better agreement with the test data, one can conclude the significant effect radial dispersion has
on the adsorption/desorption of H,0 on the 5A material. More study and accurate testing are
needed in the case of water desorption on SA material.

FIGURE 4-54 INPUT DATA SET "A" FOR 2DMOL COMPARISON WITH 04-19-94 TEST
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Variable Description Units Current Value
[END final time hours 5
DELT time step hours 0.00250
NJ Number of axial nodes n/a 51
NJR Number of radial nodes n/a 20t
DELZ distance between nodes feet 0.01666666||
TAMB Ambient temperature °R 532
G F Volumetric flow rate CAH 56.12
° Iniet temperature °R 532
NC Number of components 2
INERT Inent gas (1=N2; 2=He) na 1
P 10T ota! inlet Pressure mmHg 837.7811 .
P C(1) Inlet partial pressure mmHg 0.00]}
P _C(2) Inlet partial pressure - mmHg 16.2ﬂ
P_C(3) Inlet partial pressure mmhg 821.58
P C(4) Inlet partial pressure mmHg 0.00
Z Bed length feet 0.83333333}f
DE External Diameter feet 0.1666667]|
DI Inside Diameter teet 0.155833]|
RO WA Wall Density bMA3 489}
EPSEX void fraction (eta) dimiess 0.3501
AINT Intertacial Surface Area M3 635]|
CP S Pellet (solid) specific heat BTU/F-Ib 0.25
RO S Pellet density b/M*3 75
M_W(Q1) Molecular Weight IbAb-mol 44
M_W(2) Molecular Weight ibAb-mo! 18
M W(3) Molecular Weight {bb-mo! 28
M_W(4) | Molecular Weight Ib/b-mol 32
HEAT(1) | heat of adsorption BTU/b-mole -18000j
HEAT(2) | heat of adsorption BTU/b-mole -2eooo||
 HEAT(3) | heat of adsorption BTUAb-mole -8988
HEAT(4) | heat of adsorption BTUNb-mole -8988]|
K_F(1) Mass Transter Coefficent fi/hr 0.017
K _F(2) Mass Transter Coefficent ft/hr 0.004
K _F(3) Mass Transter Coefficent fvhr 0.05
K F(4) Mass Transfer Coefficent #/hr 0.1}
ERROR1 0.00000001}|
ERROR2 1E—09!l
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Units

Variable | Description i Current Value
S B Cross sectional surface area 23 0.019069
CP_WA Wall specific heat 0.109848
RA not used feet 0.00472441
RAV not used feet 0.0058
RHOS not used 65
ALPHA1 not used 835
R P Pellet radius feet 0.0047244
D P Peliet diameter feet 0.0094488
R Gas Constant 10.73
Pl 3.141593
UINS 0.354
HWALL 12
NC Number of components 2
T FO same as TO 532
< | 416875040
CON_S1 1
NP 125
PT same as PTOT 837.7789
LEN isame as Z 1.66667
VOID B same as EPSEX 0.35
IND(1) 0
IND(2) 1
IND(3) 1
IND(4) 0
IDESH 0
ISAT 1
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FIGURE 4-55INPUT DATA SET "B" FOR 2DMOL COMPARISON WITH 04-19-94 TEST
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04-19-84 Comparison with 20MOL
H20 desorption on zeolite SA with N2 carrier gas
oliow markers - centerline
Filled markers - averags
Smali markers - test data
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FIGURE 4-56 BREAKTHROUGH COMPARISONS FOR 04-19-94 TEST WITH 2DMOL
RESULTS

04-19-94 Comparison with 2DMOL
H20 desorption on zeolite SA with N2 carrier gas
oliow markers - centerline
Small markers - test data
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FIGURE 4-57 TEMPERATURE COMPARISONS FOR 04-19-94 TEST WITH 2DMOL
RESULTS
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48 FLOW3MOL MODEL RESULTS

The FLOW3MOL model represents the 4BMS desiccant beds, with the capability to model three
different layers of sorbent material stacked in a single packed bed. The FLOW3MOL model was
run for demonstration purposes configured for a packed column of the approximate size of the
MSMBT apparatus. No reliable test data is currently available to compare these results with, so
they are presented without comparison.

Figure 4-58 shows results from the FLOW3MOL model run for CO7 breakthrough. The location
of the breakthrough points are at the end of 13X, middle of Silica gel, end of Silica gel, middle of
13X, and end of 13X materials. As can be seen the CO; breakthrough occurs very fast for the
first section of bed because of presence of water. No CO; adsorption takes place on Silica gel
material. CO, is desorbed on the last section of the bed, 13X. Since for some period of time all of
the H,O would be adsorbed on Silica gel, flow passes to the last section of the bed without water.
This gives the opportunity for CO2 being adsorbed there. As silica gel is saturated with HaC,
water will pass to the 13X and this cause the roll-up of CO;.

Figure 4-59 shows results from the FLOW3MOL model run for H2O breakthrough. It can be
seen the H,O breakthrough at the exit of Silica Gel material is sharp at low partial pressure and
disperse at higher partial pressure of H,O. This is caused by the Silica gel equilibrium isotherm
which dose not have high affinity for H2O at low partial pressure in compare to 13X. However it
has more capacity for adsorption at higher partial pressures of H,0.

Figure 4-60 shows results from the FLOW3MOL model run for temperature. The figure shows

the sharp increase and decrease of temperature at the beginning of the bed as it expected and a
steady temperature for sometime on 13X section which is the same profile as in 13X-single bed.

FLOW3MOL Mode! Resulls
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FIGURE 4-58 CARBON DIOXIDE BREAKTHROUGH RESULTS FOR FLOW3MOL
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FLOW3MOL Model Results
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FIGURE 4-59 WATER BREAKTHROUGH RESULTS FOR FLOW3MOL
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FIGURE 4-60 TEMPERATURE RESULTS FOR FLOW3MOL
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49 VACMOL Model Results

The VACMOL mode] represents the 4BMS 5A sorbent beds, with the capability to model
thermal/vacuum desorption for a packed bed. The VACMOL model was run for demonstration
purposes configured for a packed column of the approximate size of the SA sorbent beds in the
Life Test sBMS. No reliable test data is currently available to compare these results with, so
they are presented without comparison.

Figure 4-61 shows temperature prediction results from the VACMOL model. The constant heat
input into the vacuum chamber causes a steady rise of temperature as time progresses.

Figure 4-62 shows results from the VACMOL model run for HyO and CO» partial pressures.
Initially the bed is saturated with CO;, H20, and N, at atmospheric pressure and temperature. In
order to simulate the actual bed performance a pressure boundary condition of 25 mm Hg was
chosen. The sudden decrease in pressure is caused by outflow of N2. The partial pressure of CO;
and H,O start rising as heat being input to the vacuum chamber. Since CO» is less adsorbent
than H,0, it starts coming off the bed sooner and depleted off the bed in very short time.

Figure 4-63 shows results from the VACMOL model run for total pressure. A sudden decrease in
total pressure to the boundary condition value is an indication that pressure is being transferred
along the bed in very short time. After a minima, the pressure start rising because of desorption
of CO, and H,O from the bed as temperature increases.

The model is written in a such a way that any velocity, caused by differential pressure, will not
exceed the choke velocity. As shown in Figures 4-64 and 4-65, the velocity profile starts from a
very high value, because of large pressure gradient along the bed, to a minima after a very short
time. The minima corresponds to a minima of pressure gradient in the bed. The velocity starts
rising as CO, and H,O are desorbed off the bed. This makes the pressure increase inside of the
bed, creating a differential pressure with the boundary pressure. Given the profile of pressure and
velocity along the bed, it is reasonable to say that variation of these two variables along the bed
is not significant. For simulation of the actual 4BMS a lumped velocity and pressure could be
used.

VACMOL Results
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5.1

SECTION 5
CONCLUSIONS AND RECOMMENDATIONS

Conclusion

Based on analytcal and experimental investigation of convective flows in porous media the
following conclusions are drawn:

1.

5.2

The experimental results from the laboratory scale-fixed bed adsorber are quanttatively
consistent with the one-dimensional model at the column center. The average
concentration of cross sectional bed obtained by test result deviates from the column
center concentration appreciably. This indicates the strong effects of porosity variation
along the radial direction of column bed on the temperature, concentration, and velocity
field. These observations resulted in the decision to model the dynamic behavior of the
column in two-dimensions.

The two-dimensional model demonstrates the importance of non-darcian momentum and
porosity variation on the flow distribution, concentration, and temperature in the radial
direction of the bed. The two-dimensional model not only predicts the concentration and
temperature profile at the column center well, but it also predicts the average
concentration reasonably well.

A linear driving force mass transfer model provides a reasonable fit to the experimental
adsorption and desorption.

The concentration of a key component, CO,, is affected by the presence of the non-key
component, N2, in CO,/N; adsorption. CO, effluent concentration overshoots its inlet
concentraton because of H20 displacement (more easily adsorbed) component. The
height of this roll-up is increased with the inlet concentration of H»O component.

Comparison of model results with test data shows the created models can be accurately
used for modeling of the actual 4BMS.

The two-dimensional model can be used to simulate the actual SA bed of 4BMS, which
contains an array of approximately 1/2 inch square channels, for porosity variation.

The IAST equilibrium predicts the breakthrough curve much closer to the test data than
the Lanmuir-Fredlitch theory for mixtures of CO,/N; and CO,/H;0.

Recommendations

Since the PDE's of the two-dimensional model are a strong function of porosity, research
into the velocity variation is obviously important.

Because of transient behavior of adsorption processes, the CPU usage of the two-
dimensional model is very large. Attempts should be made to convert the two-
dimensional model to a one dimensional model by choosing the appropriate functions to
describe the concentration, temperature, and velocity field in the radial direction of the

column.

The solution to IAST functions relies on a =ial and error type. This costs a large amount
of CPU time. Further study should be done to eliminate this barrier.
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4. Thermal vacuum description is the regenerative mode of the actual 4BMS 5A sorbent
beds. Experimental data is needed to verify the model. ‘

5. Literature shows that a pressure swing process which only uses two beds is more efficient
than any other adsorption/desorption process. Research should be done to convert the
4BMS to a2 2BMS.

6. More recent isotherm data, obtained from the same sorbent that is expected to be used for

the actual flight 4BMS system, has recently become available. This sorbent data should
be incorporated into the models developed in this study.

7. The models developed during this study have been shown to model the processes present
in the 4BMS to a very reasonable degree of accuracy. Therefore, they should be
incorporated into an integrated 4BMS for the purpose of analyzing and optimizing the
4BMS system.
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APPENDIX A
DERIVATION OF IAST EQUATION (EQ 2.8)

Knowing that the spreading pressure is related to temperature and the amount adsorbed on the
solid by

ﬂ(P;)A =J‘st-dp.
RT *»Pp

eq2.4
and assuming the adsorbed phase obeying Langmuir-Freundlich isotherm
. _q.BP"
hE1BP
X eq 2.2
the spreading pressure can be obtained as
T . A . . LT
(P,) ._=J" &_dpl = I" q,B/P, __dP,
RT 0 P, 0 P.(l + B|P| l) eq Al
therefore « is
= ﬂﬂmtln(l +BP™)
A n eq A.2
* solving for P,
1
exp(El;A__]— 1 I
* qlnl RT
P =
B, eq A3
knowing the fact that
P =Py, = p;(n)xl
eq 2.6
substitution of eq 2.23 into 2.6, and solving for x;
X Py,
1= T
expl A |1 [ A4
qnl RT Cq
BI
knowing that
x,=)y=1
2 l 2 l eq2.7

A-1



equation 2.8 will result

S Py,

Inl
exp(—’—ﬂ:An ) -1

RTq-l

B,

A-2

eq2.8



APPENDIX B

DERIVATION OF MOMENTUM, ENERGY, AND MOLAR CONCENTRATION
BALANCES FOR TWO DIMENSIONS

In order to derive the mass, energy, and momentum balances for adsorption packed column in
cylindrical coordinates, the conservation laws were set over a thin "shell” of fluid. In all of
conservation laws the balances are:

(time rate of

rate production or
change of i

]= (rate of i in ) — (rate of i out)+(

dissipation of i eq B.1

where i could be momentum, thermal heat, or molar mass of component i. After a balance is
made on a shell of finite thickness, the limit is taken as the spatial dimensions approach zero. As
a result of this, a differential equation is generated which describes the time rate of change of a
particular variable.

In this study, the diffusion of momentum, heat and molar mass was taken into account not only
in the axial direction but also in the radial direction.

For developing the conservative equations the following assumptions were made:

1. The gas phase is dilute and follows ideal gas law

2. Axial and radial conduction within column wall is neglected
3. The adsorbent peliet can be modeled as sphere

4. The temperature within the pellet is uniform

5. The radial convection is negligible

B.1  Conservation Of Molar Mass Of Component i In The Mixture

In developing the molar mass balance of component i in the mixtures which is being adsorbed by
pellet particles within the packed bed, the fluxes of component i take place by diffusion and
convection in axial direction and only by diffusion in radial direction, since the radial convection
is negligible. The rate of disappearance of component i in the mixture is by diffusion of i at the
surface and into the pore and the solid part of the particles. Writing the molar mass conservation
of component i

£2nrArAx éaEtL =€2nrArN,| —e2nrArN,| +e2nAxrN.| —e2nAxrN|,, -

r+Ar

(1-e€)2nrArAxr, eq B.2

Collecting the terms and dividing by €2 arArAx

3C, __(Nhw=NL) (Nl -rNL) a-o)
ot Ax rAr e ! eqB.3

Take the limit as Ax and Ar go to zero
oC, _ _BNL, _ o(rN,,) _(1-¢) r

ot Ax rAr £ ch.4

B-1



Knowing that
oC

Nl.x = _Ddr,.x ? + uxcl
Nl.r = —Ddf..r %(':'_L + urcl Cq B'S

where the second term, the convection term in the radial direction, is negligible. Substitution of
fluxes into the above equation

a_CL=D.“JiC;L_B(uC!)+ - d (rGC,)_(l-t-:)l_l
ot vt oox ox “"ror or [ A GQBG

The derivation for one dimensional molar mass balance is the same as above except that the third
term on the right hand side, flux due to radial diffusion, is not considered.

B.2 Conservation Of Energy Of Fluid Flow

Energy transfer in fluid phase is by convection in the axial direction and by diffusion in axial and
radial directions. Energy is also being produced by heat of adsorption of components in the
particle. Energy is being transferred to the wall of column by an overall heat transfer coefficient.
Writing the energy balance for the gas phase

aT
e2rrArAxp,c,, -5'- = e2nrAr(q— p,c"u,T')L —e2rrar(q-p,cu, T, )Lm +

e2nrAx(q - p;cn“rTl)L — E21rAX(q - p,Cyett, T, )lnu -

(1-e)2xrAraxh,a,(T, - T,) cq B.7
Collecting the terms and dividing by £2arArAx
aT, (q+p,c,u,T, )Lm -(q+p,c,u,T, )L
PsCre ot = AX -
r(q+p,c,.u, T, )Lm -r(q+ p.cnu,'l‘.)lr
rAr -
1-8)p a,(T,-T.)
€ eqB.8
Take the limit as Ax and Ar go to zero and ignoring the radial convection
dT oq ou,T,) o(rq.) (1-¢)
—_—s =% _ Sl LA e _ -
Pm 5 =3 P yor e (T T) eqB.9



Knowing the fluxes are

- aTi
qx f,x ax
oT
q, =k, ar: eq B.10

Substitution of fluxes into the above equation
oT, o'T o(uT,) 9 OT, (1-¢)
Zt_k —t_ 2k Ly 2" ha(T.-T
Pen 5 = K g P 5 R g — R, -~ T eqB.11

The derivation for one dimensional heat balance is the same as above except that the third term
on the right hand side, flux due to radial diffusion, is not being considered. And, a dissipation
rate of energy to the column wall must be added to the above equation.

B.3  Conservation Of Energy Of Solid Phase

Energy transfers in solid phase by diffusion in axial and radial directions. Energy is also being
produced by heat of adsorption of components in the particle. Energy is being transferred to the
fluid phase by an overall heat transfer coefficient. Writing the energy balance for the solid phase

2nrArAxp,c,, LA 27rAr(q)|, - 27rAr(q),, . +27rAx(q)|, - 27rAx(q),,,, -

2nrArAxh,a, (T, -T,) - ZmArsz AHr,
=1 eq B.13

Collecting the terms and dividing by £2arArAx

. @..-@H) r),, -r@q) J
o —t=—-—" x — = r—ha,(T,-T,)- ) AHr eq 4.14
" ot Ax rAr s .Z,’ o
knowing the fluxes
oT
=-k  ,—t
qx 5,X ax
oT
==k ) cq B.14
ql‘ 8,F ar

inserting fluxes in equation
oT 0T d, dT C
s _k T4k —(r—%)- (T.-T,)- > AH
PiCr ot »* ox? T e ro r or ) h'a' ¢ ') g{ i . eq B.15

The derivation for one dimensional heat balance for the solid pnase is the same as above except
that the second term on the right hand side, flux due to radial diffusion, is not being considered

B-3



B.4  Conservation Of Energy Based On An Effective Conductivity

When the temperature difference between fluid and particle phases is neglected, column
temperature can be derived by summation of eqs B-11 and 4.15.

o’'T o(uT,)
(ep,c,, +(1-E€)p, ) =&k, , — +ek,,, —)-(1-¢)) AHr
PeCre PiCpe a3 T T &Py ox EK g, a( ) ( g;t !

eq B.16

where kx off and kr ofr are the effective thermal conductivity in the axial and radial direction in

the packed column, which are
kd’f,x = kl,x + kf,x

kd'l’,r = kl.r + kl,r €q B.17
The derivation for one dimensional-homogeneous heat balance is the same as above except that

the third term on the right hand side, flux due to radial diffusion, is not considered. And, a
dissipation rate of energy to the column wall must be added to the above equation.

B.5 Total Mass Balance

Assuming ideal gas law C, = PAT and knowing ZP, = p, the component mass balance
equation can be recast into an overall mass balance equation, substitution of C; into eq 2.10 and
carrying out the derivatives yields to

DL
RTg
D 9P, _DP [, ps( ) 28T, ), 1 P, _ P T,
RT, ox* R Bl ox Eoox? RT, ot RT: ot
u JP, uP 3T,+ P, é+ —ea_d,=0
RT, ox RT: ox RT,ox & ot
eqB.18
neglecting the second term and multiplying by RTg , the above equation reduces to
oP, o°P, c?P ou P dJT, T dT, 1- eaq
= - Lo P 3 1
ot D'3x2 ox l'ox T(&t D'ax2+“ax -RT, e ot eqB.19

summation of the above equation over all the components and knowing that ZP, =p, the
equation for total pressure is

®P__ PP P _du P(AM__PT_ I > 3
=p L W _pH, 2| p I _grl=tyoq
a0 Y TaTT (at o ax) e oot 0q B.20



APPENDIX C
DESCRIPTION OF COMPUTER PROGRAMS

Four FORTRAN computer programs are presented in this report. The first is a two-dimensional
model of flow adsorption/desorption in a packed bed. The second is a one-dimensional model of
flow adsorption/desorption in a packed bed. The third is a model of the thermal vacuum
desorption. And the last is a tri-sectional packed bed with two different sorbent materials. The
programs are capable of simulating up to four gas constituents for each process. If it is necessary
to simulate more constituents, minor changes are needed in a few subroutines.

C.1 Two Dimensional FORTRAN Program

A flow chart of the two-dimensional modeling of flow adsorption/desorption is shown in Figures
C-1 and C-2. This program simulates the two-dimensional adsorption and desorpton of a fixed-
bed column 10 inches long and 1.87 inches in diameter. The model simuiates four constituents
with variadons in radial velocity and porosity. The users supply initial and boundary condition in
the INITIAL subroutine. If it is necessary to run the model with a larger diameter or length, the
number of grids must be specified in the INITIAL subroutine.

For each time step the temperature dependent parameters (density, conductivity, viscosity, etc.)
are recalculated. If the temperature change is not significant in the packed bed during the
simulation, the user can specify that these parameters will not be recalculated.

Solid-gas equilibrium for the pure components are predicted by the Langmuir-Freundlich
isotherm. For mixtures, two types of solid-gas equilibrium are impiemented in the program. One
is based on the Langmuir-Freundlich isotherm for mixtures. The second prediction uses the IAST
isotherm. The IAST model has an iterative solution and is CPU time intensive. The user can
switch an indicator to chose the desired isotherm method.

The energy balance includes the heat lost to the surroundings. For an adiabatic simulation of a
packed bed, the heat transfer coefficient between the wall and the surroundings equal is set to
zero.

Heat transfer is assumed between the solid, fluid flow, and the wall of the column. The program
is also capable of simulating the heat transfer bed based on an effective conductivity. In this case
a thermal equilibrium between solid and fluid flow is assumed. Axial and radial conductvity is
included in the model. These parameters vary along the radial and axial direction based on the
porosity variation. The program is also capable of making these parametcrs constant by
switching the proper indicator.

Mass transfer is simulated with a lumped resistance model. This resistance is obtained by
matching experimental breakthrough curves with the results of the model.

This model uses the UNDER-RELAXATION method for calculation of all variables in the
PDE's, except the velocity and the pressure which are computed by the NEWMAN method. The
total numbers of equations involved for four components is 13.
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A list of program variables is given below with a brief description.

Variabie
LL
T_Time
S(i,j,k)

P(i,j.k).

L1

L2

L3

L4

LS

16

PT
NCOMP
INERT
EPSEX
TAMB
RHOS

Zz
vOoID_B

U'U
m—

w
{01]

O
Q
5

RO_WA

39
wnw

!
00

= O

6o

at(i)

(0]

_‘
Oa'n

Bz® 297
s

Description
Time step index
current time

matrix variable; i=variable 1D; j=axial various

grid number; k=radial grid number
Old of S array

gas temperature

solid temperature

wall temperature

velocity

pressure

pressure

pressure

number of components

type of carrier gas 1=n2; 2=He
porosity

outside temperature

particle density

bed iength

porosity

inside bed diameter

outside bed diameter

cross sectional area of bed

heat capacity of wall

density of wall

heat capacity of particle
density of particle

particle radius

particle diameter

heat of adsorption for each component
number of components
volumetric flow rate

inlet temperature

inlet component partial pressure
initial temperature

ideal gas law constant

constant

molecular weight

gravitational constant

mass transfer coefficient

grids number in axial direction
grids number in radial direction
grid size in axial direction

time step

peliet conductivity
convergence criteria

C4

Units Type
none Int
minutes real
various

R real
R real
R real
ft/hr real
psia real
psia real
mmHG real

dimensionless int
dimensionless real
sq fcu ft real

R real
Ibs/cu ft real
ft real
sq ft/cu f real
ft real
ft real
f1 real
BTU/F/LB real
ib/cu # real
Btu/lb-F real
ib/cu ft real
ft real
ft real

BTU/Ib mole real
dimension less int

cu f¥min real
R real
psia real
R real
ibf/sq ft .lbreal
mol/cu ft/R

3.14 real
Ib/mole real
in hr real
ft/hr real

dimensionless int
dimensionless int

ft real
hr real
BTU/hr/ft/F real
various real

real*13

real*13



A list of program variables is given below with a brief description (continued).

Variable

N

DELR1
DELR2
Y_F
P_TOT
BC_L1to
BC_Lé

Wo
|_SOL_FLO

DP
H_OW

U(i.j)

UMAX
NUMAX
EPS(i)
REY
CpP_P
VISC_P
H_FP

CON_Z
CON_R
CON_S
EFF_CON_Z1
EFF_CON_R1
DIF

SC_N
Eff_DIFF_R
EFF_DIFF_Z
H_W

V(i)
B(i)
PO(i)
PP
Qo

Description

number of equation

grid size in radial direction
grid size in radial direction
component mole fraction

Total Pressure

boundary condition for L1 to L6

under relaxation coeff

Units
dimensionless
ft

ft

mole/mole
psia

various

dimensionless

indicator, no equilibrium between the gas indicator

and solid temperature
particle diameter

ft

heat transter coefficient outside of the wall Btu/sq ft-

velocity/Darcy velocity, center
velocity

max velocity

the grid where max velocity is
porosity

Reynoids number
specific heat
viscosity

heat transfer coefficient fluid-particle

fluid axial conductivity

fluid radial conductivity

particle conductivity

fluid axial effective conductivity
fluid radial effective conductivity
molecular diffusivity

Schmidt number

fluid radial effective diffusivity
fiuid axial effective diffusivity
heat transfer coefficient fluid-wall

Langmuir constant
Langmuir constant
Langmuir constant
component partial Pressure
adsorbed concentration

min-r

line dimensionless

ft/hr

ft’/hr

sq f/cu ft
dimensionless
BTU/F/cu ft
Ib/ft/hr
Btu/hr/sq
ft/F
Btu/hr/ft/F
Btu/hr/ft/F
Btu/hr/ft/F
Btu/hr/ft/F
Btu/hr/ft/F
sq fthr
dimensionless
sq fthr

sq ft/hr
Btu/hr/sq
ft/F

Ib mol/cu ft
dimensioniess
dimensioniess
mm Hg

Type
int

real
real
real
real
real

real
int

real
real

real

real
int

real
real
real
real
real

real
real
real
real
real
real
real
real
real
real

real
real
real
real

lb mol/solid reai

Ib



C.2  One-Dimensional Flow Adsorption/Desorption FORTRAN Program for Column
Packed with One Section Material

A flow chart of the one-dimensional modeling of flow adsorption/desorption is shown in Figure
C-3 and C-4. This program simulates the one-dimensional adsorption and desorption of a fixed-
bed column 10 inches long and 1.87 inches in diameter. Users supply initial and boundary
condition in the INITIAL subroutine. If it is necessary to run the model with larger diameter or
length, the number of grids must be specified in the INITIAL subroutine.

For each time step the temperature dependent parameters (density, conductivity, viscosity, etc.)
are recalculated. If the temperature change is not significant in the packed bed during the
simulation, the user can specify that these parameters will not be recalculated.

Solid-gas equilibrium for the pure components are predicted by the Langmuir-Freundlich
isotherm. For mixtures, two types of solid-gas equilibrium are implemented in the program. One
is based on the Langmuir-Freundlich isotherm for mixtwres. The second prediction uses the IAST
isotherm. The IAST model has an iterative solution and is CPU time intensive. The user can
switch an indicator to chose the desired isotherm method.

The energy balance includes the heat lost to the surroundings. For an adiabatic simulation of a
packed bed, the heat transfer coefficient between the wall and the surroundings equal is set to
zero.

Heat transfer is assumed between the solid, fluid flow, and the wall of the column.

Mass transfer is simulated with a lumped resistance model. This resistance is obtained by
matching experimental breakthrough curves with the results of the model.

This model uses the UNDER-RELAXATION method for calculation of all variabies in the
PDE's, except the velocity and the pressure which are computed by the NEWMAN method. The
total numbers of equations involved for four components is 13.
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FIGURE C-3 THE FLOW CHART OF THE MAIN PROGRAM FOR THE 1-D MODEL
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-
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A list of program variables is given below with a brief description.

Variable
LL
T_Time
C(i.})

P(i.]).
L1
L2
L3
L4
L5
16
PT
NCOMP

INERT

h

DO KN
o
o
o

D'OIJBOJJOU)

@® | | vO ol

m m ool L t_1l_TOmMm
= > >

TV g0z

X
1.‘8|E

2
R~

Description
Time step index
current time

matrix variable; i=variable ID; j=axial various

grid number; k=radial grid number
Old of C array

gas temperature

solid temperature

wall temperature

velocity

pressure

pressure

pressure

number of component

type of carrier gas

porosity

particle density

bed length

porosity

inside bed diameter
outside bed diameter
cross sectiona! area of bed
heat capacity of wall
density of wall

heat capacity of particle
density of particle
particle radius

particle diameter

heat of adsorption for each component
number of component
volumetric flow rate
initial temperature

ideal gas law constant

constant

Molecular weight
constant

mass transfer coefficient
grids number in axial direction
grid size in axial direction
time step

peliet conductivity
convergence criteria
number of equation
component mole fraction

Units Type
none int
minutes real
real*13

various real*13
R real
R real
R real
ft/hr real
psia real
psia real
mmHG real
non int
dimensional
non real
dimensional
cu ft'cu ft real
lbs/cu ft real
ft real
cu ft/cu ft real
f1 real
ft real
ft real
BTU/F/LB real
Ib/cu ft real
real
Ib/cu ft real
f1 real
ft real
BTU/Ib mole real
non dimension int
cu ft/min real
R real
Ibf/sq ft .lbreal
mol/cu ft/R

3.14 real
real

real

ft/hr real
non dimension int
ft real
hr redl
BTU/hr/ft/F real
various real

non dimension int
Ib mole i/lbreal

mole



A list of program variables is given below with a brief description (continued).

Variable
P_TOT
BC_L1to
BC_Lé
wWo
H_OW

REY
CP_P
VISC_P
H_FP

CON_L
CON_S
H_W
V(i)

B (i)
PO(i)
PP
Qf

BC_C1(i)

WO0-W3 .

F3-F8
PE_N_M

PE_N_H
AINT
U_F1

Description
Total Pressure

boundary condition for L1 to L6

under relaxation coeff
heat transfer coefficient outside of the wall

Reynolds number
specific heat
viscosity

heat transfer coefficient fluid-particle

fluid axial conductivity

particle conductivity

heat transfer coefficient fiuid-wall

Langmuir constant

Langmuir constant
Langmuir constant

component partial Pressure

adsorbed concentration

boundary condition of molar concentration

Units Type
psia real
various real

non dimension real
Btu/hr/F/sq real
ft

non dimension real
BTU/F/cu ft real
Ib/ft/hr real
Btu/hr/sq real
ft/F

Btu/hr/ft/F real
Btu/hr/ft/F real
Btu/hr/sq real
ft/F

b mole/lb real
solid

non dimension real
non dimension real

mm Hg real
Ib mol/ Ibreal
solid

Ib mole/cu ft real

under relaxation for each component and non dimension real

temperature
PDE's coefficient
mass Peclet number

heat Peclet number
interfacial area
velocity

C-10

various real
non- real
dimension

nonedimension real
sq ft/cu ft real
ft/hr real



C.3  One-Dimensional Flow Adsorption/Desorption FORTRAN Program for Column
Packed with Three Sections of Different Material

A flow chart of the one-dimensional modeling of flow adsorption/desorption for column packed
with three sectons of different materials is shown in Figure C-5 and C-6. This program
simulates the one-dimensional adsorption and desorption of a fixed-bed column 10 inches long
and 1.87 inches in diameter. Users supply initial and boundary condition in the INITIAL
subroutine. If it is necessary to run the model with larger diameter or length, the number of grids
must be specified in the INITIAL subroutine.

The first section of the column, about 3 inches, contains the 13X material, followed by about 10
inches of silica gel, and finally the rest of the bed is filled with 13X material.

For each time step the temperature dependent parameters (density, conductivity, viscosity, etc.)
are recalculated. If the temperature change is not significant in the packed bed during the
simulation, the user can specify that these parameters will not be recalculated.

Solid-gas equilibrium for the pure component is predicted by Langmuir-Freundlich isotherm for
the 13X material. Silica gel is depicted from the literature as an exponential function of
temperature and pressure. For mixtures, two types of solid-gas equilibrium are implemented in
the program. One is based on the Langmuir-Freundlich isotherm for mixtures. The second
prediction uses the IAST isotherm. The IAST model has an iterative solution and is CPU ume
intensive. The user can switch an indicator to choose the desired isotherm method.

The energy balance includes the heat lost to the surroundings. For an adiabatic simulation of a
packed bed, the heat transfer coefficient between the wall and the surroundings equal is set to
zero.

Heat transfer is assumed between the solid, fluid flow, and the wall of the column. .

Mass transfer is presented as lumped resistance model for the 13X material. For silica gel, the
flux of the adsorbate is considered to be a combination of solid and pore diffusion. This
resistance is obtained by matching experimental breakthrough curves with the results of model.

The model uses UNDER-RELAXATION method for calculation of all variables in the PDE's,

except the velocity and the pressure which are computed by NEWMAN method. The total
numbers of equations involve for four components is 13.

C-11



call initial_z
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FIGURE C-5 THE FLOW CHART OF THE MAIN PROGRAM FOR THE 1-D MODEL FOR
BED PACKED WITH THREE DIFFERENT MATERIALS
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FIGURE C-6 THE FLOW CHART OF THE SUBROUTINES PROGRAM FOR THE 2-D
MODEL FOR BED PACKED WITH THREE DIFFERENT MATERIALS
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A list of program variables is given below with a brief description.

Variable Description Units Type
LL Time step index none Int
T_Time current time minutes real
C(i,j) matrix variable; i=variable ID; j=axial various real*13
grid number; k=radial grid number
P(i,j). Old of S array various real”13
L1 gas temperature R real
L2 solid temperature R real
L3 wall temperature R real
L4 velocity ft/hr real
LS pressure psia real
16 pressure psia real
PT pressure mm HG real
NCOMP number of component nonedimension int
INERT type of carrier gas nonedimension real
EPSEX1,2 porosity, material type 1,2 cu ftcu ft real
RHOS1,2 particle density, material type 1, 2 Ibs/cu ft real
4 bed length f1 real
VOID_B porosity cu ft/cu ft real
D_I inside bed diameter ft real
D_E outside bed diameter f1 real
S_B cross sectional area of bed ft real
CP_WA heat capacity of wall BTU/F/LB real
RO_WA density of wall ib/cu - ft real
CP_81,2 heat capacity of particle type 1,2 real :
RO_S1,2 density of particle Ib/cu ft real
R_P1,2 particle radius of type 1, 2 ft real
D_P1,2 particle diameter type 1 1,2 ft real
heat1,2(i) heat of adsorption for each component of BTU/Ib mole real
type 1,2
NC number of component nonedimension int
G_F volumetric flow rate cu f/min real
T initial temperature R real
R ideal gas law constant Ibf/sq ft .lbreal
mol/cu f/R
Pl constant 3.14
M_W Molecular weight Ib /mole real
c constant in hr, ... real
K_F mass transfer coefficient ft/hr real
NJ grids number in axial direction nonedimension int
DELZ grid size in axial direction ft real
DELT time step hr real
CON_St pellet conductivity BTU/hr/ft/F real
ERROR convergence criteria various real
N number of equation non- int
dimension
Y_F component mole fraction ib mole/lbreal

C-14

mol



A list of program variables is given below with a brief description (continued).

Variable
P_TOT
BC_L1to
BC_L6
wo
H_OW

REY
CP_P
VISC_P
H_FP

CON_L
CON_S1,2
H_W

V(i)

B(i)
PO(i)
PP
Q1

BC_C1(i)
WO0-W3

F (i)
AINT
U_F1
LAYER1,2

EPS

Description Units Type
Total Pressure psia real
boundary condition for L1 to L6 various real

under relaxation coeff nonedimension real
heat transfer coefficient outside of the wall Btu/hr/F/sq real
ft

nonedimension real
BTU/F/cu ft real

Reynolds number
specific heat

viscosity Ib/ft/hr real
heat transfer coefficient fluid-particle Btu/hr/sq real
ft/F

Btu/hr/ft/F real
Btu/hr/ft/F real
Btu/hr/sq real
ft/F
Langmuir constant Ib

solid
nonedimension real
nonedimension real

fluid axial conductivity
particle conductivity of type 1 and 2
heat transfer coefficient fluid-wall

mole/lbreal

Langmuir constant
Langmuir constant

component partial Pressure mm Hg real
adsorbed concentration Ib mol/solid real
Ib

boundary condition of molar concentration Ib mole/cu ft real
under relaxation for each component and nonedimension real

temperature

PDE's variable real
interfacial area sq f/cu ft real
velocity ft/hr real

number of grids for first section, for the nonedimension int
last section

particle porosity cu ft/cu ft real
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C.4 One Dimensional Thermal Vacuum Desorption FORTRAN Program

A flow chart of the one-dimensional modeling of thermal vacuum desorption is shown in Figures
C-7 and C-8. This program simulates a one-dimensional desorption of a fixed-bed column 10
inches long and 1.87 inches in diameter . The users supply initial and boundary conditions in
INTTIAL subroutine. If it is necessary to run the model with a larger diameter or length, the
number of grids must be specified in the INITIAL subroutine.

For each time step the temperature dependent parameters (density, conductivity, viscosity, etc.)
are recalculated. If the temperature change is not significant in the packed bed during the
simulation, the user can specify that these parameters will not be recalculated.

Solid-gas equilibrium for the pure component is predicted by Langmuir-Freundlich isotherm for
the 13X material. For mixtures, two types of solid-gas equilibrium are implemented in the

gram. One is based on the Langmuir-Freundlich isotherm for mixtures. The second prediction
‘uses the IAST isotherm. The IAST model has an iterative solution and is CPU time intensive.
The user can switch an indicator to choose the desired isotherm method.

The energy balance includes the heat lost to the surroundings. Adiabatic simulation of a packed
bed can be done by setting the heat transfer coefficient between the wall and the surroundings
equal zero.

Heat transfer is assumed between the solid, fluid flow, and the wall of the column. Axial
conductivity is included in the model. These parameters vary along axial direction inside the bed.
The program is also capable of making these parameters constant by switching the proper
indicator.

Mass transfer is presented as luﬁxped resistance model. This resistance is obtained by matching
the experimental breakthrough curve with the result of model.

In this model the material balances are based on the partial pressure. The pressure and velocity
gradient inside the column are steep. Because of this, the model uses NEWMAN method for
calculation of all variables in the PDE's. The total numbers of equations involve for four
components is 13.
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call initial_z

start marching yes

in time P call functl

if time<
end

add up tdme step

v
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end

FIGURE C-7 THE FLOW CHART OF THE MAIN PROGRAM FOR THE THERMAL
VACUUM DESORPTION
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FIGURE C-8 THE FLOW CHART OF THE SUBROUTINES PROGRAM FOR THE
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A list of program variables is given below with a brief description.

Variable
LL
T_Time
C(i,.j)

P(i,j).
L1
L2
L3
L4
L5

iy

o
O
w

'0|O<N
m.—.
|

w

QDO®
OITJ
£=
> r

-UI
(7))

JOX
oy | 8
'U"ulml

at(i)

zU Dge3

8

Description
Time step index
current time

matrix variable; i=mvariable ID; j=axial various

grid number; k=radial grid number
Old of C array

gas temperature

solid temperature

wall temperature

velocity

pressure

pressure

pressure

number of component

type of carrier gas

porosity

particle density

bed length

porosity

inside bed diameter
outside bed diameter
cross sectional area of bed
heat capacity of wall
density of wall

heat capacity of particle
density of particle
particle radius

particle diameter

heat of adsorption for each component
number of component
volumetric flow rate
initial temperature

ideal gas law constant

constant

Molecular weight
constant

mass transfer coefficient
grids number in axial direction
grid size in axial direction
time step

pellet conductivity
convergence criteria
number of equation
component mole fraction
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Units Type
none int

minutes real
various

R real
R real
R real
ft/hr real
psia real
psia real
mm HG real
non- int

dimensional

non- real
dimensional

cu ft/cu #t real
Ibs/cu ft real
ft real
cu ft/cu ft real
ft real
ft real
ft real
BTU/F/LB real
Ib/cu ft real
real

Ib/cu ft real
ft real
tt real

BTU/Ib mole real
nonedimension int

cu f/min real
R real
Ibf/sq ft .lbreal
mol/cu fvVR

3.14 real
real

real

ft/hr real
nonedimension int
ft real
hr reat
BTU/hr/ft/F  real
various reai

nonedimension int
Ib mole i/lbreal
mole

real*13

real*13



A list of program variables is given below with a brief description (continued).

Variable
P_TOT
BC_L1to
BC_L6
wo
H_Ow

REY
CP_P
VISC_P
H_FP

CON_L
CON_S
H_W

V(i)

B(i)
PO(i)
PP
Qt

BC_C1(i)
WO0-W3

F3-F8
PE_N_M
PE_N_H
AINT
U_F1

Description
Total Pressure

boundary condition for L1 to L6

under relaxation coeff
heat transfer coefficient outside of the wall

Reynolds number
specific heat
viscosity

heat transfer coefficient fluid-particle

fluid axial conductivity

particle conductivity

heat transfer coefficient fluid-wall

Langmuir constant

Langmuir constant
Langmuir constant

component partial Pressure

adsorbed concentration

boundary condition of molar concentration

Units Type
psia real
various real

nonedimension real
Btu/hr/F/sq real
ft

nonedimension real
BTU/F/cu ft real
Ib/tt/hr real
Btu/hr/sq  real
ft/F

Btu/hr/ft/F  real
Btu/hr/tt/F real
Btu/hr/sq real
fi/F

Ib moie/lbreal
solid
nonedimension real
nonedimension real

mm Hg real
Ib mol/ Ibreal
solid

Ib mole/cu ft real

under relaxation for each component and nonedimension real

temperature

PDE's coefficient
mass Peclet number
heat Peclet number
interfacial area
velocity

C-20

various real
nonedimension real
nonedimension real
sq f/cu ft real
ft/hr real



C

APPENDIX D
FLOWIMOL FORTRAN CODE

C this is the main routin. the initial values of matix C and parameters are

C called by "INITIAL_Z" subroutine. the main routine then calls the "FUNCT2_Z"
C subroutine to solve the discretized partial diffential equations (pde's).

C after convergance, the routine calls the "DIFFEQ]" subroutine, which is

C the maine routine for solving the momentum and the pressure equations,

C if it is desire to solve these two equations as the time progresses.

C

C
C

IMPLICIT REAL*8(A-H,0-Z)
INTEGER IOUT(5)AOUT(4)
CHARACTER*S LABEL(4)
CHARACTER*8 DATE
CHARACTER®12 OUTFILE, VISFILE
REAL®4 PL(11.301),QP(14,301).T_TIME.K_F(4),END
REAL*8 C1(14.301),P1(14.301),C11(14,301),P11(14,301),C12(14,301)
COMMON/DATE/DATE
COMMON/PLOT/ISAT.LABEL.AOUT,IOUT
COMMON/BND_Z/C(14,301),P(14,301).N.NJ
COMMON/PROP_D_Z/DELZ1,DELT1.DELT,DELZU_F1.ZENDNCILLLK_F
COMMON/INDIC/L1.1213.14.L5.L6, TIME.PERERR MT
COMMON/BOUN_CON/BC_L1.BC_L2.BC_L3,BC_L4,BC_LS,BC_L6,BC_C(4).TO
COMMON/PRO_INDATEST2ITEST1
COMMON/NUM_OF_ITRATCNTI1
COMMON/INDIC1/IND(4)
WRITE(*,*)DESIGNATE A DATE FOR THE INPUT/OUTPUT FILES'
WRITE(*,*Y)FORMAT 00-00-00 WITH DOUBLE QUOTES'

READ* DATE

OUTFILE = DATE //".OUT

VISFLLE = DATE //'. VIS’

OPEN (50,FILE=OUTFILE.STATUS=NEW" RECL=32766)
OPEN (66,FILE=VISFILE.STATUS=NEW,RECL=32766)

CIOUT designates the 5 grid locations to be printed/plotied
C LABEL designates the 4 labels for printed/piotied data

DATA JOUT/2,15,30,45,61/
DATA LABEL/ppH20','pp N2','pp N2','gas T/

C Initialize the ¢ array with the initial guesses of the solution

TIME=0.

C Write header data to ACSII file
WRITE(50,47X (LABEL()JOUT()1=1,5),J=1.4)
CIK ICOT=1 not used again!

T_TIME=0
NLOOPS = END/DELT1
IFIND{(2).EQ.0 .OR. ISAT.EQ.1) THEN
INDO=0

NEQ=2*NC+3
NA=NEQ+2
ELSE
INDO=1
NEQ=2*NC
NA=NEQ+5
ENDTF



C Begin looping through each time step;
C Call main routine for calculation of state conditions at current time step
DO 301 LL=1,NLOOPS
ITRAT=0
¢ call diffeq subroutine co compute the pressure and the velocity
121 IFITRAT.GT.5)GO TO 201
DO 3011=1,NA
DO 30 2=1,NJ
C1(1,R2)y=C(1.12)
C12(11,12)=C11.I2)
P1(I1,12)=P(11,12)
30 CONTINUE
ITRAT=ITRAT+!
MT=1
IFJTRAT.EQ.1 .AND. LL.EQ.1)THEN
ITCNTO=15
ELSE IF(ITRAT.EQ.1) THEN

IF(INDO.EQ.1)THEN
CALL DIFFEQ(C1,P1,NI.NEQ,1,ITCNTO)
ELSE
CALL DIFFEQX(C1.,P1,NI.NEQ.1)
ENDIF
IF(INDO.EQ.1)THEN
DO 3511=1 NEQ
DO 3512=1N]
C11(1.12=C1(I1.12)
P11(1.12)=P1(11.12)
3s CONTINUE
L13=2*NC+1
DO11=13
DO I2=1NJ
C1(I1.2)=C(L.13,12)
P1(11.12)=P(L13,12)
END DO
L13=L13+1
END DO
MT=0
CALL DIFFEQ(C1,P1.N]3.3.4)
DO 3111=]1,NC*2
DO 31 I2=1.N]
Ca1.2=C11(11.12)
P(1.12)=P11(11.12)
31 CONTINUE
L13=2*NC+1
DOIl=13
DO I2=1,NJ
C(L13.12)=C1(11,12)
P(L13.12)=P1(11.12)
END DO
L13=L13+1
END DO
DO MM1=1,NC
DO MM2=1.NJ
IF (COMM 1 .MM2).GT.1.0E-15)THEN
DIF=ABS(C(MM 1. MM2)-C12(MM1,MM2))/C(MM1 MM2)
IF(DIF.GT.1.0E-2)THEN
GO TO 121
ENDIF
ENDIF
END DO



END DO
ELSE
DO I1=1,NEQ
DO I2=1.NJ
C1.12)=C1(1.I2)
P(1.12)=P1(11.12)

201 IFASATEQ.1)GO TO 303
DO 300 2=1,NJ
Ci1(1.2)=C(LA.12)
P1(1.12)=P(LA4.12)
C1(212)=C(L5.12)*760./14.696
P1(212)=P(L5.12)*760./14.696
C13.12)=C(L6.12)*760./14.696
P13.J2)=P(L6,12)*760./14.696
C1(4.2)=C(L1.I2)
P1(412)=P(L1.12)
300 CONTINUE
IFINDO.EQ.1)THEN
CALL DIFFEQ(C1,P1.N].3,2.5)
ELSE
CALL DIFFEQXC1,P1,N]3.2)
ENDIF
DO 400 I2=1,N]
C(L4A.2)=C1(1.12)
C(L5.12)=C1(2,12)*14.696/760.
C(L6.12)=C1(3.12)*14.696/760.
400 CONTINUE

C Add time step (converted from dimless to minutes)

303 T_TIME = T_TIME+DELT*Z/U_F1*60.
TIME=T_TIME/60.
ITEST1=0
CJK Do we want to common DELT or DELT1 (both not needed)?
IF(LL.EQ.25)THEN
DELT1=DELT1*2
DELT=DELT*2
END IF
IF(LL.EQS0)THEN
DELT1=DELT1*2
DELT=DELT*Z
ENDIF
CJK Eliminate above?

C Convert to units used for plotting (psia to mmHg, R to F, R*8 to R*4)

DO 74 M2=1,NJ

DO I1=1.NC
QP(11,M2)=C(11,M2)*10.73D0*C(L1,M2)*760/14.696

END DO

DO 11=NC+1,2*NC
QP(11,M2)=C(11.M2)

END DO

QP(L1.M2)=C(L1,M2)-460.

QP(L2.M2)=C(L2,M2)-460.

QP(L3.M2)=C(L3.M2)-460.

QP(LAM2)=C(LAM2)

QP(LSM2)=C(L5M2)

QP(LEM2)=C(L6,M2)

74  CONTINUE
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C ISAMP is the sampling frequency, where "10" plots every 10th time step data

ISAMP=10

IF(T_TIME.LT30) ISAMP=1

C Print nuntime output headers every 4th and data every time step

IF((LL/ASAMP*4)y*I1SAMP*4.EQ.LL.OR.LL.EEQ.1) THEN
WRITE(6.49)

WRITE(641) ‘(' GRID "JOUT()," "J=1.5)

ENDIF

WRITE(6,49)

WRITE(6,40)**** TIME = ",T_TIME,LOOPS = "ITCNT1,' ***'
WRITE(6,42)LABEL(1),(QP(AOUT(1),JOUT(D)).I=1,5)
WRITE(6,42)LABEL{2),(QP(AOUT(2).JOUT(D)).I=1.5)
WRITE(6.43)LABEL(3)(QP(AOUT()LIOUT(MN).I=1.5)
WRITE(6,43)LABEL(4).(QP(AOUT@).JOUT(D)).1=1.5)

C Print time slice data 1/10 less often

IF((LL/ISAMP*10))*ISAMP*10.EQ.LL) THEN
WRITE(66,44XLABEL{1),I=1,4),T_TIME
WRITE(66,45X(QP(AQUTI)LIOUT())),I=1,4).J=1.5)

ENDIF

C Print pp, temp output data every ISAMP

78
30

40
41
42
43
44
45
46
47
49

Cc

TF((LL/ISAMP)*ISAMP.EQ.LL) THEN
E\;B(E’E(SO.M)T_M((QP(AOUT(DJOUTO))J=1.5)J=1.4)

DO 7811=1N
DO 78 I2=1,NJ
P1I2)=C(11,12)
CONTINUE
1 CONTINUE

FORMAT(1X.A12,G10.2,32X.A8,J4.A5.))
FORMAT(1X,A7,5(A7.]3.A2))
FORMAT(1X,A5,5(2X,G10.2))
FORMAT(1X,AS,5(2X,F10.2))
FORMAT(1X./4(AS, ' \E153)
FORMAT(1X.20(4(E15.5.")))
FORMAT(1X,21(E155,.)
FORMAT(1X, TIME, .20(A5.13,.7)
FORMAT(1X,72(-")

STOP

END

C this subroutine is being called by maine routine once to get the intial

cv
C

slues and the neccessary parameters

SUBROUTINE INITIAL_Z
IMPLICIT REAL*8(A-H,0-Z)
INTEGER IOUT(5).AOUT(4)
REAL*4 K_F(4),END
REAL*8 M_AVE.M_W(4),C_FO(4).IN_L1IN_L2IN_L3,IN_L4,
. IN_L5IN_L6.5s(4),q2(4)
CHARACTER®S LABEL(4)
CHARACTER®*8 DATE
CHARACTER*14 INFILEA INFILEB
COMMON/DATE/DATE
COMMON/PLOT/ISAT.LABEL.AOUT JOUT



COMMON/BND_Z/C(14,301).P(14.301)N.NJ
COMMON/PROP_B_Z/D_L.D_E.S_B,CON_WA,CON_WI_Q.CON_WI_K,
. CP_WA,CP_WI_Q.CP_WI_K.RO_WA RO_WI_QRO_WI_KX_WAX_WI_Q,
. X_WIL_K.D_LMLD_LMA H_FWH_OW
COMMON/PROP_S_Z/CP_S,RO_S,AINT,R_P,D_P,CON_S,G_F,HEAT(4),M_W
COMMON/PROP_D_Z/DELZ1.DELT1,DELT.DELZU_F1.ZENDNCILLLK_F
COMMON/BOUN_CON/BC_L1,BC_L2,BC_L3,BC_L4,BC_LS5.BC_L6,BC_C(4),TO
COMMON/PRO_IND/ATEST2,ITEST1
COMMON/INDIC/L1.L2,L3,14,151.6, TIME
COMMON/INDIC1/IND(4)
COMMON/NCY/NC1
COMMON/GAS/INERT NCOMP
COMMON/PRIME/GN2,RA RAV,EPSEX,EPSIN,ALF RHOS,ALPHA1
C  WRITE(*,*)"SELECT FILE CONTAINING INPUT SET A"
INFILEA = DATE // _ADAT
OPEN (UNIT=40,FILE=INFILEA,STATUS='0LD")
C  WRITE(*,*)SELECT FILE CONTAINING INPUT SET B’
INFILEB = DATE //'_B.DAT
OPEN (UNIT=41,FILE=INFILEB,STATUS="0LD")
C
C INITIALIZATION
C
READ(UNIT=40,FMT=*)END,DELT1.NI,.DELZ1,TO,G_F,T_O.NCINERT.P_TOT,
. BC_C(1).BC_C(2).BC_C(3).BC_C(4).Z.D_E.D_LRO_WA EPSEX,
. AINT,CON_S,CP_S H_FWH_OW,RO_SM_W(1),M_W(2)M_W@G)M_W(4),
. HEAT(1),HEAT(2),HEAT(3).HEAT(4),K_F(1).K_F(2).K_F3).K_F(4),
. ind(1).nd(2),ind(3),ind(4).IDES LISAT
READ(UNIT=41 FMT=*)
. LABEI(1),LABEL(2),LABEL(3).LABEL(4),AOUT(1),AOUT(2),
. AQUT(3),A0UT(4)JOUT(1)JOUT(2),JIOUT(3)JOUT(4),IOUT(S),
. S_B,CON_WA CON_WI_Q,CON_WI_K.CP_WA,CP_WI_Q.CP_WI K,
. RO_WI_QRO_WI_KX_WAX_WI_QX_WI_K.RA,RAV EPSIN,RHOS,
. ALPHA1,R_P.D_P.BC_L1.BC_L2.BC_L3.BC_L5.BC_LS,
. IN_L1LIN_L2]JN_L3JIN_LSIN_L6,R.PLITEST2ITEST1
¢ number of component
NCi=NC
¢ number of equation
=NC*2+6
ALF=(1.0D0-EPSEX)/EPSEX
PT=P_TOT*760./14.696
Ni=1
DO1i=14
IF(IND(11).EQ.1)THEN
IF(I11.EQ3)N2=N1
M_W(N1)=M_W{1l)
BC_C(N1)=BC_C(11)
HEAT(N1)=HEAT(!)
K_F(N1)=K_F(I1)
IF(11.EQ.3)THEN
IDES=N1
IND3=N1
ELSE IF(11.EQ.4)THEN
IND4=N1
ENDIF
Ni=N1+l1
ENDIF
END DO
SUM_Y=0
M_AVE=0.
YO=0
¢ compute the initial mole fraction and average molecular weight
DO 101=1NC
Y_F=BC_CM)/P_TOT
YO=Y_F+YO



SUM_Y=SUM_Y+Y_F
BC_C()=P_TOT*Y_F/R/BC_L1
M_AVE=M_AVE+Y_F*M_W(I)
C_FO()=BC_C()
10 CONTINUE
M_AVE=M_AVE+(1-YO)*28.0
RO_FO=P_TOT/(BC_L1*R)
GN=G_F*RO_FO/S_B/60.
U_F1=G_F/(S_B*EPSEX)
BC_14=U_F1
¢ make the grid size and the time step dimensionless

DELZ=DELZ1/Z

DELT=U_F1*DELT1/Z
c
c L1 is the gas temp, L2 is the solid temp, L3 is the wall temp, L4 is the
¢ velocity, LS is the total pressure, and L5 is the total pressure witout
c thermal effect
c

L1=2*NC+1

L2=1.1+1

L3=12+1

LA=L3+1

LS=14+1

L6=L5+1

DO 2011=1N

DO 20 I2=1,NJ
P(11.12)=0.0D0
C(1.12)=0.0D0

20 CONTINUE
c
¢ set the first grid equal o the initial condition
c

DO 2211=1NC

C(1.1)=C_FO(1)

22 CONTINUE

DO 24 11=1 NC
DO 24 12=2NJ

DO 301=1NJ
P(L1)=IN_L1
PL2I=IN_L2
P(L3.I=IN_L3
P(LAIx=BC_L4
P(LSI)=BC_LS
P(L6J=BC_L6
C(L1JI=BC_L1
CL2,I=BC_L2
C@L3.I)=BC_L3
C(lAI»=BC_14
C(LS.I=BC_LS
C(LSI=BC_L6

30 CONTINUE
IFAND(3).EQ.1) THEN
DO I1=1NJ
C(N211)=C_FO(N2)
END DO

ENDIF
IF(IDES1.EQ.1)THEN
SS(IDES)=C(IDES.1)
CALL IST_Z(1,C(L2,1),BC_L1,55.Q2)
DO I=1 NC
Q2M=Q2(A*RO_S
END DO



DO 1=1.NJ
C(DES,I=C_FO(IDES)
- P(IDES,I)=C_FO(IDES)
C(IDES+NC,I)=Q2(IDES)
P(IDES+NC.I)=Q2(IDES)
END DO
ENDIF
IFASAT.EQ.1)THEN
DO11=1,NC
SS11)=BC_Cd1)
END DO
CALLIST_Z(1,C(L2,1).BC_L1.S5,Q2)
DOI=1,NC
Q2(M=Q2(1)*RO_S
END DO
DO 11=1,NC
DO I2=1,NJ
C112)=BC_C(1)
CI1+NC.I12)=Q2(11)
P11,12)=BC_C(I1)
PM1+NC.I2)=Q2(11)

BC_C(IND3)=c_fo(IND3)
end if
RETURN
END
C
C
¢ this subroutine is being called by maine routine to compute the varisble in
¢ C marrix. in this routine first velocity profile is being determined. the
¢ conductivity, diffusivity,pososity....... are being calculated in this
c routine by calling the approperiate subroutine. the routine obtained the
¢ C matix in axial and radial directions. it itrates till it conveges to the
c allowable error
c
SUBROUTINE FUNCT1(J)
IMPLICIT REAL*8(A-H,0-Z)
REAL*4 K_F(4),END
REAL*8 M_AVEM_W(4)KGAS K_FP(4,301),C1(14,301),
. P1(Q04.301),REY_P(301),KEFF.D_L(4).H(4),YO(4),55(4;
DIMENSION Q2(4),C2(14,301).,PE_N_M(4),RATE_C2(301)
COMMON/PR_OLD_Z/RO_P(301),CP_P(301),CON_FPP(301),
. CON_LPP(301),D_LPP(4,301),H_FP(301)H_TTP(301),H_IIP(301),
. H_OWPP(301),H_FWPP(301),Q(4,301),VISC_P(301),RATE_C1(301)
COMMON/BND/A(14,14),B(14,14),C(14,301).D(14,29),X(14,14),
. Y(14,14),G(14) N NILITPRT.ITCNT F(14),P(14,301)
COMMON/PROP_B_Z/D_LD_E.S_B,CON_WA,CON_WI_Q.CON_WIL K,
. CP_WA,CP_WI_Q.CP_WI_K,RO_WA,RO_WI_QRO_WI_KX_WAX_WI_Q,
. X_WI_K.D_LMLD_LMAH_FW,H_OW
COMMON/PROP_S_Z/CP_S,RO_S,AINT.R_P,D_P,CON_S,G_F.HEAT(4)M_W
COMMON/PROP_D_Z/DELZ1,DELT1,DELT DELZ,U_F1.ZENDNCILLLK_F
COMMON/INDIC/L1.12.1.3,14,15,L6, TIME.PERERRMT
COMMON/INDIC1/INIX4)
COMMON/PRO_IND/ATEST2,ITEST1
COMMON/BOUN_CON/BC_L1,BC_L2.BC_L3,BC_L4,BC_L5BC_L6.BC_C(4).TO
COMMON/GAS/INERT NCOMP
COMMON/PRIME/GN2.RA.RAV,.EPSEX, EPSIN . ALF RHOS,ALPHAI
DATA R,PLICOM/10.73D0,3.141593D0.1/

~ ¢  IF(LLEQICOM)THEN



C BC_L1=TEMPIN(TIME)

C ICOM=LL+1

C ENDIF

IFATEST1.EQ.1)THEN
D_T=D_E+D_]
X _W=D_E.D_]

c calculate the area for the heat transfer, inside and outside
A_C=2*D_I((D_I+D_E)*X_W)
A_INS=2*D_E/(D_I+D_E)*X_W)
RO_F=C(LS.1)DXC({.1,1)*R)

¢ calculate superfictial mass velocity
GN2=G_F*RO_F/S_B/60.

IFITEST1.EQ.1 .OR. ITEST2.EQ.1)THEN
DO 199 I1=1,NJ
RO_F=C(LS,J1)XC(L1J1)*R)
YTOT=0

¢ calculate the mole fraction
DO11=1,NC-1
YO(I1)=C(11,J1)/RO_F
YTOT=YO(@1)+YTOT
END DO
YONC)=1-YTOT
M_AVE=(.
¢ calculate the average molecular weight
DO1i=1.NC
M_AVE=M_AVE+M_W(1)*YO(1)
END DO
M_AVE=M_AVE+(1-YTOT)*28.0
TEMP=C(L1J1)
GN=GN2
c calcilate the viscosity
VISC_P(J1)=VIS(TEMP)*60
c calculate reynold's number
REY=RE(GN,TEMP)
¢ calculate the heat capacity of the fluid flow
CP_P(J1)=CPGAS(TEMP,YO)
¢ calculate the film coefficient between the particle and fluid
H_FP(J1)=HFILM(M_AVE,TEMP,REY,CP_P(J1))*60.
¢ chane the unit on pressure
PP=C(L5.J1)*760/14.77
¢ calculate the axial effective conductvity
CON_LPP(J1 =EFFK(GN,TEMP,CP_P(J1),RO_F,PP,YO)*60.
¢ calculate axial mass dispersion for each component
DOI1=1,NC
D_LPP(11,J1)=EFFD(11,GN,TEMP.RO_F,PP,YO)*60.
IF(D_LPP(1.J1).LT.0) THEN
D_LPP(11.J1)=D_LPP(1.J1-1)
ENDIF
END DO
199 CONTINUE
ENDIF
ITEST1=0
ENDIF
¢ start itration for each time step
IF(MT.EQ.1)THEN
DO I1=1,NC
D_L{1)=D_LPP(11,))
END DO
DO I1=1NC
S$S11)=C11.J)
END DO
¢ calculate the equlibrum 2=IST theory; 1=Langmuir theory
CALL IST_Z(1,C(L2.J),BC_L1.55,Q2)
DO 40 I1=1,NC
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QI.1=Q2(I)*RO_S
40 CONTINUE
¢ compute the C array for the first grid
IF(J.EQ.1)THEN
¢ compute molar concentration of each component
DO 85 M1=1NC
PE_N_MM1)=U_F1*Z/D_L(M1)
85 CONTINUE
C_TOT=0
DO 90 M1=1NC-1
F2=ALP*K_F(M1)*AINT*Z/U_F1
F(M1)=1.0DO/PE_N_M(M1)/DELZ**2*(BC_C(M1)-2*C(M1,J)+
C(M1,J+1))-1.0D0/U_F1/DELZ*(C(M1,J}>BC_C(M1))*C(L4,J)
F2*(Q(M1.J)-C(NC+M1,))-(C(M1J)-PML.J)VDELT
C_TOT=C_TOT+C(MLJ)
90 CONTINUE
FNC)=(C(LS.J)-C_TOT*C(L1Jy*R¥(C(L1.D)*R)}-C(NC.T)
¢ compute amount adsorbed on the peliet
DO 70 M1=1,NC
Fi=K_F(MI1)*AINT*Z/U_F1
FINC+MI1)=F1*(Q(M1,])-C(M1+NC.J))-(CM1+NC,J)-P(NC+M1,0))/DELT
70 CONTINUE
FLUX1=0
FLUX2=0
DO 100 M1=1NC
¢ compute total amount adsorbed
FLUXO=AINT*K_FM1Y*(Q(M1.J)-C(NC+M1.1))
FLUX2=FLUX2+FLUX0
FLUX1=FLUX1+FLUX0*HEAT(M1)
100 CONTINUE
RATE_C1(J=FLUX2
RATE_C2(J)=FLUX1
C
Cc
C THE LAST ROW
C
¢ compute the C array for the last grid
ELSE IF(J .EQ. NJ) THEN
DO 125 M1=1NC
PE_N_MM1)=U_F1*Z/D_L(M1)
125 CONTINUE
C_TOT=0
¢ compute the molar concentraion of each component
DO 130 M1=1,NC-1
F2=ALF*K_F(M1y*AINT*Z/U_F1
F(M1)=1.0DO/PE_N_M(M1)/DELZ**2*(2*C(M1,]-1)-2*C(M1.7))-
1.0D0/U_F1/DELZ*(C(M1.J)-C(M1,J-1)y*C(LA4,J)-F2*(Q(M1,J)-
CINC+MLID)-(CMLD)-P(M1D))/DELT
C_TOT=C_TOT+C(M1,])
130 CONTINUE
FINC=(C(L5J)-C_TOT*C(L1Jy*R¥(C(L1,)*R)-C(NC.J)
¢ compute the amount adsorbed on the bed
DO 110 M1=1NC
Fi=K_FM1)*AINT*Z/U_F1
FINC+M1)=F1*(QM1.1)-C(M1+NCJ))-(C(M1+NC,J)-P(NC+M 1 N)/DELT
110 CONTINUE
FLUX1=0.
FLUX2=0.
DO 140 M1=1NC
¢ compute iotal amount adsorbed on the particle
FLUX0=AINT*K_FM1)*(Q(M1J)-C(NC+M1,]))
FLUX2=FLUX2+FLUX0
FLUX1=FLUX1+FLUX0*HEAT(M1)
140 CONTINUE




RATE_C1(J)=FLUX2
RATE_C2(J=FLUX1
C
C
Cc
C INTERIOR ROWS
C computation of C aray for interior grids
ELSE
DO 165 M1=I.,NC
PE_N_MM1)=U_F1*Z/D_L(M1)
165 CONTINUE
C_TOT=0.
¢ compute the molar concentration
DO 170 M1=1 NC-1
F2=ALF*K_F(M1)*AINT*Z/U_F1
F(M1)=1.0D0/PE_N_M(M1YDELZ**2%(C(M1,J-1)-2*C(M1.J)+
C(M1.J+1))-1.0D0/U_F1/DELZ*(C(M1.J)>-C(M1.J-1)*C(LA4.T)-
F2%(Q(M1.J)>-C(NC+M1,1))-(C(M1.J)-PM1,))YDELT
C_TOT=C_TOT+C(M1.J)
170 CONTINUE
FONC)=(C(L5.J)-C_TOT*C(L1J)*RW(C(L1,J)*R)-C(NC,J)
¢ compute the amount adsorbed on
DO 150 M1=1NC
Fi=K_FMI1)*AINT*Z/U_F1
F(NC+M1)=F1*(Q(M1,J)-C(M1+NCJ)){CM1+NC,])-P(NC+M1.1))/DELT
150 CONTINUE
FLUX1=0.
FLUX2=0.
DO 180 M1=1 NC
¢ compute toal amount adsorbed
FLUXO0=AINT*K_F(M1)*(Q(M1.J)-C(NC+M1.]))
FLUX2=FLUX2+FLUX0
FLUX1=FLUX1+FLUX0*HEAT(M1)
180 CONTINUE
RATE_C1(N=FLUX2
RATE_C2(N=FLUX1

ENDIF

C

ELSE
¢ compute the C array for the first grid
C

RO_FE=C(LSJWV(C(L1J)*R)
CP_E=CP_P(J)
H_FS=H_FP(])
CON_L=CON_LPP())

¢ Peclet number for the solid
PE_N_S=U_F1*RO_S*CP_S*Z/CON_S

¢ Peclet number for the heat
PE_N_H=U_F1*RO_F*CP_F*Z/CON_L

¢ these sre coefficient the Discretized PDE's
F3=ALFP*H_FS*Z*AINT/(RO_P*CP_F*U_F1)
Fa=H_FW*Z*4/(U_F1*D_I*EPSEX*RO_F*CP_F)
FS=H_FS*AINT*Z/(U_F1*RO_S*CP_S)
F6=ZNRO_S*CP_S*U_F1)
F1=Z*H_FW*A_C/U_F1/RO_WA/CP_WA
F8=Z*H_OW®*A_INS/U_F1/RO_WA/CP_WA
IF(J.EQ.1)THEN

€ COmpute gas lemperature
F(1)=1.0D0/PE_N_H/DELZ**2*(BC_L1-2*C(1 J)+C(1,J+1))-

. 1.0DOADELZ*U_F1y*(C(1J)-BC_L1)*C(L4.J)-F3*(C(1J)»C(2.)))
. -F4%(C(1N-CEN)-C(1.D)-P(1LN)VDELT

¢ compute the solid temperature

F(2)=1.0D0/PE_N_S/DELZ**2*(BC_L1-2*C(2,T+C(2J+1)+
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F5+(C(1.))-C(2.3))-F6*RATE_C2(J)-(C(2.)-P(2.1))/DELT
¢ compute the wall temperature
F(3)=F7*(C(1,))-C(3.J))-F8*(C(3.J)-TO}(C(3.))-
. P3,N)YDELT
C
C
C THE LAST ROW
C
ELSE IF(J.EQ.NJ))THEN
¢ compute the gas temperature’
F(1)=1.0DO/PE_N_H/DELZ**2%(C(1,J-1)-2.*C(1.]+
. C(1J-1))-1.0DO/(DELZ*U_F1)y*(C(1,)-C(1J-1)y*C(LA.])-
. ?&g(lJ)-C(’lJ))-N‘(C(lJ)-CB.D)-(C(IJ)—P(IJ))/
c compute the solid tem
F(2)=1.0DO/PE_N, S/DELZ“2‘(C(2.J-1)-2‘C(2J)+C(2.J-l))+
F5*(C(1.)-C(2.7))-F6*RATE_C20)~(C(2J)-P2N)Y/DELT
¢ compute the wall temperature
F(3)=F7*(C(1,))-C(3.J))-F8*(CG.J)-TOX(CG3.J)-
. P(3.HYDELT
ELSE

C
C THE INTERIOR ROW
C
C compute gas temperature
F(1)=1.0D0/PE_N_H/DELZ**2*(C(1.J-1)-2*C(1.1+C(1.}+1))-
. 1.0DOADELZ*U_F1)*(C(1.)-C(1,J-1)y*C(LA.J)-F3*
. (CAICI)-Fa*(C(1IN-CENHCQI-P(LDVDELT
¢ compute solid temperature
F(2)=1.0D0O/PE_N_S/DELZ**2*(C(2,J-1»2*C(2I+C(2. 1))+
. F5%(C(1.7)-C(2.3))-F6*RATE_C2(J)-(C(2.J)-P(2J))/DELT
c compute wall temperature
F(3)=F7*(C(1,)-C(3.7))-F8*(C3.J)-TO>(C(3J)-
. PRJ)DELT
ENDIF
ENDIF
210 RETURN
END

C
C
¢ this subroutine is being called by maine routine to compute the variable in
¢ C marrix. in this routine first velocity profile is being determined. the
¢ conductivity, diffusivity,pososity....... are being calculated in this
¢ routine by calling the approperiate subroutine. the routine obtained the
¢ C matix in axial and radial directions. it itrates till it conveges to the
c allowable error
c
SUBROUTINE FUNCTXJ)
IMPLICIT REAL*8(A-H,0-Z)
REAL*4 K_F(4),END
REAL*8 M_AVEM_W(4),KGAS K_FP(4.301),C1(14,301),
. P1(14301),REY_P(301). KEFF.D_L(4),H(4),YO(4),55(4)
DIMENSION Q2(4),C2(14,301),PE_N_M(4)
COMMON/PR_OLD_Z/RO_P(301),CP_P(301),CON_FPP(301),
. CON_LPP(301).D_LPP(4.301).H_FP(301).H_TTP(301),H_IIP(301),
. H_OWPP(301).H_FWPP(301).Q(4,301),VISC_P(301 ). RATE_C1(301)
COMMON/BND/A(14,14),B(14,14),C(14,301),D(14,29),.X(14,14),
. Y(14,14),G(14)NNIITPRT ITCNT,F(14),P(14,301)
COMMON/PROP_B_Z/D_LD_E.S_B,CON_WA,CON_WI_Q,CON_WI_K,
. CP_WA,CP_WI_Q,CP_WI_K,RO_WA.RO_WI_Q.RO_WI_KX_WAX_WI_Q,
. X_WI_K.D_IMIL.D_LMAH_FW.H_OW
COMMON/PROP_S_Z/CP_S,RO_S.AINT,R_P,D_P,CON_S,G_F,HEAT(4)M_W
COMMON/PROP_D ﬂDELZl.DELTl.DELT DELZU_ F1ZENDNCILLLK_F
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COMMON/INDIC/L1,L.2,13,L4,L5, L6, TIME.PERERR

COMMON/INDIC1/IND(4)

COMMON/PRO_IND/ATEST2ITEST1
COMMON/BOUN_CON/BC_L1.BC_L2,BC_L3,BC_L4,BC_LS,BC_L6,BC_C(4),TO
COMMON/GAS/INERT,NCOMP
COMMON/PRIME/GN2,RA,RAV EPSEX EPSIN.ALF,RHOS,ALPHAL1

DATA R,PLICOM/10.73D0,3.141593D0,1/

IF(LL.EQICOM)THEN
BC_L1=TEMPIN(TIME)
ICOM=LL~+1
ENDIF
IFATEST1.EQ.1)THEN
D_T=D_E+D_I
X_W=D_E-D_I
¢ calculate the ares for the heat transfer, inside and outside
A_C=2*D_I((D_I+D_E)*X_W)
A_INS=2*D_EA(D_I+D_E)*X_W)
RO_F=C(LS,1)AC({L1.1)*R)
¢ calculue superfictial mass velocity
GN2=G_F*RO_F/S_B/60.
IFQITEST1.EQ.1 .OR. ITEST2.EQ.1)THEN
DO 199 J1=1,NJ
RO_F=C(L5J1)/(C(L1.J1)*R)
YTOT=0

c calculate the mole fraction
DO11=1,NC-1
YO(I1)=C(11,J1)/RO_F
YTOT=YO(1 )+YTOT
END DO
YONC)=1-YTOT
M_AVE=0.
c calculate the average molecular weight
DOli=1,NC
M_AVE=M_AVE+M_W(1)*YO(1)
END DO
M_AVE=M_AVE+(1-YTOT)*28.0
TEMP=C(L1,J1)
GN=GN2
c caicilate the viscosity
VISC_P(J1)=VIS(TEMP)*60
¢ calculate reynold's number
REY=RE(GN,TEMP)
¢ calculate the heat capacity of the fluid flow
CP_P(11 =CPGAS(TEMP,YO)
¢ calculate the film coefficient between the particle and fluid
H_FP(J1 ) =HFILM(M_AVE.TEMP,REY,CP_P(J1))*60.
¢ chane the unit on pressure
PP=C(15J1)*760/14.77
¢ calculate the axial effective conductivity
CON_LPP(J1 =EFFK(GN,TEMP,CP_P(J1),RO_F,PP,YO)*60.
¢ calculate axial mass dispersion for each componen:
DOI1=1 NC
D_LPP(1,J1)=EFFD(1,GN,TEMP,RO_F,PP,YO)*60.
IF(D_LPP(1,J1).LT.0) THEN
D_LPP(11,J1)=D_LPP(11,J1-1)
ENDIF
END DO
199 CONTINUE

sXoNoNeXe!

¢ start itranon for each time step
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RO_F=C{LS.IHW(C(L1.D)*R)
CP_F=CP_P(J)
H_FS=H_FP(J)
CON_L=CON_LPP(I)
DO I1=1.NC
D_La1)=D_LPPl.))
END DO
¢ Peclet number for the solid
PE_N_S=U_F1*RO_S*CP_S*Z/CON_S
¢ Peclet number for the heat
PE_N_H=U_F1*RO_FP*CP_F*Z/CON_L
¢ these are coefficient the Discretized PDE's
F3=ALF*H_FS*Z*AINT/(RO_F*CP_F*U_F1)
Fa=H_FW*Z*4/(U_F1*D_I*EPSEX*RO_F*CP_F)
F5=H_FS*AINT*Z/(U_F1*RO_S*CP_S)
F6=AINT*Z/(RO_S*CP_S*U_FIl)
F7=Z*H_FW*A_C/U_F1/RO_WA/CP_WA
F8=2*H_OW=*A_INS/U_F1/RO_WA/CP_WA
DO 1I=1.NC
SSA1)=CQl.J)
END DO
c calculate the equlibrum 2=IST theory; 1=Langmuir theory
CALLIST_Z(1,C(L2J),BC_L1,55,Q2)
DO 401=1.NC
QLI=Q2(N*RO_S
40 CONTINUE
¢ compute the C array for the first grid
IF(J.EQ.1)THEN
¢ compute molar concentration of each component
DO 85 M1=1NC
PE_N_MM1)=U_F1*Z/D_L(M1)
H(M1)=1.0DO/DELT+2/PE_N_M(M1)/DELZ**2+1/U_F1/DELZ*C(L4.])
85 CONTINUE
C_TOT=0
DO 90 M1=1,NC-1
F2=ALF*K_F(M1*AINT*Z/U_F1
FM1)=-CM1.7»+1/H(M1)*(1.0DO/PE_N_M(M1)/DELZ**2*(BC_C(M1)+
C(M1.J+1))-1.0D0/U_F1/DELZ*(-BC_C(M1)*C(L4.J))-F2*(QML1.))-
CINC+M1DH+PM1.D/DELT)
C_TOT=C_TOT+C(M1.])
90 CONTINUE
F(NC)=(C(L5.3)-C_TOT*C(LLN*R)/(C(L1,J)*R)-C(NC.J)
¢ compute amount adsorbed on the pellet
DO 70 M1=1NC
F1=K_FM1)*AINT*Z/U_F1
A2=1/DELT+F1
FINC+M1)=-C(NC+M1J+1/A2*(F1*QM 1I+P(NC+M1,J)/DELT)
70 CONTINUE
FLUX1=0
FLUX2=0
DO 100 M1=1,NC
¢ compute total heat of adsorption
FLUX1=FLUX1+HEATM1)*(K_FM 1)*(QJ(MiJ)-C(NC+ivi L,D)))
¢ compute total amount adsorbed
FLUX2=FLUX2+AINT*K_FM1)*(Q(M1.)-C(NC+M1,1))
100 CONTINUE
RATE_C1{(J)=FLUX2
¢ compute gas temperanure
AL1=1/DELT+2/PE_N_H/DELZ**2+C(L4 J)/DELZ/U_F1+F3-+F4
F(L1)=-C(L1J+1/AL1*(1.0DO/PE_N_H/DELZ**2*(BC_L1+C(L1,J+1))-
. 1.0DO/(DELZ*U_F1)*(-BC_L1*C(L4.J))-F3*(-C(L2.J))-F4*(-C(L3,H)+
. P(L17)/DELT)
¢ compute solid tlemperatyre
F(L2)=-C(L2+DELT*(1.0DO/PE_N_S/DELZ**2*3C_L1-2*C(L2, I+
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. C(L2J+1)+F5*(C(L1.J)-C(L2.7))-F6*FLUX1)+P(L2.])
¢ compute wall temperature
F(L3)=-C(L3,J+DELT*(F7*(C(L1,])-C(L3.7))-F8*(C(L3.J)-TO)}+
. P(L3,])
C
C
C THE LAST ROW
C
¢ compute the C array for the last grid
ELSEIF(J .EQ. NJ) THEN
DO 125 M1=1NC
PE_N_MMI1)=U_F1*Z/D_L(M1)
H(M1)=1.DO/DELT+2.DO/PE_N_M(M1)/DELZ**2+1/U_F1/DELZ*C(1L4,])
125 CONTINUE
C_TOT=0.
¢ compute the molar concentraion of each component
DO 130 M1=1NC-1
F2=ALF*K_F(M1)*AINT*Z/U_F1
FM1)=-CM1.1)+1 DO/H(M1)*(1.0DO/PE_N_M(M1YDELZ**2*
(C(M1,J-1#C(M1,J-1))-1.0DO/U_F1/DELZ*(-C(M1,J-1)*
C(LAJ))-F2*(Q(M1,])-C(NC+M1N)+P(M1,J)/DELT)
TOT_C=C(M1J+TOT_C
C_TOT=C_TOT+C(M1,J)
130 CONTINUE
FINC=(C(LS.J)-C_TOT*C(L1.JY*R¥(C(L1.J)*R)-C(NC.]))
¢ compute the amount adsorbed on the bed
DO 110 M1=1,NC
F1=K_F(M1)*AINT*Z/U_F1
A2=1/DELT+F1
F(INC+M1)=-C(NC+M1,J)+1/A2*(F1*QM1 J)+P(NC+M1,TYDELT)
110 CONTINUE
FLUX1=0.
FLUX2=0.
DO 140 M1=1 NC
¢ compute total heat of
FLUX]-FLUXHHEAT(MI)‘(K FM1)y*(QMM1.)-C(NC+M1,D)))
¢ compute total amount adsorbed on the particle
FLUX2=FLUX2+AINT*K_FM1)*(QM1.J)-C(NC+M1,)))
140 CONTINUE
RATE_C1(J)=FLUX2
¢ compute the gas temperature
AL1=1/DELT+2/PE_N_H/DELZ**2+C(LA4J)/DELZ/U_Fi+F3+F4
F(LD=-C(L.1.)+1/AL1*(1.0DO/PE_N_H/DELZ**2*(C(L1,J-1)+
. C(L1.J-1))-1.0DO/DELZ*U_F1y*(-C(L1,J-1y*C(LAJ))-
. F3%(-C(L2.)))-Fa*(-C(L3.D))+P(L1 JYDELT)
¢ compute the solid temperature
F(L2)=-C(1.2 Jy+DELT*(1.0DO/PE_N_S/DELZ**2*(C(L2,]J-1)-
. 2*CA2IC(L2J- I)HFS‘(CO-IJ)-C(LZJ))-FG‘FLUXIﬁP(L'Z.D
c ccmpule the wall
;gj);)-CMJ)-PDELT‘m *(C(L1.J)-C(L3.D)-F8*(C(L3.J)}TO)+

C
C
C
C INTERIOR ROWS
C computation of C aray for interior grids
ELSE
DO 165 M1=1NC
PE_N_MM1)=U_F1*Z/D_L(M1)
H(M1)=1.DO/DELT+2.DO/PE_N_M(M1)/DELZ**2+1.D0/U_F1/DELZ*
. C(4.)
165 CONTINUE
C_TOT=0.
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¢ compute the molar concentration
DO 170 M1=1NC-1
F2=ALF*K_F(M1)*AINT*Z/U_F1
FM1)=-C(M1,D+1 DO/H(M1)*(1.0DO/PE_N_M(M1)/DELZ**2*
(CM1,J-1+C(M1,J+1))-1.0D0/U_F1/DELZ*(-C(M1 J-1)*
C(LA.D))-F2* (QML.I-C(NC+M1.J))+P(M1,J)/DELT)
C_TOT=C_TOT+CMLIJ)
170 CONTINUE
FINC=(C(LSJ)-C_TOT*C(L1,J)*R}/(C(L1.J)*R)-C(NC,)
¢ compute the amount adsorbed on
DO 150 M1=1,NC
F1=K_F(M1)*AINT*Z/U_F1
A2=1/DELT+F1
FINC+M1)=-CINC+M1,0+1.DO/A2*(F1*QM 1 )+P(NC+M1J)/DELT)
150 CONTINUE
FLUX1=0.
FLUX2=0.
DO 180 Mi=1,NC
c compute total heat of adsorpdon
FLUX1=FLUX1+HEATM1)*(K_FM1)*(QM1J}-CINC+M 1.1)))
¢ compute toal amount adsorbed
FLUX2=FLUX2+AINT*K_FM1)*(Q(M1,J)-C(NC+M1.D))
180 CONTINUE
RATE_C1(7=FLUX2
¢ compute gas temperature
AL1=1/DELT+2/PE_N_H/DELZ**2+C(L4.J)/DELZ/U_F1+F3+F4
F(L1)=-C(L1.J)+1/AL1%(1.0DO/PE_N_H/DELZ**2*(C(L1,J-1)+
. C(L1J+1))»-1.0DO/(DELZ*U_F1)*(-C(L1J-1)*C(L4,]))-F3*
. (-CL2D))-F4*(-C(L3.D)+HL1J/DELT)
¢ compute solid temperature
F(L2)=-C(L2 J+DELT*(1.0DO/PE_N_S/DELZ**2*(C(L2.J-1)-2*
. CL2N+CL2 J+1))+FS*(C(L1,D)-C(L2.N))-F6*FLUX 1 +P(L2.)
¢ compute wall temperature
F(L3)=-C(L3 J}+DELT*(F7*(C(L1.))-C(L3,)))-F8*(C(L3.J)-TO)+
. P(L3.))
ENDIF
210 RETURN
END

C
C
C
C THIS SUBROUTINE IS BEING CALLED BY DIFFEQ1 WHICH IS ALSO BEING CALLED BY

C SUBROUTINE FUNCT2_Z TO COMPUTE THE VELOCITY AND THE PRESSURE DROP IN THE BED.
C THE EQUATIONS ARE BEING SOLVED BY NEWMAN'S METHOD.

C

SUBROUTINE FUNCT2())

IMPLICIT REAL*8(A-H,O0-Z)

REAL*8 D_L(4)M_AVE

COMMON/OLD/ AA(14),SUM(14),COLD(14,301)
COMMON/BND/A(14,14),B(14,14),C(14,301).1X(14,29),X(14,14),

. Y(14,14),G(14),N.NJITPRT,ITCNT,F(14).P(14,301)
COMMON/PR_CSLD_Z/RO_P(301),CP_P(301),CON_FPP(301),

. CON_LPP(301),.D_LPP(4.301),H_FP(301),H_TTP(301),H_IIP(301),

. H_OWPP(301),H_FWPP(301),Q¢4.301), VISC_P(301),RATE_C1(301)
COMMON/BOUN_CON/BC_L1,BC_L2,BC_L3,BC_L4,BC_L5BC_L6BC_C(4)
COMMON/PRIME/GN2,RA . RAV, EPSEX,EPSIN.ALF.RHOS,ALPHA1
COMMON/PROP_S_Z/CP_S,RO_S.AINT,R_P,D_P,CON_S,G_F,HEAT(4)
COMMON/PROP_D_Z/DELZ!,DELT1
COMMON/NCY/NC1
DATA L1.14,L5,L6,R1,CONV/4,1,2,3,555.0,51.7147523 14/

DATA FAC,GC,M_AVE/2.78450526316,416975040.0,28.0/
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C MASS TRANSFER FROM THE BULK OF GAS SRTEAM TO THE SURFACE OF ABSORBENT
C
C ESTABLISHED COEFFICIENT MATRIX
C
C THE FIRST ROW
C
c set parameters, total adsorbed, viscocity, density
NC=NC1
RATE_C=RATE_C1(J))
VISC_F=VISC_P(])
KK=0
SUM1a0.
DO I=1NC
D_L@=D_LPP(.)
IF(D_L{I).GT.O)THEN
KK=KK+1
SUM1=SUMI1+D_L{I)
ENDIF
END DO
D_L_AVE=SUMI1/KK
RO_F=C(LS5,)A(C(L1J)y*R1)
IFJ.EQ.1)THEN
c compute the velocity for the first grid
F(LAm=FAC*(C(LS.J)-BC_L5*CONV)/DELZ1+1/GC*(RO_F*M_AVE*C(L4,])*
. (C(L4.J)»-BC_LA4)/DELZ1+150*(1-EPSEX)**2*VISC_F*C(LA4.J)/
. D_P/D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(L4.J)**2/
. D_P/EPSEX+RO_F*M_AVE*(C(L4J)-P(LA4.))/DELT1)
¢ compute the presure without the heat effect
F(LS)=(C(L5.J)-P(LS J)YDELT1-D_L_AVE/DELZ1**2*(BC_L5*CONYV-
. 22C(LS +C(LS,J+1))+C(LA4.Jy*(C(L5.J)-BC_LS*CONVYDELZ1+
. CLS.D*(C(LAJ»-BC_L4)/DELZ1+R1*C(L1J*ALF*RATE_C
c ccmpute the pressure with heat effect
F(L6)=(C(L6.J)-P(L6 J)VDELT1-D_L_AVE/DELZ1**2*(BC_L6*CONYV-
. 2°CL6JI+C(LEJ+1))+C(L4Jy*(C(L6.T)-BC_L6*CONVYDELZ]+
. CLS.J)*(C(LAJ)-BC_L4)/DELZ1-C(L6N/C(L1Iy*((C(L1J)-
. PL1D)/DELT1-D_L_AVE/DELZ1**2*(C(L1,J+1)-2*C(L1J+BC_L1)+
. CAA*(C(L1J+1)-BC_L1)/A2*DELZ1)+R1*C(L1J*ALF*RATE_C

C
C
C the last grid
ELSE IF(J.EQ.NDHTHEN
¢ compute the velocity
F(A=FAC*(C(LS.J)>-C(LS,J-1)VDELZ1+1./GC*(RO_F*M_AVE*C(L4.J)*
. (CAAI-C(LA.J-1))/DELZ1+150*(1-EPSEX)**2*VISC_F*C(LAJVD_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(LA4,7)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(14.))-P(L4,.1))/DELT1)
c compute the pressure without the heat effect
F(LS)=(C(L5,J)-P(LS.J)¥DELT1-D_L_AVE/DELZ1**2*(C(L5]J-1)-
. 2*CLS JHCLSJ-1)+C (LS Jy*(C(LS.J)-C(LS.J-1)VDELZ1+
. CLS,H*(CLAT)»-C(1A4,J-1)VDELZ1+R1*C(L1 J)*ALF*RATE_C
¢ cmpute the presure with the heat effect
F(L6)=(C(L6,])-P(L6,J)YDELT1-D_L_AVE/DELZ1**2*(C(L6,J-1)-
. 2°C(LEJRHC(LEJ-1)HCALATY*(C(L6J)-C(L6J-1)VDELZ1+
. CL&J)*(CLAJ-C(AJ-1)VDELZ]-C(L6JYC(L1Jy*((C(LLI)-
. P(L1.N)/DELT1-D_L_AVE/DELZ1**2%(C(L1,J-1)-2*C(L1,J+C(L1,J-1))+
. CLAD*(CML1J-1)-C(L1.I-1))(2*DELZ1)+R1*C(L1,Jy*ALF*RATE_C

N e XeKe!

interior grids

ELSE
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¢ compute velocity
F(L4)=FAC*(C(L5.J>-C(1.5J-1)/DELZ}+1./GC*(RO_F*M_AVE*C(L4.])*
. (C(LA.D)-C(1L4.J-1))/DELZ1+150*(1-EPSEX)**2*VISC_F*C(L4.})/D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX*RO_F*M_AVE*C(L4,1)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(L4.J)-P(L4,]))/DELT1)
¢ compute pressure without the effect
F(LS)=(C(LS,J)-P(LS.)YDELT!-D_L_AVE/DELZ1**2*(C(L5.J-1)-
. 2°C(LS IRC(LS J+1)+C(LATY*(C(LS,1)-C(L5 J-1))/DELZ1+
. CLS.DN*(CLAI-CALAJ-1))/DELZ1+R1*C(L1J)*ALF*RATE_C
¢ compute the presure with heat effect
F(L6)=(C(L6,))-P(L6,J)YDELT1-D_L_AVE/DELZ1**2%(C(L6.J-1)-
. 2*CL6JHC(LEI+1)HCLAT*(C(LE.T)-C(L6J-1))/DELZ] +
. CL6.JY*(CAAJ)-C(LAJ-1)y/DELZ1-C(L6JVCLLI)* (C(LLD)-
. P(L1.D)/DELT1-D_L_AVE/DELZ1**2*(C(L1J+1)-2*C(L1J+C(L1J-1)»+
. CQLAD*(CL1J+1)-C(L1J-1))/(2*DELZ1))+R1*C(L1.J)*ALF*RATE_C

ENDIF
C

210 RETURN
END

C
C
SUBROUTINE DIFFEQO(C1,P1,N]1.N1,IND1)
IMPLICIT REAL*8(A-H.0-2)
L-vv-—
C GENERALIZED CALLING PROGRAM FOR BANIDX(J) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

s

CALLED BY: MAIN CALLING PROGRAM

SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)

LIST OF IMPORTANT VARIABLES:

A A coefficient described in Newman, Appendix C

AA  first, AA is FWORKC*CU). Later AA is the
value of the derivative df/dc used in Newton's
method

B B coefficient described in Newman, Appendix C

C  varisbles to be solved for

CD multiplication factor used in obtaining
numerical derivatives

COLD value of C from previous iteraiic:

CUu 20-CD

D D coefficient described in Newman, Appendix C

ERR convergence criterion

F  value of function f(C), calculated in FUNCT

G  residual of f(C) calculated with updated C value

1  index used for equation number

ITCNT index for iteration number

ITPRT flag used for determining whether intermediate
calculations are output; for ITPRT=0,only
converged results are output; for
ITPRT=1,results of 2=k iteration are printed.

NOAONONOOANANANNNNNNNNNNNNOQONNNNNOOONNONON
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10 CONTINUE

C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS

C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(I).
C
DO 60 J=1,NJ
IF(IND1.EQ.1)THEN
CALL FUNCTKJ)

15 CONTINUE
C .
C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (IN RELATIONTO J).
C
IF (J.EQ.1) THEN
MM=0
ELSE IF (1.LT.NJ) THEN
MM=-1
ELSE
MM=-2
ENDIF
DO 50 M=MMMM+2

Cc
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC

C
DO 50K=1N
SAVEC=C(K.,J+M)
WORKC=SAVEC
C

C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)
C
IF (ABS(WORKC).LT TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER, WORKC)
C(K.J+M)=1.2WORKC
IF(IND1.EQ.1)THEN
CALL FUNCTO(T)
ELSE
CALL FUNCT2(J)
ENDIF
DO 201=1N
AAD=F()
20 CONTINUE
C(K.J+M)=1.1WORKC
IF(IND1.EQ.1JTHEN
CALL FUNCTO(J)

DO 251=1N
AAD=AA(I+4.0*F(T)
25 CONTINUE
CK.J+M)=WORKC
IFIND1.EQ.1)THEN
CALL FUNCTGJ)

DO 301=1.N
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AAMD=(AAM-3.0*F(1)/(0.2*WORKC)
30 CONTINUE

C

C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)

C

ELSE
CK.J+M)=WORKC*CU
IF(IND1.EQ.1)THEN

CALL FUNCTO())
ELSE

CALL FUNCT2(J)
ENDIF
DO351=1N

AA[)=F()

35 CONTINUE
C(K.J+M)=WORKC*CD
IF(IND1.EQ.1)THEN

CALL FUNCTO(J)

DO 40 I=1.N
AAD=(AA(D)-FD)V((CU-CD)*WORKC)
40 CONTINUE
ENDIF
C(KJ+M)=SAVEC
c
C VALUES FOR A.B,D.X AND Y GIVEN. SUM IS ALSO INCREMENTED
c
DO 45 I=1,N

SUMMD=SUMI+AAI*C(K.J+M)

IF M.EQ--2) YALK)=AA(T)

IF (M.EQ.-1) ALK)=AAQ)

IF (M.EQ.0) BLK)=AA(])

IF (M.EQ.1) DALK)=AA(T)

IF (M.EQ.2) X(LK)=AA(D)

45 CONTINUE
50 CONTINUE
DO 551=1.N
GM=GM+SUMD

55 CONTINUE
C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX

C
CALL BAND2(J)
60 CONTINUE
C
C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
C ITERATIONIS BEGUN
C
DO 65K=1N
DO 65 J=1,NJ
IF(DABS(C(K.J)).GT.TNIEST) THEN
IF(DABS((C(KJ)-COLIXK.J)¥CEK.J).GT.ERR) GO TO 70
ENDIF

65 CONTINUE

GO TO 80
70 IFATPRT .GT. 0) CALL WRTOUT2
75 CONTINUE
80 CONTINUE

DO 9511=1N1

DO 95 12=1NJ1
C11.2)=C(11.12)
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95 CONTINUE

SUBROUTINE DIFFEQ(C1,P1,NJ1,N1,IND1,ITCNTO0)

IMPLICIT REAL*8(A-H,0-Z)
Coreontnsssss st st Ris ESSNE R SRS S SR AR SRR SRS
C GENERALIZED CALLING PROGRAM FOR BAND(J) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

0

CALLED BY: MAIN CALLING PROGRAM

rernry

SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)
SOSERBVEESEERE S -

LIST OF IMPORTANT VARIABLES:

A A coefficient described in Newman, Appendix C
AA  first AA is F(WORKC*CU). Later AA is the
value of the derivative df/dc used in Newton's
method
B B coefficient described in Newman, Appendix C
C  “variables to be solved for
CD muliiplication factor used in obtaining
numerical derivatives
COLD value of C from previous iteration
Cu 20-CD
D D coefficient described in Newman, Appendix C
ERR convergence criterion
F  value of function f(C), calculated in FUNCT
G residual of f(C) calculated with updated C value
I  index used for equation number
ITCNT index for iteration number
ITPRT flag used for determining whether intermediate
calculations are outpuy; for ITPRT=0,only
converged results are output; for
ITPRT=1sesults of each iteration are printed.
J  index for node number
K  index for equation number
M index used in working through nodes used to
calculate numerical derivatives
MM  used to determine starting node (in relation to
J) for estimation of numerical derivatives
N  number of equations (no. of variables)
NJ  number of node points
SAVEC saved value of C
SUM intermediate value used in calculating G
TINIER criterion used to avoid working with small numbers
TINY criterion used to avoid working with small numbers
TNIEST criterion used to avoid working with small numbers
WORKC saved value of C; modified when C less than Tinier
X X value described in Newman, Appendix C
Y Y value described in Newman, Appendix C

- e L 222 CHUESSAEHSESON R R EIRE RSN RN S ERR Ny

o000 NOOO0O00ON00ON0ONONNANOONNNNNNNN

OO NONN0ONNN

D-21



C
C DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF
C TIT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOO;ppp
REAL*8 C1(14,301).P1(14.301)
COMMON/INDIC/AL1.L2,L3,14,L5.L6
COMMON/OLD/ AA(14),SUM(14),COLD(14,301)
COMMON/BND/A(14,14),B(14,14),C(14,301),D(14,29).X(14,14),
.Y(14,14),G(14) N NILITPRT.ITCNT F(14),P(14,301)
COMMON/NUM_OF_ITRATCNT1
COMMON/NCY/NC1
DATA TINYO,TINIERO,TNIESTO,ERR/1.0D-5,1.0D-10,1.0D-15,1.0D-3/
DATA TINY1.TINIER1,TNIEST1,ERR/1.0D-10,1.0D-15,1.0D-20,1.0D-3/
DATA TINY2,TINIER2,TNIEST2.ERR/1.0D-1,1.0D-2,1.0D-3,1.0D-3/
DATA CU,CD/1.0001,.9999/
C
C ITCNT INITIALIZED HERE, AND INITIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=1.
C
ITPRT=0
NI=NJ1
N=N1
IF ITPRT.GT.0) CALL WRTOUT2
IF(IND1.EQ.1)THEN
DO 211=1 N1+5
DO 2 I2=1,NJ1
Ca1.I2)=C1(11.12)
P(11.12)=P1(11.12)
2 CONTINUE
ELSE IF(IND1.EQ.2)THEN
DO 511=1 N1+l
DO 5 12=1 NJ1
Ca1.2»=C1(11.12)
PI1.12)=P1(I1,12)
5 CONTINUE
ELSE IFAND1.EQ3)THEN
ITR=5+NC1*2
DO 711=1JTR
DO 7 12=1,NJ1
Ca1.I2=C1(11.12)
P(11.12=P1(11.12)
7 CONTINUE
ENDIF

C

C LOOP BEGUN FOR TTERATIONS

c

C IFATCNTO.GT.7ITCNTO=ITCNTO-1
DO 75 ITCNT=1,JTCNTO

C
C COLD ARRAY SET UP

ITCNT1=ITCNT
DO 10K=1N
DO 10J=1N]
COLD(K.))=C(K.J)
10 CONTINUE

C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS

C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(I).
C
DO 60 Jj=1,N]
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IF(IND1.EQ.1 .OR.IND1.EQ.3)THEN
CALL FUNCT1(])
ELSE
CALL FUNCTA])
ENDIF
DO 151=1N
SUM@)=0.0
G=-F)
15 CONTINUE

c .
C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (INRELATIONTOI). *
C
IF (J.EQ.1) THEN
MM=0
ELSE IF (J.LT.NJ) THEN
MM=-1
ELSE
MM=-2
ENDIF
DO 50 M=sMM MM+2
C
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC
C
DO 50K=1.N
SAVEC=C(K.,J+M)
WORKC=SAVEC
C
C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)
C
IF(N.EQ 1)THEN

ELSE IF(N GEL1THEN
TINY=TINY2
TINIER=TINIER2
TNIEST=TNIEST2
ELSE
TINY=TINY1
TINIER=TINIER1
TNIEST=TNIEST1
ENDIF
IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER,WORKC)
CEK.J+M)=1.2*WORKC
IF(IND1.EQ.1 .OR. IND1.EQ.3)THEN
CALL FUNCT1(J)
ELSE
CALL FUNCT2(D)
ENDIF
DO 20 I=1.N
AA(D=-F(

20 CONTINUE
C(K.,J+M)=1.1*WORKC
IF(IND1.EQ.1 .OR. IND1.EQ.3)THEN

CALL FUNCTI(D)
ELSE
CALL FUNCT2(J)
ENDIF
DO 251=1N
AAM=AAIH.0*F(1)
25 CONTINUE
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C(K.J+M»=WORKC
IF(IND1.EQ.1 .OR. IND1.EQ.3)THEN
CALL FUNCT1(J)

DO 301=1.N
AAD=AAD-3.0*F1))/(0.2*WORKC)
30 CONTINUE
C

C DERIVATIVES CALCULATED FOR LARGER YALUES OF C (GREATER THAN TINY)

C
ELSE
. CEK.J+M»=WORKC*CU

IF(IND1.EQ.1 .OR. IND1.EQ3)THEN
CALL FUNCT1()

ELSE
CALL FUNCT2())

ENDIF

DO 35I=1N

AAM=F()

35 CONTINUE
CEK.J+M)=WORKC*CD
TIF(IND1.EQ.1 .OR. IND1.EQ3)THEN

CALL FUNCTI(])
ELSE

CALL FUNCT2(J)
ENDIF
DO 401=1.N

AAM=(AAMD)-FOW(CU-CD)*WORKC)

40 CONTINUE

ENDIF

CKI+MM=SAVEC

C .

C VALUES FOR A.B.D.X AND Y GIVEN. SUM IS ALSO INCREMENTED

C

DO 451=1.N
SUMM=SUMI+AAIY*C(K.J+M)
IF M.EQ.-2) YALK)=AA()

IF M.EQ.-1) ALK)X=AAD)
IF (M.EQ.0) B(LK)=AA(I)
IF M.EQ.1) DALK)=AA(I)
IF (M.EQ.2) X(LK)=AA(D)

45 CONTINUE
50 CONTINUE
DO55I=1N
GM=G(D+SUM(I)

55 CONTINUE
C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX
C
CALL BAND2(J)
60 CONTINUE
C

C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW

g ITERATION IS BEGUN
DO 65 K=1 N
DO 65 J=1,NJ
IF(DABS(C(K.J)).GT.TNIEST) THEN
IF(DABS((C(K.J)»-COLDK.J)¥C(K.J)).GT.ERR) GO TO 70
ENDIF
65 CONTINUE
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GO TO 80
70 IFATPRT .GT.0) CALL WRTOUT2
75 CONTINUE
80 CONTINUE

DO 9511=1,N1

DO 95 I2=1NJ1
C1(11.12)=C(11.12)

95 CONTINUE

RETURN

END

SUBROUTINE WRTOUT2

C - »
IMPLICIT REAL*8(A-H,0-Z)
COMMON/BNDY/A(14,14).B(14,14),C(14,301).D(14,29).X(14,14),
Y(14,14),G(14) N.NJITPRT.JTCNT,F(14)

IF ITCNTNE.O) WRITE (*, 9)ITCNT

WRITE (*.100)

DO 1 K=1NJ2
WRITE(*,101)K,(C(LK),I=1.N)

1 CONTINUE

99 FORMAT( ITCNT='12)

100 FORMAT( J C1 c2 c3
&,'C4 cs (oY)

101 FORMAT(1X.I3,6(1PE16.8))

RETURN

END
C BLOCK TRIDIAGONAL MATRIX SUBROUTINE
SUBROUTINE BAND2(])
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION E(14,14,301)
COMMON/BND/A(14,14).B(14,14),C(14,301).1¢14,29),X(14,14),Y(14,14),
G(14),N NJITPRT,JTCNT.F(14)
101 FORMAT(CODETERM=0 AT J='14)
IF (J.EQ.1) THEN
NP1=N+1
DO 2i=lN
D@L2*N+1)=G()
DO2L=1IN
DLL+N=X(L)
2 CONTINUE
CALL MATINV2(N,2*N+1,DETERM)
IF(DETERM.EQ.0) WRITE (2,101)J
DO 5K=1N
E(KNP1,1)=D(K,2*N+1)
DOS5SL=1N
EXKL.1)=-D(K.L)
X(K.Ly=-D(K.L+N)
5 CONTINUE
RETURN
ELSE IF(J.EQ2)THEN
DO 71=IN
DO 7K=1N
DO 7L=1N
D(LK)=DALKHALLy*X(L.K)
7 CONTINUE
ELSE IF(J.EQ.NJ) THEN
DO 101=1,N
DO 10L=1LN
GI=G@-Y(LL)*E(L.NP1,J-2)
DO 10M=1N
ALL=AQL»YIM)*EM,L.]J-2)
10 CONTINUE
ENDIF
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DO 12]1=1N

D(NP1)=-G(T)

DO 12L=1N
DINP1)=D(LNP1)}+A(LL)*E(L.NP1,J-1)
DO12K=1N

BLK)=B(LK)>+A(LL)*E(L.KJ-1)
12 CONTINUE
CALL MATINV2(N,NP1,DETERM)
IF(DETERM.EQ.0) WRITE(2,101) J
DO 15K=1.N

DO 15 M=1,NP1

E(KM.=-D(K.M)
15 CONTINUE
IFJ.EQNJ)THEN

DO 17 K=1,N

C(KJ)=E(K.NPL.J)
17 CONTINUE
DO 18 M=NJ-1,1.-1
DO 18 K=1 N
C(K.M)=E(K.NP1.M)
DO 18 L=1N
CKM)=CKMHEK.LM)*C(L.M+1)
18 CONTINUE
DO 19 L=1N
DO 19K=1N
CK.D=CEK.1+XEK.L)*C(L.3)
19 CONTINUE
ENDIF
RETURN
END

C MATRIX INVERSION SUBROUTINE
SUBROUTINE MATINV2(N.M,.DETERM)
IMPLICIT REAL*8(A-H.0-Z)
DIMENSION ID(14)
COMMON/BND/A(14,14),B(14,14),C(14,301),D(14.29)
DETERM=1.0
DO 11=1N

1 ID{)=0
DO 18 NN=1 N
BMAX=0.0
DO 61=1,N
IF(ID(1).EQ.0)THEN
DO S )J=1.N
IF(ID(T).EQ.0)THEN
IF(DABS(B(L))).GT.BMAX) THEN
BMAX=DABS(B(L)))
IROW=]
JCOL=]
ENDIF
ENDIF
5 CONTINUE
ENDIF
6 CONTINUE
IF(BMAX.EQ.0.0)THEN
DETERM=0.0
RETURN
ENDIF
IDAJCOL)=1
IF(JCOLNE.IROW) THEN
9 DO 10 J=1 N
SAVE=B(IROW.J)
BAROW.,I)=B(JCOL.Y)
BUJCOLJ)=SAVE
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10 CONTINUE
DO 11 K=1M
SAVE=D(IROW K)
DAROW,K)=D(JCOL.K)
DJCOLXK)=SAVE
11 CONTINUE
ENDIF
FF = 1.0/B(JCOL,JCOL)
DO 13 )=I.N
13 BUCOL.D=B(JCOLJ)*FF
DO 14 K=1 M
14 D(JCOL,K)=D{JCOLK)*FF
DO 181=l.N
IFINE.JCOLYTHEN
15 FF=B(@.JCOL)
DO 16 J=1N
16 B@.J) =B@.J) -FF*B(JCOL.J)
DO 17 K=t M
17 D(.K) = DAK) -FF*D(JCOL.K)
ENDIF
18 CONTINUE \
RETURN
END

Nnnonn

c this subroutine compute the amount of adsorbed gas in equilibrium with gas
¢ molar density. for single componet uses Langmuir-fredrich isotherm. the
¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (IST). since the equations are none linear and implicit,a numeriacl method
¢ was used 1o compute the adsorbed equlibruim amount. the method is by Forythe,
¢ Computer Methods for Mathematical Computation. it is an bisect method with
C QUAaralc convergence.
c
¢ B.V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z1(METHOD,T,SS.Q1)
IMPLICIT REAL*8 (A-H,0-2Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4),PI(4).X1(4).X1(4),Y1(4)
COMMON/NCY/NC1
COMMON/INDIC1/IND(4)
REAL*8 Q1(4).55(4)
INTEGER LNLIM
EXTERNAL FCN1
DATA XTOL.FTOL.LNLIM/1.0E-5,1.0E-5,0,50/
DATA R/555/
T_G=T
NC=NC1
¢ the partial pressure
DO I1=1,NC
Y1(11)=S811)
END DO

DO I=1.NC
PP(D=Y1()*T_G*R
END DO
¢ no mole fration return
Z=1.0E-32
IF(PP(1).LEZ.AND.PP{2).LE.Z AND.PP{3).L.E.Z.AND.PP(4).LEZ)THEN
DOI=1.NC
QI(M=0.
END DO
RETURN
ENDIF
Ni=1
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¢ set the constant as a function of temperature
IF(IND(1).EQ.1)THEN
C V(N1)=(81.2983138-.21118560043*T+1.587732293D-4*T*T)/44/100
V(N1)=17.0/44/100
C B(N1)=6864.9000131*EXP(-.019625791466*T)
B(N1)=5323235056¢-6*T**(-.5)*EXP(13948.544244/1.987/T)
PO(N1)=.8
Ni1=Nl+1
ENDIF
IF(IND(2).EQ.1)THEN
V(N1)=1./69.035
B(N1)=1.879094E-4*EXP(5467.4817024/T)
IF(T.LT.610.) THEN
B(N1)=4.5597278759E-7*EXP(9628.9655743/T)
ELSE
B(N1)=5.8089066684E-7*EXP(9115.734593/T)
ENDIF
Ni=N1+1
PO(N1)=1.0
ENDIF
IF(AIND(3).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(TLE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E-4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)=1.0
Ni1=Nl+1
ENDIF
IF(IND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(TLE.S32)THEN .
B(N1)=3.2694515539E-7*T+4.59988799E-4
ELSE
B(N1)=7.90864008E-5*T4.14400420E-2

IF(NC.EQ.1)THEN
Q1(1)=V(1)*B(1)*PP(1)**PO(1)/(1+B(1)*PP(1)**PO(1))
RETURN

ELSE IF(NC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2)*B(2)y*PP(2)**PO(2)1+B(2)*PP(2y**PO(2))
Q1(1)=0
RETURN

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
Q1(1)=V(1y*B(1)y*PP(1)**PO(1)/(1+B(1*PP(1)**PX(1))
Q1(2)=0
RETURN

ENDIF
TERM 0.
¢ calculate the equilibruim isthotherm by Langmuir method
DO I=1.NC
IF(PP(1).GT.0)THEN
TERM1=B(1)*PP(1)**PO()+TERM1
ENDIF
END DO
SUMs0.
DO I=1.NC
IF(PP(I).LE.0.) THEN
Q1{I)=0.
ELSE
Q1lM)=VA)»*BAy*PPA)**POI)(1+TERMI)
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SUM=SUM+QI({)
ENDIF
END DO
¢ if the Langmuir method is asked for then renmned
IF(IMETHOD EQ.1)THEN
RETURN
ENDIF
¢ if not, take the result as the first guess for IST theory
DO I=1.NC
X1M=Q1(IYSUM
IFCX1(I).GT.0)<THEN
PIM=PPAVX1(I)
ELSE
PI(T)=0.
ENDIF
END DO
¢ calculate the spread pressure
DO I=1.NC
IF(PP(I).LE.0.) THEN
X1(I=0
ELSE
X 1= VIVPOMD*LOG(1+BM)*PI1)**POM)
IF=I
ENDIF
END DO
X=X1(IF)
DOI=1NC
IF(X1(D.LTX .AND. X1(I).GT.0)THEN
=X1(I)
ENDIF
END DO
AX=X
DELX=AX
BX=AX
¢ call Zeroin subroutine to find the rout to the IST equation
DO I=1,100
BX=BX+DELX
FUN=FCN1(BX)
IF(FUN.LT.0)GO TO 113
END DO
113 X=ZEROIN(FCN1.AX,BX,TOL)
c rout was found
DO I=1.NC
IF(PP(1).LE.0) THEN
PP(I»=1.0E-32
ENDIF
¢ caiculate the fraction in the solid phase
PART1=POD*X/V({)
IF(PART!.GT.73)PART1=73
PIQ=(EXP(PART1)-1)/B()
X1(M=PPT)/PIT)
END DO
TOT_Qu=0
¢ calculate the total amount adsorbed
DO I=. NC
Q1(M=V{@*B{O*PI1)y**POD)N(1+BI)*PIT)**POMD)
TOT_Q=TOT_Q+X1A¥Q1Q)
END DC
¢ calcuiate the amount adsorbed for each component
DO I=1.NC
QI(M=1/TOT_Q*X1(I)
END DO
80 RETURN
END
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¢ IST function
REAL FUNCTION FCN1(X)
IMPLICIT REA®*8(A-H.0-2)
COMMON/EQLIB/PP(4),B(4).Y(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=().
DO I=1.NC
IF(PP(1).GT.0) THEN
PART1=POI»*X/V({)
IF(PART1.GT.73)PART1=73
SUM=aSUM+PPIV((EXP(PARTI1)-1)/BM)**(1/PO())
ENDIF

IF(PP(I).LE.0)PP(T)=1.0E-32
PART1=POM*X/V({1)
IF(PART1.GT.73)PART1=73
SUM=SUM-+PPY((EXP(PART1)-1)/BM)**(1/PO1))
END DO
FCN1=SUM-1
RETURN
END
¢
c
c
¢ subroutine to find the root of equation by bisect method

nonNnanao

REAL FUNCTION ZEROIN(FCN1.AX.BX.TOL)
IMPLICTT REAL*8(A-H.0-Z)
REAL*8 AXBX.FCNL.TOL
REAL*8 A.B,C.D,E.EPS.FA.FB.FC,TOL1L.XM.P.Q.R.S
EPS=1.0
10 EPS=EPS/2
TOL1=1.0+EPS
IF(TOL1.GT.1.0) GO TO 10
c mitialization
A=AX
Ba=BX
FA=FCN1(A)
FB=FCN!(B)
¢ begin step
20 C=A
FC=FA
D=B-A

E=D

30 IF(ABS(FC) .GE. ABS(FB)) GO TO 40
A=B
B=C
C=A
FA=FB
FB=FC
FC=FA

¢ convergence test

40 TOL1=2*EPS*ABS(B}+S*TOL
XM= 5%(C-B)
IF(ABS(XM).LE.TOL1)YGO TO 90
IF(FB.EQ.0.0) GO TO 90

¢ is bisection necessary
IF(ABS(E).LE.TOL1)GO TO 70
IF(ABS(FA)LE.ABS(FB)) GO TO 70

¢ is quaratic interpolatation possible
IF(ANNE.C)GO TO 50

¢ linear interpolation
S=FB/FA
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P=2.0*XM*S
Q=1.0-5
GO TO 60

c inverse quadratic interpoltation

50 Q=FA/FC
R=FB/FC
S=FBfFA
P=5*(2.*XM*Q*(Q-R)-(B-A)*(R-1.0))
Q=(Q-1.0)*(R-1.0)%(S-1.0)

c adjust signs

60 IF(P.GT.0.00Q=Q
P=ABS(P)

c is interpolation acceptable
IF((2.0*P).GE.(3.*XM*Q-ABS(TOL1*Q))) GO TO 70
IF(P.GE.ABS(.5*E*Q)) GO TO 70
E=D
D=PXQQ
GO TO 80

¢ bisection

70 D=XM
E=D

¢ complete step

80 A=B
FA=FB
IF(ABS(D).GT.TOL1)B=B+D
IF(ABS(D).LE.TOL1)B=B+SIGN(TOL1,XM)
FB=FCN(B)
IF((FB*(FC/ABS(FC))).GT.0)GO TO 20
GO TO 30

c done

90 ZEROIN=B
RETURN
END

(sXeXeXe!

¢ the second method. this method is faster but the initial guess must be near

¢ the root of the equation.

c

¢ this subroutine compute the amount of adsorbed gas in equilibrium with gas

¢ molar density. for single componet uses Langmuir-fredrich isotherm. the

¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (IST). since the equations are none linear and implicit,a numeriacl method

¢ was used to compute the adsorbed equlibruim amount. the method is Newton,

[+
¢ B,V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z(METHOD,T,TT,S$S.Q1)
IMPLICIT REAL*8 (A-H,0-Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4),P1(4).X1(4).X1(4),Y1(4)
COMMON/NCY/NC1
COMMON/INDIC1/IND(4)
REAL*8 Q1(4),S5(4)
INTEGER LNLIM
EXTERNAL FCN,FDER
DATA XTOL FTOL,LNLIM/1.0E-5,1.0E-5,0,50/
DATA R/555.0/
T.G=T
NC=NC1
DO I1=1,NC
Y1d1)=85(1)
END DO
DO I=1,NC
PPM=Y1(I)*T_G*R
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END DO
¢ no mole fration return
Z=1.0E-32
IF(PP(1).LE.Z.AND.PP(2).LEZ AND.PP(3).LE.Z.AND.PP(4).LEZ)THEN
DOI=1.NC
Qi(M)=0.
END DO
RETURN
ENDIF
Ni=l
¢ set the constant as a function of temperature
IF(ND(1).EQ.1)THEN
c 13x by |, grace
point=-1567.1205874+9.00256903%1-.0172347*t*1+1.100806¢-5*t*1*t
if(pp(nl).gLpoint .or. Lgt.627)then
V(N1)m=(81.2983138-21118560043*T+1.587732293D4*T*T)/M44/100
B(N1)=6864.9000131*EXP(-.019625791466*T)
po(nl)=1.0
else

c

c

c

c

c

c

¢ 13x by |_f.grace

C v(nl)=2332228/44/100

C b(nl)=4.9639763e-4*T**(- 5)*exp(923333778/1.987/T)

c po(nl »=-2.9138991288+.017181761178*T-2.8549083257¢-5*T*T+

c 1.622511757e-8*T*T*T

¢ end if

c from Finn data SA

c if(pp(n1).1t.1.0) then

C b(N1)=237022397e-6‘t“‘( S)y*exp(14907.6535/1.9871)

o v(N1)=16.6/44/100

o po(N1)=.80

¢ Finn by langmuir

c else

c v(n1)=(25.97135008-6.084518¢-3*T-2.1799516646¢-5*T*T)/44/100

c b(nl)=1.88863393¢-5*T**(-5)*exp(12170.875335/1.987/T)

c po(nl)=].

c end if

C5ABYGRACE,.BYL_F

c V(N1)=17.0/100/44

c B(N1)=2341477E4*T**(- 5)*EXP(10257.166145/1.987/T)

c PO(N1)=3.830450111E-4*T**1,188379596

CS5ABYGRACE,BYL

C V(N1 )=(-4.27886889+.087218022*T-9.1010715804E-5*T*T)/44/100

C B(N1)=9.2533309123E-5*T**(-.5)*EXP(10719.0/1.987/T)

C PO(N1)=1.

CSABYGRACE; BY L_FBETWEEN0-75C
V(N1)=(399.3942-1.938428896*T+3.2540515E-3*T*T-

. 1.8226211899E-6*T*T*T)/44/100
B(N1)=35358072159-.17016733*T+2.7458762E-4*T*T-

. 1.484116035E-7*T**3
PO(N1)=-29.3861079+.1538898497*T-2.612258 TTE-4*T*T+
1.478184694E-7*T**3

c lmde Sa
c v(n1)=.005
c b(nl)=1.129015193¢-5%exp(5055.0150894)
c po(nl)=.6
N1=N1+1
ENDIF
¢ h2o on 52 by grace L1
IFAND(2).EQ.1)THEN
IF(IND(1).EQ.1)THEN
if(pp(nl)t 4)then
if(t.Je.564.)then
v(nl)=(39.914452-8.87103¢-2%1+6.839502987¢-5*1*t¥/100/18
elise
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v(n1)=(873.44464-3.867834937*1+5.80375049¢-3*t*1-
2.9346685¢-6*t*t*1)/100/18
end if
b(n1)=29690.66923-137.837129*T+.214456126*t*t
po(nl)=1
else
b(n1)=48.566639771-2.2620239975¢-1*1+3.9101703168e-4*t*1-
2379098497¢-7%t*t*t
v(n1)=(95.093824733-21725775358*1+1.4628603e-4*1*1)/100/18
po(nl)=1
end if
ELSE
C h2o on 5a grace by L.F
b(nl)=24.573259-5.8385278¢-2%1+3.473682438e-5*1*
v(n])=(66.62520167-.12299345%1+7.1897316221e-5*t*t)/100/18
if(t.le.600)then
po(nl=.8219916486-3.3519986-3*1+4.679276479e-6*t*1
else
po(n1)=-6.0926707634+2.043004¢-2°1-2.924858439¢-5*1%1+
1.1746734108e-8%t*1*t
end if
ENDIF
b(nl)=.2247292664*1**(- 5)*exp(7858.45996/1.987/)
v(n1)=(172.54468-.66643613*1+9.758449¢4*1*14.986888¢-
. 7et*t*t)/18/100
po(nl)=].
V(N1)=22.0/18./100.
B(N1)=78.33485-.142551*T
PO(N1)=1.
Ni1=N1+]
ENDIF
IFAOND(3).EQ.1) THEN
V(N1)=-1.637879012E-5*T+.00961297026
IF(T.LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)>=1.0
N1=N1+1
ENDIF
IF(IND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T LE.S32)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)=1.0
ENDIF
IF(NC.EQ.1)THEN
Q1I{1)=V(1)*B(1)*PP(1)**PO(1)/1+B(1y*PP(1y**PO(1))

RETURN

ELSE IF(NC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2)*B(2*PP(2)**PO(2)/(1+B(2)*PP(2)**PO(2))
Q1(1)=0
RETURN

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
Ql(1)=V(1)'B(1)‘PP(1)“P0(1)/(1+B(1)'PP(1)“P0(1))
Q1(2)=0
RETURN

ELSE IF(NC.EQ3)THEN
if(pp(1)Je.0 .and. pp(2).le.0)then

Q1(3)=V(3)'3(3)‘PPG)"‘?0('3)/(1*-3(3)‘??(3)"%(3))

naon
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Q1(1)=0
Q1(2)=0
return

else if(pp(1).1e.0 .and. pp(3).le.0)then
Q1(2)=V(2)*B(2y*PP(2y**PO(2)/(1+B(2)*PP(2)**PO(2))
Q1(1)=0
Q1(3)=0
return

else if(pp(2).Je.0 .and. pp(3).le.0)then
Q1(1)=V(1y*B(1y*PP(1y**PO(1/(1+B(1)*PP(1y**PO(1))
Q1(2)=0
Q13)=0
return

end if

ENDIF
TERM1s=0.

¢ calculate the equilibruim by Langmnir isotherm
DO I=1.NC

IF(PPQ).GT.0)THEN
TERM1=B(I)*PP(T)**PO(I+TERM1

END IF

END DO
SUM=0.
DO I=1NC

IF(PP(1).LE.0.) THEN
Q1(I)=0.

ELSE
Q1(D=VIy*B1y*PPAY**POI)V(1+TERM1)
SUM=SUM+Q1(I)

ENDIF

END DO
c if the Langmuir method is asked foR, then return. If not use it as first guess
c for IST theory
IF(IMETHOD.EQ.1)THEN
RETURN

ENDIF
DO I=] NC
X1(H=Q1a¥SUM
IFX1(I).GT.0) THEN
PID=PPAVX1(T)
ELSE
PI()=0.
END IF
END DO
¢ set the initial guess for the spreading pressure
DOI=1,NC
IF(PP(I).LE.0.) THEN
X1()=0
ELSE
X1{D=VIYPOID)*LOG(1+BI)*PIT)y**PO))
IF=l
END IF
END DO
X=X1{dF)
DO1=2NC
IFX1(D).LTX .AND. X1(I).GT.0)THEN
X=X1(I)
ENDIF
END DO
¢ call newton method to the rout to IST equation
IF(X .LE. 1.0E-17) GO TO 80
CALL NEWTN(FCN.FDER. X, XTOL FTOLNLIM.])
¢ rout was found, calculate the fraction in the solid phase
DO I=1NC
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IF(PP(1).LE.0) THEN
X1(I)=0.

ELSE
PART1=POI)*X/V(1)
IF(PART1.GT.73)PART1=73
PIM=(EXP(PART1)-1)/B(D)
X1(D=PP()/PK(T)

ENDIF

END DO

c calculate the total amound in the solid phase
TOT_Q=0
DO I=1.NC

IF(PP().LE.0) THEN
Q1(I)=0.

ELSE
Q1M)=VD*BM*PID**POM/(1+BI)*PID)**POMD)
TOT_Q=TOT_Q+X1aA¥Q1()

ENDIF

END DO
¢ calculate the amount in equilibruim with the gas phase for each component
DO I=1,NC
Q1(D=1/TOT_Q*X1(1)
END DO
80 RETURN
END

c
¢ IST final equation
[+
REAL FUNCTION FCN(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4)B(4),Y(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO i=1NC
IF(PP(1).GT.0) THEN
PART1=PO)*X/V({)
IF(PART1.GT.73)PART1=73
SUM=SUM+PPQY((EXP(PART1)-1)/B(I)y**(1 /PO())

c
¢ IST final derivitive
c
REAL FUNCTION FDER(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4).B(4),V(4),PO4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DOI=1NC
IF(PP(1).GT.0) THEN

PART3=POI*X/Y(T)

IF(PART3.LT35)THEN
PART1=-PPAY/BAYV{1)*EXP(PART3)
PART2=((EXP(PART3)-1)/B(D))**((1+POMYPUI))
SUM=SUM+PART1/PART2

ELSE IF(PART3/PO(I).LT.73)THEN
SUM=SUM-B(D)**((1+PO))/POM)y*PPO)/BM/VI)*
EXP(-PART3/PO(I))

ELSE
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PART3=73
SUM=SUM-B(M**((1+PO))/POD))*PPM/BIAV/V(I)*
EXP(-PART3)
END IF
ENDIF
END DO
FDER=SUM
RETURN
END

c

Cc
¢ this subroutine finds the rout 1o a nonlinear equation using the Newton
¢ method
SUBROUTINE NEWTN(FCN,FDER X, XTOL,FTOL.NLIM,T)
IMPLICIT REAL*8(A-H,0-Z)
INTEGER NLIM.LJ
FX=FCN(X)
X1=X
DO J=1 NLIM
DELX=FX/FDER(X)
X=X-DELX
FXaFCNX)
IF (ABS(X-X1)/X.LEXTOL)THEN
RETURN

ENDIF
IF(FX.NE.O)THEN
IF(ABS(FX-FX1)/FX.LEFTOL) THEN
RETURN
ENDIF
END IF
X1=X
FX1=FX
END DO
I=-1
PRINT 200, NLIM.X,FX
200 FORMAT( TOLERANCE NOT MET 'J4, ITERATIONS X=",
2E125,FX)="E125)
RETURN
END

FUNCTION CPGAS(TEM,Y)
C THIS FUNCTION CALCULATES THE HEAT CAPACITIES OF CMRIER GAS IN BTUWMOLER
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 A(4),B(4).C(4).D(4).Y(4)
COMMON/GAS/INERT NCOMP
COMMON/INDIC1/IND(4)
COMMON/NCY/NC1
cCco2
DATA A/36.11,33.46,29.,29.1/
CH20
DATA B/4.233E-2,.6880E-2,2199E-2,1.158E-2/
CN2
DATA C/-2.887E-5,.7604E-5,.5T23E-5,-.6076E-5/
co2
DATA D/7.464E-9,-3.593E-9,-2.871E-9,1.311E-9/
NC=NC1
CPGAS=0.
YO=0.
Ni=]
T=TEM/1.8-273.15
IF (INERT.EQ.1) THEN
DO J=14
IF(IND(I).EQ.1)THEN

D-36



CP=AQBM*T+CO*T*T+DA)*T*T*T
CPGAS=CP*Y(N1)/4.18669+CPGAS
YO=Y(N1+YO
Ni=Nl+l
ENDIF
END DO
E&PgAS:CPGAS-«-(AG HBEYT+CR)*T*T+D3)*T*T*T)*(1-YO)/4.18669
CPGAS=4.97
ENDIF
RETURN
END

FUNCTION CPS(TEMP)

IMPLICIT REAL*8(A-H.O0-Z)
C THIS FUNCTION CALCULATES TNE HEAT CAPACITY
CBTU/LBR.

CPS=0.2

RETURN

END

REAL FUNCTION KGAS (TEMP)
C THIS FUNCTION CALCULATES THE THERMAL CONDUCTIVITY OF CARRIER GAS ASSUMING
C A LINEAR FUNCTION OF TEMPERATURE AND BASED ON VALUES AT 492 AND 672 R.
C BTUMIN/FTR
IMPLICIT REAL*8(A-H,0-Z)
COMMON/GAS/INERT NCOMP
IF (INERT.EQ.1) THEN
KGAS=3.88E-7*TEMP+0.4052E4
ELSE
KGAS=1.667E-6*TEMP+6.1E4
ENDIF
RETURN
END

FUNCTION RE (G.TEMP)
C TNIS FUNCTION CALCULATES THE PARICLE REYNOLDS NUMBER ASSUMINC THAT
C THE MOLECULAR WEIGHT OF TNE GAS IS EQUAL TO THAT OF CARRIER GAS.
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 LENMW
COMMON/PRIME/GN2.RA.,RAV EPSEX,EPSIN,ALF.RHOS . ALPHAI
COMMON/GAS/INERT ,NCOMP
DATA IFLAG//
IF (INERT.EQ.1) MW=28.0
IF (INERT.EQ.2) MW=4,
IF IFLAG.EQ.0)THEN
CONST=2.*RA
IFLAG=1
ENDIF
RE=CONST*MW*ABS(G)/VIS(TEMP)
RETURN
END

FUNCTION VIS(TEMP)
IMPLICIT REAL*8(A-H.O0-Z)
C THIS FUNCTION CALCULATES THE VISCOSITY OF CARRIER GAS AS A LINEAR FUNCTION
C OF TEMPERATURE (LB/MIN/FT).
COMMON/GAS/INERT,NCOMP
IF (INERT.EQ.1) THEN
C VIS=1.0E-6*TEMP+1.65E4
VIS=-.0102007812+5 384663937E-S*TEMP-8.7973727E-8*TEMP*TEMP+
2 4.811387495E-11*TEMP*TEMP*TEMP
ELSE
V1S=0.9444E.6*TEMP+2.863E-4
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ENDIF
RETURN
END

FUNCTION RHOG(TR.P)

IMPLICIT REAL*8(A-H,0-Z)

REAL*8 LEN
C THIS FUNCTION CALCULATES THE MOLAR DENSITY OF AN IDEAL GAS IN
C LBMOLES/CV FS.

COMMON/PRIME/GN2,RA.RAV EPSEX EPSIN,ALF.RHOS.ALPHA1

DATA R/555./

RHOG=P/R/TR

RETURN

END

FUNCTION EFFIXICOMP,G.TEMP,RHO,PT,YO)
C THIS FUNCTION CALCVLATES TNE EFFECTIVE AXIAL DIFFUSIVITIES IN A PACXED BED
C USING THE EDWARDS AND RICHARDSON CORROLATION. (FT*FT/MIN)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LAMBDA1,LAMBDA2,LEN,YO(4)
COMMON/PRIME/GN2.RA.RAV EPSEX EPSIN.ALF.RHOS. ALPHAI
DATA IFLAG/0/,LAMBDA1/0.73/
IFIFLAG.EQ.0)THEN
CONST=2*RA/EPSEX
IFLAG=1
ENDIF
DIF=DIFF(ICOMP,TEMP,PT,YO)
EFFD=LAMBDA 1*DIF+CONST*ABS(G)*LAMBDA2(G,DIF.RHOYRHO
RETURN
END

FUNCTION EFFK(G,T.CP,RHO,P,YO)
IMPLICIT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES THE EFFECTIVE AXIAL THERMAL CONDUCTIVITY OF A
C PACKED BED IN BTU/FT/MIN/F.
COMMON/NCY/NC1
REAL*8 YO(4)
NC=NC1
EFFK=0.
KK=0
DO 11=1,NC
SUM=CP*RHO*EFFDX11,.G,T.RHO,P,YO)
IF(SUM.GT.0)KK=KK+1
EFFK=SUM+EFFK
END DO
EFFK=EFFK/KK
RETURN
END

REAL FUNCTION LAMBDA2(G,DIF ,RHO)
C THIS FUNCTION CALCULATES THE DIMENSTONLESS PARAMETER OF THE EDWARDS AND
C RICHARDS CORROLATION MODIFIED FOR SMALL DIAMETER PARTICLES.
IMPLICIT REAL*8(A-H,0-Z)
REAL®*8 LEN
DATA IFLAG/Y/
COMMON/PRIME/GN2,RA,RAV EPSEX,EPSIN,ALF,RHOS,ALPHAI
IFOFLAG.EQ.0)THEN
TF(RA.GT.0.00492)THEN
PE=2.
ELSE
PE=406.4*RA
ENDIF
CONST=2.*RA/EPSEX
IFLAG=1
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C THIS FUNCTION CALCULATES THE MOLECULAR DIFFUSION COEFFICIENTS BY CORRECTING

ENDIF

LAMBDA2=1./PE/(1.+9 5*DIF/CONST/ABS(G)*RHO)

RETURN
END

FUNCTION DIFF(ICOMP,TEM.P1,YO)

C FOR PRESSURE AND TEMPERATURE (FT*FT/MIN).

00

IMPLICIT REAL*8(A-H,0-Z)

REAL*8 LEN,YO(4),V(4),V1(4)MW1(4).MW(4).DIF(4)

COMMON/GAS/INERT,NCOMP
COMMON/NCY/NC1
COMMON/INDIC1/IND(4)

COMMON/PRIME/GN2,RA.RAY EPSEX.EPSIN,ALF,RHOS . ALPHA1

DATA V1/269,12.7,179,16.6/

DATA MW1/44.01,18.016,28.013,31.999/

NC=NC1

K=ICOMP

P=P1/760.

T=TEM/1.8

Ni=!

DOli=14

IFIND(11).EQ.1)THEN

MWMN1 =MWI1{I1)
V(N1)=V1(1)
N1=N1+1

PART1=(MW(K+MWDYMW K)MWD))**.5
PART2=(V(K)**(1/3+V({I)**(1/3)y**2
DIF(D=PART1/PART2*T**1.75/P*1.0E-3

END DO

IF(NC.EQ.1)THEN
DIFF=DIF(1)*3.8745
RETURN

END IF

IF(NC.EQ2)THEN
IF(K.EQ.1)DIFF=DIF(2)*3.8745
IF(K.EQ.2)DIFF=DIF(1)*3.8745
RETURN

ENDTF

SUM=0.

DO I=1,NC
IFA.NEXK)THEN

SUM=SUM+YOQYDIFT)

ENDIF

END DO

if(sum.ne.0) then
DIFF=(1-YO(K))/SUM*3.8745

else
diff=1

endif

RETURN

END

FUNCTION HFILM(MW,TEMP,REY,CP)
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C THIS FUNCTION CALCULATES THE FLUID FILM HEAT TRANSFER COEFFICIENT
C IN BTU/SQ FT/MIN/R USING THE CORRELATION OF PETROY AND THODOS.
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 ID.KGAS KG.LEN.MW
COMMON/PRIME/GN2,RA.RAV EPSEX EPSIN,ALF,RHOS ALPHAL
COMMON/GAS/INERT,NCOMP
KG=KGAS(TEMP)
PR=CP/MW*VIS(TEMPYKG
HFILM=0357/EPSEX*REY**0.64*PR**0.33*KG*0.5/RA
RETURN
END

C FUNCTION DHCAR(TEMP.P)

C THIS SUBROUTINE CALCULATES HEAT OF ADSORPTION OF CARRIER GAS ONTO THE
C ACTIVATED CARBON TIMES THE TEMPERATURE DERIVATIVE OF THE SOLID PHASE

C CARRIER GAS CONCENTRATION AT THE BED PRESSURE (BTUM SOLID/R).
IMPLICIT REAL*8(A-H.0-Z)

REAL®*8 LEN

COMMON/GAS/INERT,NCOMP
COMMON/PRIME/GN2.RA.RAV EPSEX.ALF RHOS ALPHAI

DATA R/1.9872/,A/1.28E-9/8/3151/

IFANERT.EQ.1) THEN
DH=R*B
DHN2=-DH*A*B*EXP(B/TEMP)*P/TEMP/TEMP
ELSE
DHN2=0.
ENDIF
RETURN
END

Ao nNONOONNONONN

FUNCTION DHADS(ICOMP.T)

C THIS FUNCTION CALCULATES THE ISOTERIC HEAT OF ADSORPTION. (BTUWMOLE)

IMPLICIT REAL*8(A-H.0-Z)
REAL*S LEN
COMMON/PRIME/GN2.RA RAV EPSEX.EPSIN.ALF,RHOS. ALPHA1
IFAICOMP.EQ.2) THEN
DHADS=20400.0
ELSE
DHADS=20000.0
ENDIF
RETURN
END
C
REAL*8 FUNCTION TEMPIN(TIME)
IMPLICIT REAL*8(A-H.0-Z)
C THIS FUNCTION CALCULATES CURRENT INLET TEMPERATURE
C BASED ON THE TIME FOR A TEMPERATURE CHARACTERIZATION
C COMPARSION RUN
IF(TIME.LT.0.2) THEN
TO=71.776
T1 = 13.611
T2 =-25.775
T3=-75292
T4 = 84821.0
TS = -1.9364E+5
ELSE
TO = 74358
T1=15404
T2=-7T799
T3 = 20.167
T4 =-25737
TS5 =.12789
ENDIF
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X =TIME

TEMPIN = TO+T13X+T2*X**2.+T3*X**3.4T4*X**4 +T5*X**5.
TEMPIN = TEMPIN+460.

RETURN

END
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APPENDIX E
2DMOL FORTRAN CODE

C this is the main routin. the initial values of matix S and parameters are
C called by “INITLAL_Z" subroutine. the main routine then calls the "FUNCT1"
C subroutine to solve the discretized partial diffential equations (pde’s).
C afier convergance, the routine calls the "DIFFEQ]" subroutine, which is
C the maine routine for solving the momentum and the pressure equations,
C if it is desire to solve these two equations as the time progresses.
C
IMPLICIT REAL*8(A-H.O0-Z)
REAL*8 C2(14,201,101),C1(14,201),P1(14,201),RP(101),RP1(101),
. Y1(33).Y2(33),Y3(33)
REAL*4 QP(14,201,101),C_AVE(2,101),P_TIME,aa,bb,cc,dd
INTEGER IOUT(S)
CHARACTER*S5 COUT(3)
CHARACTER®*S LABEL(4)
CHARACTER*8 DATE
CHARACTER*16 RADFILE.AVGFILE.CTLFILE
COMMON/DATE/DATE.ISAT
COMMON/NEW_GRID/DELRO(101),ALF1(101),NGR1,NGR2
COMMON/BND?3/5(14,201,101),P(14,201,101)
COMMON/BND2/N,NJ2 NJITPRT ITCNT,NJ1
COMMON/PROP_D_Z/DELZ DELT, TIME,.DELR1,DELR2.JZJT NC,NJR,NP
COMMON/INDIC/L1.12.13.14 156 LLM3 LILIVEL_1MT
COMMON/PROP_WAL/CP_WARO_WA ERRORO,ERROR1
COMMON/INDIC1/IND(4)
DATA IVEL_1,ICU_SIMA,1/
COMMON/RADIAL/RP

WRITE(*,*YDESIGNATE A FILE DATE FOR THE OUTPUT FILES'

READ* DATE

RADFILE = DATE //'_RAD.OUT

AVGFILE = DATE //'_AVG.OUT

CTLFILE = DATE //'_CTL.OUT
OPEN (50,FILE=RADFILE, STATUS=NEW',RECL=32766)
OPEN (60,FILE=A VGFILE,STATUS=NEW',RECL=32766)
OPEN (70,FILE=CTLFILE.STATUS="NEW'.RECL=32766)

C  DATAIOUT/5,25.50,75,101/

DATA 10UT/5,15.25.35.51/
DATA COUT/pCO2@", pN2@", Tgas@®"/

C WRITE HEADER DATA TO ACSII FILE

WRITE(50,48X(COUT(M) JOUT()),J=1,5),J=1,3)
WRITE(60,47X(COUT(M)JOUT(1).J=1,5),]=1,3)
WRITE(70,47X(COUT(),JOUT(J),J=1,5),J=1,3)

C
C INITIALIZE THE C ARRAY WITH THE INITIAL GUESSES OF THE SOLUTION
C

CALLINITIAL Z
T_TIME=0.
TIME=0.
C strat marching through time, LL is the number of time steps
IF(IND(2).EQ.0 .OR. ISAT.EQ.1)THEN
INDO=0

NEQ=2*NC+3

NA=NEQ
ELSE

INDO=1

NEQ=2*NC



NA=NEQ+3
ENDIF
NEQ1=2*NC+5
IVEL=1
NI_OR_1=1
LL2=15
DO LL=1,1800
IF(LL2.GT.5)THEN
L12=[12-1
ENDIF
DO 20 LL1=1,L12
DO I1=1,NEQI
DO I2=1,NJ1
DO B=1,NJR
C211.]12,3)=5(11,12.13)
END DO
END DO
END DO
DO 511=1NJ1
IFOIVEL.EQ.1)THEN
CALL VEL_POR(1.NJ_OR_1IVEL_1)
IVEL=2
ENDIF
DO =1 NA
DO I3=1,NJR
Cl1(12.13)=5(12,11.3)
P1(12,B3)=P(12.11.13)
END DO
END DO
I1=11
MT=1
IF(LL1.EQ.1 .AND. LL'LEQ 1YTHEN
ITCNTO=13

ELSE IF(LL2.EQ.1)THEN
ITCNTO=7

ELSE
ITCNTO=5
ENDIF
IF(INDO.EQ.1)THEN

CALL DIFFEQ2(C1,P1.NEQNIR.1ITCNTO)

ELSE

CALL DIFFEQ1(C1,P1.NEQNIJR,1,itcni0)

ENDIF
DO Mi=1 NEQ
DO M2=1,NJR
S(M1I1 M2=C1(M1M2)
END DO
END DO
5 CONTINUE
DO 1011=1 NC
DO 1012=1 N]1
DO 1013=1,NJR
IF(S(11.12.3).GE.1.0E-15)THEN
IF(ABS(S(11.12,13)-C2(11,12.13))/
SA1.J2,13).GT.1.0E-2)THEN
GOTO 25
ENDIF
END IF
10 CONTINUE
IF(LL1.GE.2)GO TO 205
25 IF(INDO.EQ.1)THEN
DO35LLL=15
DO 1511=1NJ1
=11



L13=2*NC+1
DOMI=13
DO M2=1NJR
CIMI1M2)y=S(L13.11M2)
PIM1.M2=P(L13,11M2)
END DO
L13=L13+1
END DO
MT=0
CALL DIFFEQX(C1,P13,NJR,24)
L13=2*NC+1
L31=L13
DOMI1=1,3
DO M2=1.NJR
S(L13.J1 M2=C1(M1M2)
END DO
L13=L13+1
END DO
15 CONTINUE
DO 17 11=131,131+3
DO 17 I2=1,NJ1
DO 17 B=1,NJR
IF(S(11,12.13).GE.1.0E-15)THEN
IF(ABS(S(11.12.13)-C2(11,12.13))/
S(1.12.13).GT.1.0E-2)THEN
GOTO 35
ENDIF
ENDIF
17 CONTINUE
IF(LLL.GE2)GO TO 20
35 CONTINUE
ENDIF
. 20 CONTINUE
¢ if M3=0 the pressure and velocity will be computed once, which is the best
¢ choice since the change of these two vaiables are infintidimal in Z
¢ direction
205 M3=0
IF(M3.EQ.0)GO TO 433
¢ change the name of gas temperanure, velocity, and pressure for INE DIFFdiffeq] subr
DO I2=1,NJ1
C1(1.12)=S(L4.12.1)
P1(1.12)=P(L4,12.1)
C1(212)=S(L5,12.1)
P1(202)=P(L5,12,1)
C13.12)=8(L612.1)
P1G.I2)=P(L612,1)
C1(4.2)=S(L1,12.1)
P1(4.12=P(L1.12.1)
END DO
c call DIFFEQ] to solve the velocity and the pressure equations
CALL DIFFEQ1(C1,P1,3,NJ1.2,5)
¢ rename the velocity and pressure variables
DO I2=1,NJ1
DO I1=1 NJR
P(LSJ2J1)=S(LS.J2.11)
S(LS12.J1)=C1(2.12)
P(L6J2J1)=S(L6,12.11)
SL6J2,11)=C1(3,12)
END DO
P(LAI2,1)=S(L4,I2,1)
S(LAI2,1)=Ci(1,I2)
END DO
¢ comulating time step
TN 433 T_TIME=T_TTME+DELT*60.
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TIME=TIME+DELT
¢ increase the time step after some initial time steps, since the equations
¢ are more stable
IF(LL.EQ25)DELT=DELT*2
C IF(LL.EQSO0)DELT=DELT*2
c convert the varibale for printing the data
DO 74 M1=1.NJ1
DO 74 M2=1,NJR
DOIi=l NC
QPII M1 M2)=S(11.M1.M2)*10.73D0*S(L1, M1 M2)*760/14.696
END DO
DO 11=NC+1,2*NC
QP11 M1 M2=5(11,M1M2)*10.73D0*S(L2M1.M2)*760/14.696/75
END DO
QP(L1.M1.M2)=S(L1,M1,M2)-460.
QP(L2.M1M2)=5(L2.M1,M2)-460.
QP(L3 M1.M2)=5(L3.M1.M2)-460.
QPIAMIM2)=S(L4.M1.M2)
QP(LS M1 M2)=S(L5,M1.M2)
QP(L6 M1.M2)=S(L6.M1.M2)
4 CONTINUE
¢ compute the inverse of bed radios, the RP varibles are calculted in FUNCT1
IF(LL.EQ.1)THEN
DO K1=1NJR
IF(K1.NE.1)THEN
RP1(K1)=1/RP(K1)

END IF
c the average concentration is being computed by numerical integration for
c every "ISAMP" time steps X
ISAMP=10
IF(LL.LT.130)SAMP=1
IF((LL/AISAMP)*ISAMP.EQ.LL) THEN
¢ the averge is taken at 5 points in the axial direction, KK is the grid point
¢ in axial direction, k1 is comonent number
N_AXIAL=S
DOK1=1NC
C KK=10
KK=5
DO K2=1 N_AXIAL
< the integration is done numerically by cubic spline; or by Simpson method
IFICU_SIM.EQ.1)THEN
DOK3=1NJR
Y1(K3)=S(K1 . KK.K3)*S(L1,KK.K3)*555.*RP1(K3)
END DO
CALL CUBSPL(RP1,Y1,NJR,1,C_AVE(K1.KK))
C_AVE(KI1.KK)=C_AVEKLKK)*2/RP1(NJR)/RP1(NJR)
ELSE
DO K3=1,5
Y2(K3)=S(K1,KK.K3)*S(L1,KK.K3)*555.*RP1(K3)
END DO

CALL SIMPS(Y2,5.DELRO(1).RESULT1)

PART1=RESULT1*2

DO K3=5 NJR

Y3(K34)=S(K1 KK.K3)*SL1, KK K3)*555.*RP1(K3)

END DO

CALL SIMPS(Y3.NH,DELRXNJR).RESULT2)

PART2=RESULT2*2

C_AVE(1,KK)=(PART1+PART2)/RPI(NJRYRP1(NIR)
ENDIF

IF(K2.EQ.1)THEN
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o KK=25
KK=15
ELSE IF(K2.EQ4)THEN
c =101
KK=51
ELSE
C KK=KK+25
KK=KK+10
END IF
END DO
END DO
¢ printing the variables
P_TIME=T_TIME
IF((LL/ISAMP*4))*ISAMP*4.EQ.LL.OR.LL.EQ.1) THEN
WRITE(6,49)
WRITE(6,41) ¢ GRID'JOUT(Q),’ "J=1,5)
ENDIF
=5(1.25.1y*S(L1.25,1)*555
BB=5(1.51,1y*S(L1.51,1)*555
cc=5(2.25.1y*S(1.1,25,1)*555
dd=S§(2.51,1y*S(L1,51,1)*555
WRITE(*,*)AA,BB,cc.dd
WRITE(6.49)
WRITE(6,40)**** TIME = 'P_TIME,LOOPS = LL1," ***
WRITE(6,43)PPCO2  (C_AVE(LIOUT(D))I=1.5)
WRITE(6,44)PPN2 ' (C_AVE(2JOUT(D).I=1.5)
WRITE(6,44)'GAS TEMPS ",(QP(L1,JOUT().1).J=1,5)

IF(LL/ISAMP*10))*ISAMP*10.EQ.LL) THEN
WRITE(50,46)(P_TIME.RP1(D),

& ((QPUIOUT(K).I).K=1,5)J=13)1=133.2)

ENDIF
WRITE(60.45)P_TIME,((C_AVE(LIOUT()J=15).1=1.2),

& (QP(L1IOUT(D).1)I=1.5)
WRITE(70,45)P_TIME,((QP(JJOUT().1).1=15).J=1,2),

& (QP(LLIOUTM.1).J=1.5)

ENDIF
DOI1=1.NEQ+2
DO I2=1,NJ1
DO B=1NJR
P(1.12.13)=S(11.12.13)
END DO
END DO
END DO
END DO

40 FORMAT(1X.,A12.G10.2,32X,A8,14,A5.)
41 FORMAT(1X AI12.5(A7.]3,A2))
42 FORMAT(1X,6(A12))
43 FORMAT(1X,A10,5(2X,G10.2))
44 FORMAT(1X,A10,5(2X.F10.2))
45 FORMAT(1X,16(E155,.))
46 FORMAT(1X.17(E155,.9)
47 FORMAT(1X,TIME'\15(,A5.13))
48 FORMAT(X,TIME.R INCHES',15(,,A5,13))
49 FORMAT(1X,70(-))
STOP
END
C
C this subroutine is being called by maine routine once to get the intial
¢ values and the neccessary parameters

c
SUBROUTINE INITIAL Z
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IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4),K_FO(4)MOL(4)M_AVEM_W(4),BC_1(4).MW,Q1{4),
. §5(4),Q2(4)
CHARACTER*8 DATE
CHARACTER®* 14 INFILEA INFILEB
COMMON/DATE/DATEISAT
COMMON/BND3/5(14,.201,101),P(14,201,101)
COMMON/BND2/NNJ2NLITPRTITCNT\NJ1
COMMON/PROP_B_Z/REC,VOID_B.D_LD_E.S_B,ALF.GC.ZM_W
COMMON/PROP_D_Z/DELZDELT,TIME.DELR | DELR2,JZJT NC,NJR.NP
COMMON/PROP_S_Z/CP_S,RO_S,AINT,R_P,D_P,CON_S1,HEAT(4)
COMMON/PROP_WAL/CP_WA RO_WA.ERRORO.ERROR1
COMMON/INIT_Z/RO_FO,U_FO,U_F1,CP_FO,T_FO,TO,C_FO(4).K_F.P_C(4)
COMMONMISC_ZR.G_F,PLP_TOT,BC_L1.BC_L2,BC_L3,BC_LA.BC_LS.BC_1
COMMON/INDIC/L1,L2,1L3,14,L5L6,LL
COMMON/INDIC1/IND(4)
COMMON/GAS/INERT,NCOMP MW
COMMON/NCY/NC1
COMMON/PRIME/GN2,RA.RAV EPSEX,RHOS, TAMB,ALPHA 1, UINS HWALL.LEN
C
C INITIALIZATION

C SELECT FILE CONTAINING INPUT SET A
INFILEA = DATE //'_A.DAT
OPEN (UNIT=40.FILE=INFILEA,STATUS="0LD")

C SELECT FILE CONTAINING INPUT SET B
INFILEB = DATE //'_B.DAT
OPEN (UNIT=41 FILE=INFILEB,STATUS='0LD’)

C Initialization

READ(UNIT=40,FMT=*)END,DELT.NJ,NJR,DELZ,TAMB,G_F,TO,NCOMP,INERT,
. P_TOT.P_C(1),P_C(2).P_C@3).,P_C(4).ZD_E.D_LRO_WA.EPSEX,
. AINT,CP_S,RO_S.M_W(1)M_W(2),M_W(3)M_W(4) HEAT(1),HEAT(2),
. HEAT(3)HEAT(4).K_F(1).K_F(2),K_F(3).K_F(4),ERROR0.ERROR1
READ(UNIT=41,FMT=*)S_B,CP_WA,RA,RAV RHOS, ALPHAL,R_P,D_P.,R.PL,
. UINS,HWALL.NC.T_FO.GC,CON_S1.NP,PT,LEN,VOID_B.IND(1),IND(2),
. INDQG)IND(4).IDES1.ISAT
¢ the number of component
NJi=N]
NC1=NC
¢ number of equations
N=NC*2+3
¢ number of grids
NIJ2=NJR
¢ number of grids in radial directions, variable grids were used for efficincy
Al=2}
A2=104
¢ 90 percent of the radious was used for the first 49 grids and 10 percent
¢ for 71 remainder
DELRI1=.93*D_l/2/(A1-1)
DELR2= 07*D_l/2/(A2)
¢ volume of solid/volum of porosity
ALF=(1.0D0-VOID_B)/VOID_B
Ni=l
IND3=0
IND4=0
DOIl=14
IF(IND(1).EQ.1)THEN
M_W(N1)=M_W(1)
P_C(N1)=P_C(1)
HEAT(N1)=HEAT(1)
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K_F(N1)=K_F1)
IF(11.EQ.3)THEN
IDES=N1
IND3=N1
ELSE IF(11.EQ.4)THEN
IND4=N1
ENDIF
Ni=Ni+]
ENDIF
END DO
SUM_Y=0
¢ find the partial pressures and average molecular weight
DO I=1,NC
Y_F=P_C()/P_TOT
SUM_Y=SUM_Y+Y_F
M_AVE=M_AVE+Y_FP*M_W()
END DO
M_AVE=M_AVE+1-SUM_Y)*28.
MW=M_AVE
c L1 is the gas temp, L2 is the solid temp, L3 is the wall temp, LA is the
¢ velocity, LS is the total pressure, and L6 is the total pressure witout
c thermal effect
c
L1=2*NC+1
L2=L1+1
L3=L2+1
L4=13+1
L5=L4+1
L6=L5+1

C
C BOUNDRY CONDITIONS
C
DO I11=1NC
BC_1{I11)=P_C(11Y/555.0/TO
END DO
BC_L1=TO
BC_L2=TO
BC_L3=TO
BC_L4A=G_F/D_I/D_I/PI*4/VOID_B
BC_L5=P_TOT
BC_L6=BC_LS
C
C INITIALIZATION OF VARIABLES
C
DO I=1.NJ
DO J=1,NJIR
PL1ILN=BC_L1
PL2IN=BC_L2
PL3LT=BC_L3
PAA4LT=BC_14
PLSLI=BC_LS
P(L6.LY=BC_L6
SL1ILN=BC_L1
S(L21J=BC_L2
SA31J=BC_L3
SLALY=BC_14
S(LSLT=BC_LS
S(LSsIN=BC_L6
END DO
END DO
DO 11=1 NC
DO I2=1.N]
DO I3=1,NJR
PA1J213)=0.
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S(1.I2.13)=0.
END DO
END DO
END DO
DO =1 NC
DO J=1 NJR
SAL1.)=BC_1()
END DO

END DO
IF(IND3.NE.0)THEN
DO I2=1,NJ
DO I3=1,NIR
S(IND3,J2.3)=BC_1(IND3)
END DO
END DO
ENDIF
IF(IDES1.EQ.1)THEN
SS(IDES)=S(IDES.1,1)
CALL IST_Z(1,8(L2.1,1),58,Q2)
DO I=1NC
QM=Q2(0)*RO_S
END DO

DOIi=1,NJ
DO I2=1,NIR
S(IDES.11.12)=BC_I(IDES)
P(IDES.I1.12)=BC_I1(IDES)
S(NC+IDES.I1.12=Q2(IDES)
P(NC+IDES. 11.12)=Q2(IDES)
END DO
END DO
ENDIF
IF(IND4.NE.O)THEN
DO 11=1,NJ
DO I2=1,NJR
S(DES+1,11,12)=BC_1(IDES+1)
PADES+1,11,12)=BC_1(IDES+1)
S(NC+IDES+1.J1,12)=Q2(IDES+1)
P(NC+IDES+1.11.12)=Q2(IDES+1)
END DO
END DO
ENDIF
IFQSAT.EQ.1)THEN
DO 11=1,NC
SSI1)=BC_1(11)
END DO
CALLIST_Z(1,5(L2,1,1),55.Q2)
DO I=1 NC
QM=Q2(AY*RO_S
END DO

DO I1=1NC
DO 2«1 ,NJ
DO B=1.NIR
SA1I2.B3)=BC_1{(11)
SA1+NCI2,13)=Q2(I1)
PALR.B3)m=BC_1(I1)
PI1+NCI2.13)=Q2(11)
END DO
END DO
END DO
DO1i=1,NC
BC_1(11)=0
END DO
BC_1(IND3)=P_C(ind3)/555.0/TO
end if
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RETURN
END

SUBROUTINE VEL_POR(JINJ_OR_I1,IVEL_1)
IMPLICIT REAL*8(A-H,0-Z)
REAL *8 U(14,201),EPS(1000),U1(101,201),A1(14,201),V(30),
. VS(30),RP(30),EPS1(1000)
COMMON/UG/U_GUESS,EPS
COMMON/OLD/ AA(14),SUM(14),COLD(14,201,101)
COMMON/BND/A(14,14),B(14,14),C(14,201),.D(14,29).X(14,14),
. Y(14,14),G(14),F(14),P(14,201)
COMMON/NEW_GRID/DELR0(101),ALF1(101),NGR1,NGR2
COMMON/BND2/N,NJ2 NJLITPRT ITCNT,NJ1
COMMON/BND?3/5(14,201,101)
COMMON/PROP_B_Z/REC,VOID_B,D_LD_E.S_BALF.GCZM_W
COMMON/PROP_D_Z/DELZDELT,TIME,DELR1,DELR2,JZJT NC,NJR.NP
COMMON/PROP_S_Z/CP_S.RO_S,AINT,R_P.D_P,CON_S1,HEAT(4)
COMMON/INDIC/L1,L2,1.3,14,L5,L6,LL
COMMON/NCY/NC1
COMMON/PRIME/GN2,RA.RAV EPSEX,RHOS, TAMB,ALPHA1,UINS HWALL,LEN
DATA R1/555/
¢ a number to make the division of grids correctly
IFIVEL_1.EQ.0)THEN
m=2
c there is a temperature difference between the gas and solid phases
EC=1/VOID_B-1.
DP=R_P*2.
¢ grid number for velocity dietribution
NP1=125
TR=D_I/DP
c grid fraction for almost-constant velocity section in the radial direction
FRAC1=.93
¢ grid fraction for variable velocity section in the radial direction
FRAC2=.07
¢ number of grids in the bulk section
K1=21
c number of grids close to the wall
K2=104
K11=K1
K22=K2
IR=5
¢ start computng the velocity profile
¢ guess the velocity at the center of the column
U_GUESS=1.0
133 IF(U_GUESS.EQ.1.0)THEN
¢ set the radial grid velcities to guess one if it is the first itration
DO 11=1,NP-1
UJ.11)=U_GUESS
END DO
ELSE
c if not set it 1o the most recent one
DO 11=2NP-1
ULI1=C(1.11)
END DO

U(1,1)=U_GUESS
ENDIF
c at wall no-slip flow, therefore velocity is zero
UUJINP)=0.
RO_F=S8(L5,J1,1¥S(L1J],D/R1
IF(U_GUESS.EQ.1)THEN
GN=S8(14,11,1)*RO_F/60.*VOID_B
ELSE
GN=UD*RO_F
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ENDIF
T_GAS=S(L1,]1.1)
REY_D=RE(GN,T_GAS)
REC= 1.75/150.*REY_D/(1-VOID_B)
US=((1.+4.*REC)**.5-1.)/(2*REC)
¢ "DIFFEQ1" is the main routine to compute the velocity profile
CALL DIFFEQ1(U.A1,1,NP3,5)
¢ if converged go out
IF(ABS(U_GUESS-C(1,2)).GT.1.0E-7)THEN
U_GUESS=C(1.2)
UD=S(14.1J,1)*VOID_B/C(1,2)/60.
GOTO 133
ENDIF
¢ the velocity obtined is a intrinisic velocity multiplying by porosity
¢ gives seepage velocity, here ¢(1,11) is array of variable velocity which
¢ is being calculated in one of the subroutine of DIFFEQ1 routine
DO 1i=1.NP
UII1=C(1,11y*UD*60.
U1(J1.11)=C(1.11)
END DO
DO I=1 NP
EPS1(11)=EPS(11)
END DO

idelr_mi=5
idelr_in2=7
nl=1
delrO(n1 )=delr1*5
eps(nl )y=eps(nl)
alfl(nl)=(1-eps(n1))/eps(nl)
if(nj_ar_1.eq.1)then
do i6=1nj
s(14.i6,n1)=u(jj,1)/eps(nl)
end do |

else
5(M4,i6.n1)=u(jj,1 Veps(nl)
end if

do i8=5,20,5
nl=nl+l
delr(n] )y=delr1*5
eps(nl =eps(i8)
alf1(nl)=(1-eps(nl))/eps(nl)
if(nj_or_l.eq.1)then
do i6=1.nj
s(14.i6.n1)=u(j).i8)/eps(n1)
e do

else
s(M.i6.n1)=u(jj,i8 Veps(nl)
end if

end do
ngrl=nl
do i8=27,125,7
nl=nl+l
delrO(nl y=deir2*7
eps(nl)=eps(i8)
alf1(n1)=(1-eps(n1))/eps(nl)
if(nj_or_1.eq.1)then
do i6=1.nj
s(14,i6.n1)=u(jj.i8)/eps(n1)
end do

else
s(M4.i6.n1)=u(jji8¥eps(nl)
end if
end do
if(ni_or_l.eq.1)then
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do i6=1.nj
s(M4.16 N 1)=u(jj,124)/eps(124)
end do
eise
s(4,i6,N1)=u(jj.124)/eps(124)
end if
ngr2=nl-ngrl
ELSE IFOVEL_1.EQ.1)THEN
Cil=14
NIR1=6
NJR2=NIJR-10
DELR11=.8*D_l/(2*(NJR1-1))
DELR12=.2*D_I/(2*(NJR-NJR1))
DELRX1)=DELR11
DELROX(NJR)=DELR12
EPS(1=VOID_B
EPS(NJR)=VOID_B*(1+C1)
ALF1(1)=(1-EPS(1))/EPS(1)
ALFI(NJR)=(1-EPS(NJR)/EPS(NJR)
11=2
DO K=NJR-2,1.-1
IFI1 LENJR1)THEN
Y1=(NJR1-1)*DELR11+NJR2*DELR12
DELRO(11)=DELR11
ELSE
Y1=DELR12*K
DELRO(I1)=DELR12
END IF
CALL COEF2(Y1,VOID_B.D_P,C1,POR)
EPS(11=POR
ALF1(11)=(1-EPS(1))/EPS(1)
11=]1+]
END DO
RP(1)=0.
RP(NJR)=1.
DO K=2,NJR-1
RP(K)}=2*DELROK)/D_I+RP(K-1)
END DO
VAV=S(14.1,1)*EPS(1)
NJJ=NJR
RMS=1.-2¢*D_P/D_I
BO=.16%(D_P/AD_D))**(-3/2.)
AO=1/(BO+2.)-RMS/(BO+1)
A2=RMS/(BO+1.)
A3=1./(BO+2)
D1=A0R2.+A2/(BO+3.)-A3/(BO+4.)
DO1=1,NT]
) VSM=(AO+A2*(RP(I)**(BO+1.))-A3*(RP(I)**(BO+2.)))/
(2*D1)
END DO
DO =1 NJ]
V(D=VSIy* VAV
do ié=1.nj
8(14,i6,i)=v(i)/eps(i)
end do
END DO
ENDIF
RETURN
END
C
C
¢ this subroutine is being called by maine routine o compute the variable in
¢ C matrix. in this routine first velocity profile is being determined. the
¢ conductivity, diffusivity,pososity....... are being calculated in this
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c routine by calling the approperiate subroutine. the routine obtained the
¢ C matix in axial and radial directions. it itrates till it conveges to the
c alloweble error
c
SUBROUTINE FUNCT4(J1)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4),K_FO(4),MOL(4),M_AVEM_W(4)NU_NPNU_NW KGAS,

. K_FP(4,201,201),BC_1(4).D_L(4),Q2(4)MW,A1(14,201),

. C1(14,201,101).D_RF(4),U(14,201),EPS(1000),E(30),AKT(30),

. C2(14,201,101),F01(101).F11(101),F21(101),F02(101),

. F12(101),F22(101).,RP(101),DR(101),RR0(101).D_LP_R(4,201,101),

. D_LP_Z(4,201,101),U1(101,201),YO(4),SS(4),RATE_H1(201,33)
COMMON/UG/U_GUESS,EPS
COMMON/OLD/ AA(14),SUM(14),COLIX14,201,101)
COMMON/BND/A(14,14),B(14,14),C(14,201),D(14,29).X(14,14),

. Y(14,14),G(14),F(14).P(14,201)

COMMON/BND?3/5(14,201,101)
COMMON/NEW_GRID/DELR0(101),ALF1(101),NGR1.NGR2
COMMON/BND2/N.NI2NJITPRT JTCNT.NJ1
COMMON/PR_OLD_ZXCON_7Z(201,101),CON_R(201,101),CON_S(201,101),

. H_W(201,101),CP_P(201,101).H_FP(201,101),Q(4,201,101),

. VISC_P(201,101),D_LPP{4,201).RATE_C1(201,101)
COMMON/PROP_WAL/CP_WA RO_WA ,ERRORO,ERROR!1
COMMON/PROP_B_Z/REC,VOID_B.D_LD_E,S_B,ALF,GCZM_W '
COMMON/PROP_D_Z/DELZ DELT,TIME,DELR1,DELR2 JZ JT NC,NJR NP
COMMON/PROP_S_Z/CP_S,RO_S.AINT,R_P,D_P,CON_S1,HEAT(@4)
COMMON/INIT_Z/RO_FO,U_FO,U_F1,CP_FO,T_FO,TO,C_FO(4),K_F,P_C(4)
COMMONMISC_ZR,G_F,PLP_TOTBC_L1.BC_L2BC_L3,BC_L4,BC_LSBC_1
COMMON/INDIC/L1,L2,L3,14.L5,L6 LLM3.ILILIVEL_1MT
COMMON/INDIC1/IND(4)

COMMON/RADIAL/RP
COMMON/GAS/INERT . NCOMP.MW
COMMON/NCY/NC1
COMMON/PRIME/GN2,RA.RAV,EPSEX.RHOS, TAMB,ALPHA1,UINS HWALL,LEN
DATA EMIS,R1,JONCE,JONCE,JCOUNT.JCOND1,JCOM/.9,555.,0,0,0,1,1/
c there is a temperature difference between the gas and solid phases
¢ IF(LL.EQICOM)THEN
c BC_L1=TEMPIN(TIME)
c ICOM=LL+1
c ENDIF
IF(J1.EQ.1 .AND. IONCE.EQ.0)THEN
IONCE-=1
NJ_OR_1=1
1_SOL_FLO=0
¢ an indication number for type of gas to compute the gas conductivity,
¢ 1=aN2, 2=air, 3=co2
1GAS=]
DP=R_P*2.
IF@VEL_1.EQ.1THEN
IR=10
ELSE
IR=5
ENDIF
c calculating the area for heat ransfer o the wall or from the wall
D_T=D_E+D_1
X_W=D_E-D_I
A_C=2*D_I/((D_I+D_E)*X_W)
A_INS=2*D_E/((D_I+D_E)*X_W)*14
¢ heat ransfer coefficient outside of the wall
H_OW=(.1
ENDIF
c call vel_por to compute velosity and porosity profile
IF(J1.EQ.1 .AND. JONCE.EQ.0)THEN
JONCE=1
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¢ compute the ratio of distance from the center to each grid over the pellet
¢ diameter
RR=(.
RRO(NIR)=0.
DO I5=NJR-1,1.-1
RR=RR+DELRO(I5+1)/D_P
RRO(IS=RR
END DO
¢ this section calculates the coefficients to the discretized PDE's
c
¢ compute the inverse of distance from the center to each grid
RR=0.
DO I5=1NJR
IFASNE.1)THEN
RR=RR+DELR<X15)
RP(I5)=1./RR
ELSE
RP(1S =0.
END IF
IFAS1TIR) THEN
DELR=DELR((1)
DR(15)=DELR
ELSE IF(5.eq.IR)THEN

DELR1=DELRO(IR)

DELR2=DELRO(IR+1)

DELR=DELR1

DR(I5)=DELR

FR=DELR2/DELR1

c these variables are bein computed at the pont where two adjant grids are
¢ not the same size

FO1(I5)=FR/A1+FR)

F11{d5)=(1.-FR)FR

F21(I5}=1/((1.+FR)*FR)

FO2(ISx=1/(1+FR)

F1205=1JFR

F22(15=1/((1.+FR)*FR)

ELSE
DELR=DELRO(IR+1)
DR({I5)=DELR
ENDIF
END DO
ENDIF
¢ this section calls the proper subroutine to compute the parameters such as
c diffusivity, conductivity.....
IF(MT.EQ.I)THEN
IF(J1.EQ.1 .AND. ICOUNTLTJNTHEN
1521
ICOUNT=ICOUNT-+1
DO I6=1,NJR

DO M1=1,NC
YO(M1)=C(M1I6)*R1*C(L1,16)/S(L5.15.16)

END DO

TEMP=C(L1,16)

M_AVE=0

SUM_Y=0.

DO Mi1=1,NC
M_AVE=M_AVE+YOMI1)*M_W(M1)
SUM_Y=SUM_Y+YO(M1)

END DO

M_AVE=M_AVE+1-SUM_Y)*28.

RO_F=S(L5.1516)/(C(L1.16)*R1)

IF(RO_F.LE.0O)RO_F=P_TOTAC(L1.16)*R1)

GN=5(14,15,16)*RO_F/60.*VOID_B

c calculate Reynolds number

E-13



REY=RE(GN,TEMP)

c calculate specific heat of gas phase

CP_P(15.16=CPGAS(TEMP,YO)

¢ calc viscosity

VISC_P(15.16)=VIS(TEMP)*60.

c calc heat ransfer coeff

H_FP(15,16)=HFILM(MW,TEMP,REY,CP_P(15,16))*60.
itest] 1a=0
IF(ITEST11.EQ.0) MN=2

¢ this section compute the conductivity of gas and solid in axial and
ial directi

cradial

CALL PHI_COND(IGAS . TEMP,CON_S1,EPS(1),PHLPHIW)

CALL CONDUMN.JGAS PHLD_P,CON_S1,RR0(16),U1(1,I6).REY,
TEMP,EPS(16),EPS(1),EFF_CON_R1,CON_R1,EFF_CON_Z1,
CON_Z1,CON_P1,NJR.NGR1,NGR2,16)

¢ if there is a tepmperanrre difference between the gas and solid

IFA_SOL_FLO.EQ.1)THEN
CON_Z(15,16)=CON_Z1
CON_S(I5.,16)=CON_P1

¢ if there is no wpmperature difference between the gas and solid

ELSE
CON_Z(15,16)=EFF_CON_Z1
ENDIF

¢ computation for number of component

DO M1=]1NC

¢ calc the molecular diffusivity of eac componet in the mixture

DIF=DIFF(M1,TEMP,S(L5.15,16),YO)*60

¢ calc Schmidt number

SC_N=VISC_P(I5,16)/DIF/RO_F/M_AVE

c calc axial diffusion

C
C

CALL AXDIFF_R_Z(MN,JGAS,PHLD_P,DIF,RR0{16),U1(1I6),
REY.SC_N,TEMP,EPS(16),EPS(1),EFF_DIFF_R.EFF_DIFF_Z,
njr.ngrl NGR2,16)
D_LP_R(M1,1516)=EFF_DIFF_R
D_LP_Z(M1.15]6)=EFF_DIFF_Z
ESBL&Z(MIJSJ6)-CON_ZG5J6)IRO_FICP_P(I5.IG)

¢ calc the heat ransfer coefficint between the gas phase and the wall

IF(16.EQNJR) THEN
IF(GN.EQ.0)GN=5(14,1,1)*RO_F/60.*VOID_B
REY=RE(GN,TEMP)

CALL HEAT_WALL(IGAS,PHIW,D_P,CON_S1,RR((16),U1(1,16),
REY . TEMP.VOID_B.H_W1)
H_WQSNJR)=H_W1

ENDIF

IF(ICOND1.EQ.1)THEN
VAV=G_F/D_L/D_I/PI*4
GA=G_F/D_I/D_L/P1*4.*RO_F
TAV=S(L1,1,1)1.8
RO=S(L5,1,1)/S(L1,1.1/R1
CP=CP_P(1,1)

AVIS=VISC_P(1,1)
AKC=.000358895+3.0026706379E-5*S(L1,1,1)-5.3528942E-9*
S(L1,1,1»*S(L1,1.1)

CALL CONDUCI(EMIS,CON_S1,.D_P,D_LGA,VAV,TAV.RO,CP,AVIS,
AKC\NIR EPSEX EPS(1),EPS(NJR).DELRO.E,AKT)

ICOND1=0

ENDIF

CON_R(15.16)=AKT(16)

IF(E(16).LE.0)E(16)=E(16-1)

DO M1=1,NC

D_LP_R(M1I516)=AKTI6)/RO/CP
D_LP_R(M1,I5]6)=E(16)
END DO
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END DO
IF(CON_Z(15,NJR).EQ.0)THEN
CON_Z{I5 NJR)=CON_Z(I5,NJR-1)
DO M1=1.NC
D_LP_ZM1,I5.NJR =CON_Z(I5.NJR)/RO_F/CP_P(I5.NJR)
END DO
ENDIF
DO I1=1,NJ
DO M1=1NC
D_LPPM1I1)=D_LP_ZM1,11,1)
END DO
END DO
ENDIF
c set the parameters 10 new variables
I=1]
RO_F=S(LSJJIMCL1JI*R])
DO M1=1,NC
D_L{M1)=D_LP_ZM1J.J1)
END DO
DO M1=1NC
D_RF(M1)=D_LP_RM1,.J1)
END DO
DO 11=1,NC
S$S(11)=C11.J1)
END DO

c call the isotherm to compute the equilibruim concentration
IFJ_SOL_FLO.EQ.1'THEN
CALL IST_Z(1,C(L2.J1),S5.Q2)
ELSE
CALLIST_Z(1,C(L1J1).55.Q2)
ENDIF
¢ based the equilibruim per unit volume of pellet
DO I=1,NC
QILIIN=Q2(Ty*RO_S
END DO

¢ this is the boundry, the first grids in axial direction
IF(J.EQ.1)THEN
RATE_C=0
¢ compute the total amount is being adsorbed
DO M1=1.NC
RATE_C=RATE_C+K_FM1)*AINT*(Q(M1,J.J1)-C(M1+NC.11))
END DO
RATE_C1(JJ1)=RATE_C*(1-EPS(J1))
RATE_H=0
¢ compute the total heat of adsorption
C HEAT(2)=-(411.93585-57470.2733*C(3.J1)/RO_S+3971259.2258*
C . C@GJD**2/RO_S/RO_S)*44
DO M1=1NC
RATE_H=RATE_H+HEAT(M1)*K_FM1)*AINT*(Q(M1JJ1)-
C(M1+NC,J1))
END DO
RATE_H1(JJ1)=RATE_H
¢ this "if" calculates the first grid in radial direction, center of the bed
IF(J1.EQ.1) THEN
¢ computation of molar density component
TOT_C=0.
DO Mi1=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(LA4,JJ1 VDELZ+4*D_RFM1)/
DR(J1)/DR(J1)+1./DELT)
P1=D_L(M1)/DELZ**2*(BC_1(M1)+S(M1,J+1,J1))
P2=-S(14,1.J1)(DELZ)*(-BC_1(M1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1J.J1)-C(M1+NC11))
P4=4*D_RF(M1)*(C(M1.J1+1))/DR(J1YDR{1)
P5=-(-P(M1,J1))/DELT
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F(M1)=-C(M1.J1)}+A2*(P1+P2+P3+P4+P5)
TOT_C=TOT_C+C(M1.11)

END DO

F(NC)=(S(L5,JJ1)-TOT_C*R1*S(L1.JJ1))/R1/S(L1JJ1)

C(NCJ1)

¢ computation of molar adsorption for each component

DO Mi=}{ NC

A2=1J(K_FMI1)»AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1 }+A2*(K_FM1Y*AINT*(QM1,1.J1))»+
P(M1+NC.J1¥DELT)
END DO
¢ the same computation as above except it is now for the grid at the wall
ELSE IF(J1 . EQ.NJR)THEN
TOT_C=0.
¢ comp of molar density of component

DO M1=] NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4.JJ1¥DELZ+2*D_RFM1)/
DR(JI¥DR{J1+1/DELT)
Pi=D_L(M1)/DELZ**2*(BC_1(M1)}+S(M1.J+1J1))
P22-5(14,J,J1)(DELZ)*(-BC_1(M1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1.JJ1)-C(M1+NC,J1))
P4=D_RF(M1)*RP(J1)*(C(M1.J1-1)-C(M1,J1-1))/(2*DR(J1))
P5=2*D_RF(M1)*(C(M1J1-1)YDR(J1DR(J1)
P6=P(M1,J1)/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1.J1)

END DO

F(NC)=(S(L5.JJ1)-TOT_C*R1*S(L1JJI)VR1/S(L1JJ1)-

C(NCJ1)

¢ comp the molar adsorption

DO M1=1.NC
A2=1 /(K_F(M1)*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1)+A2*(K_FMI1)*AINT*(QM1,J.11))>+
P(M1+NC,J1)DELT)

END DO

ELSE
¢ the same computation as above except it is now for the grids from the center
¢ to the pont where the velocity start to chane

IF(J1.NEIR)THEN

¢ comp molar density of each component
TOT_C=0.

DO M1=],NC-1
A2=1/2*D_L(M1)/DELZ**2+S(L4,JJ1YDELZ+2*D_RFM1)YDR(J1)
/DR(J1)+1/DELT)
P1=D_LM1)/DELZ**2*(BC_1(M1)»S(M1,J+1,11))
P2=-S(14,JJ1)ADELZ)*(-BC_1(M1))
P3=-ALF1(J1YAINT*K_F(M1*(Q(M1.J.J1)-C(M1+NC,J1))
P4=D_RF(M1)*RP(J1)*(C(M1.J1+1)-C(M1,J1-1))/(2*DR(J1))
P5=D_RF(M1)*(CM1,J1+1+C(M1J1-1))

DR(J1)/DR(11)

P6=-(-P(M1.J1))/DELT
FMD)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1J1)

END DO

F(NC)=(S(L5.J.J1)>TOT_C*R1*S(L1JJ1)VRI/S(L1.JJ1)-

C(NCJ1)

¢ compute molar adsorption

DO Mi=1NC
A2=1 JK_FM1)y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1)+A2*(K_F(M1)*AINT*(Q(M1,1,J1))+
P(M1+NCJ1yDELT)

END DO

¢ the same computation as above except it is now for the grids from the point
¢ where the velocity starts to change 1o the wall
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ELSE
TOT_C=0.
¢ compute molar density of each component
DO M1=1,NC-1

A2:=1/(2*D_L(M1)/DELZ**2+5(L4,1.J1YDELZ+F11(J1)*D_RF(M1)*

RP(J1YDR(J1)+2*D_RF(M1)*F12(J1YDR(J1)/DR(J1)+1/DELT)
P1=D_L(M1)/DELZ**2*(S(M1,J+1 JI+BC_1(M1))
P2=-S(L4.IJHADELZ)*(-BC_1(M1))
P3=-ALF1(J1)* AINT*K_F(M1)y*(Q(M1J.J1)-C(M1+NC]J1})
P4=D_RF(M1)*RP(J1)*(F21(J1)*C(M1,J1+1)-FO1(J1)*
C(M1J1-1)ADRA1))
PS=2*D_RF(M1)*(F22(J1Y*C(M1,J1+1 +F02(J1*C(M1,J1-1))
/DRJ1YDR{1) .
P6=-(-P(M1,J1))/DELT
F(M1)=-C(M1.J1 +A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1.J1)
END DO
FNC)=(S(L5JJ1»-TOT_C*R1*S(L1JJ1)¥R1/S(L1II1)
C(NC.J1)
¢ compute molar adsorption
DO Mi=1NC
A2=1J(K_F(M1y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1)+A2*(K_FM1)*AINT*(QM1.1LI1)x+

P(M1+NC,J1YDELT)
END DO
ENDIF
ENDIF
Cc
C

C this section compute the S matrix variables for grid at z=L, the outflow
¢ boundry
c
c
ELSE IF(J.EQ.NJ1)THEN
¢ compute the total amount adsorbed
RATE_C=0
DO Mi1=1.NC
RATE_C=RATE_C+K_F(M1)*AINT*(QM1.J11)-C(M1+NCJ1))
END DO
¢ compute the total heat of adsorption
RATE_C1(JJ1)=RATE_C*(1-EPS(J1))
RATE_H=0
C HEAT(2)=-(411.93585-57470.2733*C(3,J1)/RO_S+3971259.2258*
C . C@J1)y**2/RO_S/RO_S)*44
DO M1=1NC
RATE_H=RATE_H+HEATMI1y*K_F(M1*AINT*(Q(M1,1.J1)-
C(M1+NCJ1))
END DO
RATE_H1(JJ1)=RATE_H
¢ this section compute the s matrix at outflow boundry at the ceter of bed
IF(J1.EQ.1) THEN
TOT_C=0.
¢ compute the component molar density
DO Mi=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(14,1,J1 YDELZ+4*D_RF(M1)
DR(J1)/DR(J1)+1/DELT)
P1=D_L(M1)/DELZ**2*(2*S(M1,J-1.71))
P2=-S(L4,J.J1)(DELZ)*(-S(M1,J-1,J1))
P3=-ALF1(J1*AINT*K_F(M1)*(Q(M1,JJ1)-C(M1+NC]J1))
P4=4*D_RF(M1y*(C(M1,J1+1))/DR(J1¥DR(J1)
PS=-(-P(M1,J1))/DELT
F(M1)=-C(M1,J1+A2*(P1+P2+P3+P4+P5)
TOT_C=TOT_C+C(M1,]1)
END DO
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FINC)=(S(L5.JJ1)-TOT_C*R1*S(L1JIYR/SL1IJ1)
CINCJ1)
¢ compute the molar adsorption
DO M1=1NC
A2=1/(K_F(M1)*AINT+1/DELT)
F(M1+NC)=-C(M1+NCJ1 }+A2*(K_FM1)*AINT*(QM1,1,J1))+
P(M1+NCJ1)/DELT)
END DO
¢ this section is for r at the wall
ELSE IF(J1.EQ.NJR) THEN
TOT _C=0.
¢ compute molar density
DO M1=1,NC-1
A2al/2*D_L(M1)/DELZ**2+S(14,3.J1¥YDELZ+2*D_RF(M1Y
DR(J1YDR(J1)+1/DELT)
Pl=D_L(M1)/DELZ**2*(2*S(M1,J-1,J1))
P2=-S(L4,JJ1)ADELZ)*(-S(M1.J-1,J1)§
P3=-ALF1(J1*AINT*K_F(M1)*(Q(M1,J.J1)-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1.J1-1)-C(M1,J1-1))/(2*DR(J1))
P5=2*D_RF(M1*(C(M1J1-1)¥DR(J1)/DR(J1)
P6=-(-P(M1J1))/DELT
F(M1)=-C(M1,J1)+A2%(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,]1)
END DO
F(NC)=(S(L5JJ1)-TOT_C*R1*S(L1,JJ1)¥R1/SL1JJ1)
C(NCJ1)
¢ compute molar adsorption
DO Mi=].NC
A2=1/(K_F(M1)*AINT+1/DELT)
F(M1+NC)=-C(M1+NCJ1+A2*(K_F(M1)* AINT*(QM1.J.J1))+
P(M1+NCJ1YDELT)
END DO
ELSE .
¢ this section computes S marrix for those grids with constant grid siz
IFQJ1NEIR)THEN
TOT_C=(.
¢ compute molar density
DO Mi1=1NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4,J.J1 VDELZ+2*D_RFM1Y
DR(J1)/DR(J1)+1/DELT)
P1=D_L(M1)/DELZ**2*(2*S(M1,J-1J1))
P2=-S(14,J.J1)(DELZ)*(-S(M1,J-1,]1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1,J.J1)-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1+1)-C(M1,J1-1))A2*DR(J1))
P5=D_RF(M1)*(C(M1.J1+1)+C(M1,J1-1)YDR(J1 ¥DR(J1)
P6=-(-P(M1,J1))/DELT
F(M1)=-C(M1,J1+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,J1)
- ENDDO
FNC)=(S(L5.1,J1)} TOT_C*R1*S(L1J.J1)VR1/SL1JJ1)-
C(NCJ1)
¢ compute molar
DO M1=1,NC
A2x=1J(K_FMI1)*AINT+1/DELT)
FM1+NC)=-C(M1+NCJ1)+A2*(K_F(M1)* AINT*(QM1,J,J1))+
P(M1+NC,J1¥YDELT)
END DO

¢ this section compute s for variable grid size
ELSE
TOT_C=0.
¢ compute the molar density
DO M1=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(14,],]1VDELZ+F11(J1*D_RF(M1)*
RP(J1YDR(J1)+2*D_RF(M1)*F12(J1¥DR(J1)/DR(J1)+1 /DELT)
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P1=D_L(M1)/DELZ**2*(2*S(M1,J-1,]1))
P2=-S(L4,],]1)(DELZ)*(-S(M1,]-1,J1))
P3=-ALF1(J1)*AINT*K_FM1)*(Q(M1JJ1)-C(M1+NC.]1))
P4=D_RF(M1)*RP(J1)*(F21(J1)*C(M1,J1+1)-FO1(J1)*
C(M1.J1-1)(DR@31))
P5=2*D_RF(M1)*(F22(J1»CM1.J1+1 +F02(J1*C(M1.]J1-1))
/DR(J1Y/DR(I1)
P6=-(-P(M1J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,11)

END DO

F(NC)=(5(L5J31-TOT_C*R1*S(L1.JJ1)YRY/S(L1J1J1)-

C(NCJ1)

¢ compute molar adsorption

DO M1=1NC
A2=1/K_FMI1*AINT+1/DELT)
F(M1+NC)=-C(M1+NCJ1 +A2*(K_F(M1*AINT*(Q(M1,1.11))+
P(M1+NC,J1VDELT)

END DO

END IF

ENDIF

C
C
Cc
¢ this section computes the s matrix for grids inside of the column
c
ELSE
¢ comp total molar adsorption
RATE_C=0
DO M1=1NC
RATE_C=RATE_C+K_FM1)*AINT*(Q(M1J.J1)-C(M1+NC.J1))
END DO
¢ compute total heat of adsorption
RATE_C1(JJ1)»=RATE_C*(1-EPS(J1))
RATE_H=0
C HEAT(2)=-(411.93585-57470.2733*C(3,J1)/RO_S+3971259.2258*
C . C@J1)**2RO_SRO_S)*44
DO M1=1NC
RATE_H=RATE_H+HEAT(M1)*K_F(M1)*AINT*(Q(M1.1J1)-
C(M1+NCJ1))
END DO
RATE_H1(JJ1=RATE_H
¢ this section copm s for the grids at the center of bed
IF(J1.EQ.1) THEN
TOT_C=0.
¢ comp molar density
DO M1=1NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(1L4.J.J1YDELZ+4*D_RFM1)
DR(J1)/DR(J1)}+1/DELT)
P1=D_L(M1)/DELZ**2*(S(M1,J-1,J1 +S(M1,J+1,]1))
P2=-S(L4,JJ1)/(DELZ)*(-S(M1,J-1,]1))
=-ALF1(J1)*AINT*K_F(M1Y*(Q(M1JJ1)>-C(M1+NCJ1))
P4=4*D_RF(M1y*(C(M1,J1+1))/DR(J1DR(J1)
P5=-(-P(M1,J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P44P5)
TOT_C=TOT_C+C(M1.J1)
END DO
F(NC)=(S(L5.JJ1)»TOT_C*R1*S(LLIIDVRY/SL1II1)
C(NC,J1)
¢ comp molar adsorption
DO MI=1NC
A2=1/K_F(M1)*AINT+1./DELT)
F(M1+NC)=-C(M1+NC,J1)+A2*(K_F(M1y*AINT*(QM1.JJ1)»+
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P(M1+NCJ1)DELT)
END DO

¢ comp s for the grd at wall
ELSE IF(J1.EQ.NJR) THEN
TOT_C=0.
¢ comp moiar density
DO Mi=]1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+5(14,],J1 YDELZ+2*D_RF(M1)/DR(J1)
/DRJ1)+1/DELT)
P1=D_L(M1)/DELZ**2*(S(M1.J-1,J1)+S(M1,J+1,J1))
P2=-S(L4.J.J1)(DELZ)*(-S(M1,J-1,11))
P3=-ALF1(J1* AINT*K_FM1)*(Q(M1,JJ1)>-C(M1+NC.J1))
P4=D_RF(M1)*RP(J1y*(C(M1,J1-1)-C(M1,J1-1))/(2*DR(J1))
P5=2*D_RF(M1)*(C(M1,J1-1)/DR(J1)/DR(J1)
P6=-(-P(M1,J1))/DELT
F(M1)=-C(M1,J1)+A2%(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1.J1)
END DO
F(NC)=(S(L5,JJ1)-TOT_C*R1*S(L1JJ)VR1/S(L1.JJ1)
C(NCJ1)
¢ comp molar adsorption
DO M1=1NC
A2=1/(K_F(M1)*AINT+1./DELT)
F(M1+NC)=-C(M1+NC,J1 }+A2*(K_F(M1)*AINT*(QM1,LI11))}+
P(M1+NCJ1)YDELT)
END DO
c this section computes s for grids of constant size

¢ comp the molar density
DO Mi=1NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(LA4,J,J1¥VDELZ+2.*D_RF(M1Y
DR(J1)/DR(J1)+1/DELT)
Pl=D_L(M1)/DELZ**2*(S(M1,]J-1J1)+S(M1J+1.J1))
P2=-S(1L4,J.J1)/(DELZ)*(-S(M1.J-1,]1))
P3=-ALF1(J1)*AINT*K_FM1y*(Q(M1,J.J1)-C(M1+NC,]1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1+1)-C(M1,J1-1))(2*DR(J1))
P5=D_RF(M1)*(C(M1,J1+1+C(M1.J1-1)YDR(J1¥DR(J1)
P6=-(-P(M1J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,J1)
END DO
FNC)=(S(LSJJ1)>TOT_C*R1*S(L1JJ1)¥R1/S(L1JJ1)-
C(NCJ1)
¢ comp the molar adsorption
DO M1=1 NC
A2=1 /(K_F(M1)*AINT+1/DELT)
F(M1+NC)=-C(M1+NCJ1)}+A2*(K_F(M1)y*AINT*(Q(M1,1.J1)+
P(M1+NC,J1¥DELT)
END DO
¢ this section computes s for variale grid size
ELSE
TOT_C=0.
¢ comp molar density
DO M1=1,NC-1
A2=1/2*D_LM1)/DELZ**2+S(LA4,J.J1YVDELZ+F11(J1)*D_RFM1)*
RP(J1¥YDR(J1)+2*D_RFM1)*F12(J1YDR(J1)/DR(J1)+1/DELT)
Pi=D_L(M1)/DELZ**2*(S(M1,J+1.J1 +SM1,3-1,]1))
P2=-S(L4,J.J1)(DELZ)*(-S(M1J-1,]1))
P3=-ALF1(J1Y*AINT*K_F(M1)*(Q(M1,JJ1)>-C(M1+NC.J1))
P4=D_RFM1)*RP(J1)*(F21(J1)*C(M1J1+1)-F0i1(J1)*
C(M1J1-1)/ADR(1))
PS=2*D_RF(M1)*(F22(J1*C(M1,J1+1)+F02(J1)*C(M1,J1-1))
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/DR(J1)YDRA1)
P6=-(-P(M1,J1))/DELT
F(M1)=-C(M1.J1)+A2*(P1+P2+P3+P44P5+P6)
TOT_C=TOT_C+C(M1.J1)
END DO
FINC)=(S(L5JJ1)»TOT_C*R1*S(L1.IJINVRY/S(L1JJ1)-
C(NCJ1)
¢ comp molar adsorption
DO Mi=]NC
A2=1JK_FMI1»AINT+1./DELT)
F(M1+NC)=-C(M1+NC,J1)}+A2*(K_FM1)*AINT*(QM1,JJ1))+
P(M1+NCJ1¥DELT)
END DO
END IF
ENDIF
ENDIF
C FOR TEMPERATURE
C

ELSE
¢ set the parameters to new variables
H_FW=H_W(J.NJR)
RO_F=S(L5J5,J1)/C(1J1)*R1)
CP_F=CP_P(J.11)
H_FS=H_FP(1.J1)
CON_L=CON_Z(1,J1)
CON_RF=CON_R(JJ1)
CON_P=CON_S(1J1)
VISC_F=VISC_P(JJ1)
=1
KK=0
IF(J.EQ.1)THEN
IF(11.EQ.1)THEN
¢ computation of gas temperature
IFQ_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*(S(L4,JJ1V/DELZ+
1/DELT)Y+4*CON_RF/DR(J1)/DR(J1))
P1=CON_L/DELZ**2*(BC_L1+S(L1J+1J1))
P2=-RO_F*CP_F*S(LA4,J,J1)(DELZ)*(-BC_L1)
P3=-1-EPS(J1)¥EPS(J1)*H_FS* AINT*(C(1.J1)-C(2J1))
P4=-RO_F*CP_F*C(1.J1)*(S(L4,J+1,J1)-
S(LAJJ1)/(DELZ)
P5=4*CON_RF*(C(1,31+1))/DR(J1)/DR(J1)
P6=-RO_F*CP_P*(-P(1.J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6)
¢ computation of solid temperature
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
4*CON_P/DR(J1)/DR(J1))
P1=AINT*H_FS*(C(1.J1)-C(2,J1))
P2=-RATE_H1(JJ1)
P3=CON_P*(S(L2J+1,J1)+S(L2,J+1 J1)YDELZ/DELZ
P4=4*CON_P*(C(2.J1+1))/DR(J1)/DR(J1)
P5=-RO_S*CP_$*(-P(2J1))/DELT
F(2)=-C(2,J1)+A2*(P1+P2+P3+P4+P5)
c compumi%n of effective temperature
ELS
A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(1L4.JJ1)/
DELZ)+EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+4*
EPS(J1*CON_RF/DR(J1)/DR(J1);
P1=EPS(J1)*CON_L/DELZ**2*(BC_L1+S(L1,J+1.J1))
P2=-EPS(J1)*RO_F*CP_F*S(14,],J1)DELZ)*(-BC_L1)
P3=-(1-EPS(J1))*RATE_H1(JJ1)
P4=-EPS(J1)*RO_F*CP_F*C(1J1)*(S(L4J+1J1)
S(A.JJ1))/(DELZ)
P5=EPS(J1)*4*CON_RF*(C(1J1+1))/DR{J1¥DR(J1)
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P6=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(1J1))/DELT
F(1)=-C(1,J1)+A2*(P14+P2+P3+P4+P5+P6)

F(2)=0.
ENDIF
¢ the same computation as above except it is now for the grid at the wall
ELSE IF(J1 . EQNJR)THEN
¢ comp of gas phase temperature
IF(I_SOL_FLO .EQ.1)THEN
A2=] J(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.1,11)/DELZ+
(RO_P*CP_F)/DELT+2*CON_RF/DR(J1 ¥DR(J1))
Pi1=CON_L/DELZ**2*(BC_L1+S(L1J+1,J1))
P2=-RO_F*CP_F*S(1L4,JJ1)(DELZ)*(-BC_L1)
P3=<(1-EPS(J1)YEPS(J1)*H_FS*AINT*(C(1,J1)-C(2.J1))
Pd=-RO_F*CP_F*C(1.J1)*(S(L4,J+1,J1)-
SLAJJI1)/ADELZ)
P5=CON_RF*RP(J1)*(2.*H_FW*DR(J1)/CON_RF*(C(3,]1)-
C(1J1)¥(2*DR{J1))
P6=CON_RF*(2*C(1.J1-1)+2*H_FW*DR(J1)/CON_RF*(C(3,J1)-
C(1J1))¥DR(J1YDR(J1)
P7=-RO_F*CP_P*(-P(1.J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ comp of solid phase temperanire
A2=1 f(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+2*CON_P/DR(11)
/DR(11))
Pi1=AINT*H_FS*(C(1.J1)-C(2,J1))
P2=-RATE_H1(1J1)
P3=CON_P*(S(L2.J+1,J1)+S(1L.2.J+1,J1)VDELZ/DELZ
P4«=CON_P*RP(J1)*(C(2J1-1)-C(2J1-1))X2*DR(J1))
P5=CON_P*(2*C(2,J1-1)YDR(J1¥DR(J1)
P6=-RO_S*CP_S*(-P(2,J1))/DELT
F(2m=-C(2.J1)+A2%(P1+P2+P3+P4+P5+P6)
¢ comp of effective temperanire o
ELSE

A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.J.J1)/
DELZ)»(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
2.*EPS(J1)*CON_RF/DR(J1¥YDR(J1))
P1=EPS(J1Y*CON_L/DELZ**2%(BC_L1+S(L1.J+1.J1))
P2=-EPS(J1y*RO_P*CP_F*S(LA4.1,J1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1))*RATE_H1(J.J1)
P4=-EPS(J1y*RO_F*CP_F*C(1J1)*(S(L4.J+1,J1)
S(LAJI1)(DELZ)
PS=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1))CON_RF*(C(3.J1)-
C(1.J1)¥(2*DR(J1))
P6=EPS(J1)*CON_RF*(2*C(1,J1-1)+2*H_FW*DR(J1¥
CON_RF*(C(3,J1)-C(1J1))¥DR(J1¥DR(J1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1)y*RO_S*CP_S)*
(-P(1J1)V/DELT

F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.

END IF
F(3)=-C(3,J1)+DELT/RO_WA/CP_WA®*(A_C*H_FW*(C(1,J1)-
caN ))-EA.INS‘H_OW‘(C(BJ 1) TO)~(-P(3,J1))

ELS
¢ to the pont where the velocity start to change
IFJ1.NEIR)THEN
¢ compute gas temperature

IF(J_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,1.J1)/DELZ+
(RO_P*CP_F)/DELT+2*CON_RF/DR(J1¥DR(J1))
P1=CON_L/DELZ**2*(BC_L1+S(L1J+1.J1))
P2=-RO_F*CP_F*S(L4,1,J1)/(DELZ)*(-BC_L1)
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P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(1J1)-C(2.31))
P4=-RO_F*CP_F*C(1J1)*(S(LA4.J+1.J1)-
S(LAJJ1))/(DELZ)
P5=CON_RF*RP(J1)*(C(1J1+1)-C(1,J1-1))/(2*DR(J1))
P6=CON_RF*(C(1,J1+1)}+C(1,J1-1))/DR(J1¥YDR(J1)
P7=-RO_F*CP_F*(-P(1J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

¢ compute solid temperature
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S/DELT+2*CON_P/
DR(J1¥DR{J1))
P1=AINT*H_FS$*(C(1J1)-C(2,J1))
P2=-RATE_H1(J1)
P3=CON_P*(S(L2J+1.J1+5(L2J+1J1)VDELZ/DELZ
P4=CON_P*RP(J1*(C(2J1+1)-C(2.J1-1))/(2*DR(11))
P5=CON_P*(C(2J1+1)+C(2,J1-1)yDR(J1¥DR{J1)
P6=-RO_S*CP_S*(-P(2.J1))/DELT
F(2)=-C(2.J1+A2%(P1+P2+P3+P4+P5+P6)

¢ compute effective temperature
ELSE

A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(LAJJ1Y
DELZ}EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1)*CON_RF/DR(J1)/DR(11))
P1=EPS(J1)*CON_L/DELZ**2*(BC_L1+S(L1,J+1,J1))
P2=-EPS(J1)*RO_F*CP_F*S(L4.J,J1)(DELZ)*(-BC_L1)
P3=-1-EPS(J1)Y*RATE_H1{J,J1)
P4=-EPS(J1Y*RO_F*CP_F*C(1,J1)*(S(L4.J+1.J1)-S(L4,JI1))/
(DELZ)
PS=EPS(J1)*CON_RF*RP(I1)*(C(1.J1+1)-C(1,J1-1))/(2*DR(31))
P6=EPS(J1)*CON_RF*(C(1J1+1)+C(1,J1-1))/DR(J1)/DR(11)
P7=~EPS(J1)*RO_F*CP_F+(1-EPS(J1)y*RO_S*CP_S)*
(-P(1J1))/DELT

F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.
END IF
¢ the same computation as above exceplt it is now for the grids from the point
¢ where the velocity starts o change to the wall
ELSE
¢ compute the gas temperature
IF(I_SOL_FLO .EQ.1)THEN
A2=1J/(2*CON_L/DELZ**2+RO_F*CP_P*(S(LA.JJ1¥DELZ+
1/DELT)+CON_RF*RP(J1)*F11(J1)/DR(J1)}+2*CON_RF*F12(J1)/
DR(J1YDR(I1))
P1=CON_L/DELZ**2*(S(L1,J+1.J1)+BC_L1)
P2=-RO_F*CP_F*S(L4,J,J1)(DELZ)*(-BC_L1)
P3=-(1-EPS(I1)VEPS(J1)*H_FS*AINT*(C(1,J1)-C(2.J1))
P4=-RO_F*CP_F*C(1J1)*(S(L4,J+1,J]1)
SAAJIIN/(DELZ) .
P5=CON_RF*RP(J1)*(F21(J1)*C(1,J1+1)}
F01(J1)*C(1,J1-1)¥(DR(I1))
P6=2*CON_RFP*(F22(J1)*C(1,J1+1)+F02(J1)*C(1,J1-1))/
DR(J1¥DR(J1)
P7=-RO_F*CP_F*(-P(1J1)/DELT
F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute the solid e
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S/DELT+CON_P*RP(J1)*
F11(J1)/DR(J1)+2*CON_P*F12(J1/DR(J1YDR(11))
Pi=AINT*H_FS*(C(1J1)-C(2J1))
P2=-RATE_H1(J,]1)
P3=CON_: DELZ/DELZ*(S(L2.J+1J1+S(L2.J+1,J1))
P4=CON_i nPJ1)"(F21(J1*CZ.Ji+1)-FO1(J1)*
C(2J1-1))(DR(J1))
P5=2*CON_P*(F2(J1)*C/2 J1+ N FC{IN*C(233- 1YY
DR{I1¥DR(J1) ,
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P6=-RO_S*CP_S*(-P(2,J1))/DELT
F(2)=-C(2,J1)+A2%(P1+P2+P3+P4+P5+P6)
ELSE

¢ compule the effective temperature
A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(1L4,JJ1)
DELZ)+EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1)*CON_RP*(RP(J1)*F11(J1¥DR(J1)+2*F12(J1)/
DR(1Y/DR(J1)))
P1=EPS(J1)*CON_L/DELZ**2*(S(L1.J+1,J1)+BC_L1)
P2=-EPS(J1)*RO_F*CP_F*S(L4.1,J1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1))*RATE_H1(J,J1)
Pdu-EPS(J1)Y*RO_F*CP_F*C(1.J1)*(S(L4.J+1J1)-
S(4JJ1)ADELZ)
PS=EPS(J1)*CON_RF*RP(11y*(F21(J1)*C(1,J1+1)-FO1(J1)*
C(1J1-1))XDR(J1))
P6=2*EPS(J1Y*CON_RF*(F22(J1y*C(1J1+1 }+F02(J1)*
C(1J1-H¥DR(A1)/DRJ1)
P7=«(EPS(J1)*RO_F*CP_F+1-EPS(J1)*RO_S*CP_S)*
(-P(1J1)VDELT
F(1)=-C(1.J1)+A2%(P1+P2+P3+P4+P5+P6+P7)

C this section compute the S matrix variables for grid at z=L, the outflow

¢ boundry

[~

Cc

ELSE IF(JEQ.NJ1)THEN

IF(J1.EQ.1THEN

¢ compute the gas temperature

IFI_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(14,J.J1)/DELZ+
(RO_P*CP_F)/DELT+4*CON_RF/DR(J1¥DR(J1))
P1=CON_L/DELZ**2*(2*S(L1.J-1J1))
P2=-RO_F*CP_F*S(LAJ,J1)(DELZ)*(-S(L1.J-1]1))
P3=-(1-EPS(J1)¥EPS(J1)*H_FS*AINT*(C(1,J1)-C(2,J1))
P4=-RO_F*CP_F*C(1.J1)*(5(L4,J-1,J1)-
SAJ-1J1))/2*DELZ)
P5=4*CON_RF*(C(1.J1+1))/DR(J1)/DR(J1)
P6=-RO_F*CP_F*(-P(1J1))/DELT
F(1)=-C(1,J1)+A2%(P1+P2+P3+P4+P5+P6)

c compute the solid temperaure
A2x=1/(2*CON_P/DELZ**2+RO_S*CP_S/DELT+4*CON_P/
DR@A1¥DR(J1))

P1=AINT*H_FS*(C(1J1)-C(2,]1))
P2=-RATE_H1(J,J1)
P3=CON_P*(S(L2.J-1.J1)+5(12.J-1.J1)YDELZ/DELZ
Pd=4*CON_P*C(2,J1+1)/DR(J1)/DR{J1)
P5=-RO_S*CP_S*(-P(2.J1))/DELT
F(2)=-C(2.J1)+A2*(P1+P2+P3+P4+P5)

ELSE

c compute the effective temperature
A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.1,1)/
DELZWEPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
4*EPS(J1Y*CON_RF/DR(J1)/DR(11))
P1=EPS(J1)*CON_L/DELZ**2*(2*S(L1,]J-1.J1))
P2=-EPS(J1*RO_F*CP_F*S(L4,1,J1)(DELZ)*(-S(L1,J-1,J1))
P3=-(1-EPS(J1))*RATE_H1(JJ1)
P4=-EPS(J1Y*RO_F*CP_F*C(1J1)*(S(L4.J-1,]1)-
S@AAJ-1J1)A2*DELZ)
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P5=4*EPS(J1)*CON_RF*(C(1,J1+1))/DR(J1YDR(J1)
P6=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(1J1)/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6)

F(2)=0.
ENDIF
c this section is for r at the wall
ELSE IF(J1.EQ.NIJR) THEN
¢ compute gas temperature
IFI_SOL_FLO .EQ.1)THEN
A2=]1 J(2*CON_L/DELZ**2+RO_F*CP_F*S(14,],J1)/DELZ~RO_F*
CP_F)/DELT+2*CON_RF/DR(J1)/DR(11))
P1=CON_L/DELZ**2*(2*S(L1,J-1J1))
P2=-RO_F*CP_F*S(L4.JJ1W(DELZ)y*(-S(L1.J-1,J1))
P3=-(1-EPS(I11)¥EPS(J1)Y*H_FS*AINT*(C(1,J1)-C(2,J1))
P4=-RO_F*CP_F*C(1.J1)*(S5(14,J-1,J1)-S(L4,J-1J1)y
(2*DELZ)
P5=CON_RF*RP(J1)*(2.*H_FW*DR(J1)/CON_RF*(C(3,J1)-
C(1.J1)¥(2*DR(11))
P6&=CON_RF*(2*C(1,J1-1)+2*H_FW*DR(J1)/CON_RF*(C(3,]1)-
CQ.J1)¥DRI1VYDR(1)
P7=-RO_F*CP_F*(-P(1 J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid tem
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S/DELT+2*CON_P/DR(J1Y
DR(J1))
P1=AINT*H_FS*(C(1,J1)-C(2,J1))
P2=-RATE_H1(1J1)
P3=CON_P*(S(L2J-1J1+5(1.2,]-1,J1)YDELZ/DELZ
P4=CON_P*RP(J1)*(C(2J1-1)-C(2,J1-1))/(2*DR(J1))
P5=CON_P*(2*C(2.J1-1))YDR(31YDR(J1)
P6=-RO_S*CP_S*(-P(2I1)/DELT
F(2)=-C(2,J1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperature
A2=1 J(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.1.J1)/
DELZ)»HEPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
2*EPS(J1y*CON_RF/DR(J1)/DR(11))
P1=EPS(]1)*CON_L/DELZ**2*(2*5(L1.J-1,J1))
P2=-EPS(J1)*RO_F*CP_F*S(L4.J.J1)XDELZ)*(-S(L1J-1,11))
P3=-(1-EPS(J1))*RATE_H1(J.J1)
P4=-EPS(J1)*RO_F*CP_F*C(1.J1)*(S(L4J-1,11)-
S(L4.J-1J1))/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1YCON_RF*(C(3J1)-
C(LINY*DR(1))
P6=EPS(J1)*CON_RF*(2*C(1J1-1)+2*H_FW*DR(IJ1)/CON_RF*
(C(3J1)-C(1.J1)))/DR(J1)/DR(]1)
P7=(EPS(J1)*RO_F*CP_F+(1-EPS(J1)y*RO_S*CP_S)*
(-P(1,J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.
ENDIF
¢ compute the wall temperature
FG3)=-C(3.J1)+DELT/RO_WA/CP_WA*(A_C*H_FW*(C(1.J1)-
CEJ1)-A_INS*H_OW*(C(3,J1)-TO))«(-P(3,J1))
ELSE
¢ this section computes S matrix for those grids with constant grid siz
IF(J1.NEIR)THEN
¢ compute gas lemperature
IF(_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.J,J1)/DELZ+
(RU_F*CP_F)/DELT+2*CON_RF/DR(J1YDR(J1})

E-25



Pl=CON_L/DELZ®**2*(2*S(L1,J-1.J1))
P2=-RO_F*CP_F*S(1L4.J.J1)XDELZ)*(-S(L1J-1.J1))
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(1,J1)-C(2,J1))
P4=-RO_F*CP_F*C(1.J1)*(S(L4.J-1]1)-
S(L4J-1J1))/(2*DELZ)
P5=CON_RF*RP(J1y*(C(1.J1+1)-C(1J1-1))/(2*DR(J1))
P6=CON_RF*(C(1J1+1)+C(1.J1-1)YDR(J1¥DR(J1)
P7=-RO_F*CP_P*(-P(1J1))/DELT
F(1)m=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

¢ compute solid
A2=1J(2*CON_P/DELZ**2+RO_S*CP_S/DELT+2*CON_P/
DR@I1YDR(I1))
Pi=AINT*H_FS*(C(1J1)-C(2.J1))
P2=-RATE_H1(@J1)
P3=CON_P*(S(L2.J-1,J1 )+S(L2J LINVDELZ/DELZ
P4=CON_P*RP(J1)*(C(2,J1+1)-C(2,J1-1))/(2*DR(J1))
P5=CON_P*(C(2J1+1+C(2J1-1)YDR(J1¥YDR(11)
P6=-RO_S*CP_S*(-P(2.J1))/DELT
F(2)=-C(2J1y+A2%(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperamre
A2=1J(EPS(J1)*(2*CON_L/DELZ**2+RO_P*CP_F*S(14,111Y
DELZ»WEPS(J1Y*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1)*CON_RF/DR(J1¥DR(J1))
P1=EPS(I1)*CON_L/DELZ**2%(2*S(L1.J-1J1))
P2=.EPS(J1y*RO_P*CP_F*S(LA,J,J1)(DELZ)*(-S(L1,J-1J1))
P3=-(1-EPS(J1)Y*RATE_H1(JJ1)
Pd=-EPS(J1Y*RO_F*CP_P*C(1.J1)*(S(L4.J-1,J1)-
S(L4J-1J1))/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1y*(C(1.J1+1)-C(1,J1-1)¥(2*DR(11))
P6=EPS(J1)*CON_RF*(C(1J1+1+C(1J1-1))/DR(J1)/DR(J1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1)*RO_S*CP_S)*
¢-P(1J1)/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.
ENDIF
¢ this section compute s for variable grid size
ELSE
¢ compute the gas temperamre
IF(I_SOL_FLOEQ.1)THEN
A2=1 J(2*CON_L/DELZ**2+RO_F*CP_F*(S(1L4.J.J1YDELZ+
1/DELT+CON_RF*RP(J1)*F11(J1)/DR(J1)+2*CON_RF*
F12(J1)/DR(J1¥DR(11))
Pl=CON_L/DELZ**2*(2*S(L1J-1J1))
P2=-RO_F*CP_F*S(L4.JJ1)/(DELZ)*(-S(L1J-1J1))
P3=-(1-EPS(J1)VEPS(J1)*H_FS* AINT*(C(1.J1)-C(2.J1))
P4=-RO_F*CP_F*C(1,J1)*(S(LA4,J-1J1)-S(L4,J-1J1)¥
(2*DELZ)
P5=CON_RF*RPQ1)*(F21(J1)*C(1,J1+1)-F01(J1)*C(1,J1-1)¥
(DR(J1))
P6=2*CON_RF*(F22(J1)*C(1,J1+1)+F02(J1)*C(1.J1-1))/DR(J1)
/DR(J1)
P7=-RO_F*CP_P*(-P(1,J1)/DELT
F(1)=-C(1,J1 )+A2‘(PI+P2+P3+P4+P5+P6+P7)
¢ compute the solid
A2=1/(2*CON_] P/DEIZ“2+RO S*CP_S/DELT+CON_P*RP(J1)*
F11(J1)/DR(J1)+2*CON_P*F12(J1/DR(J1¥DR(J1))
P1=AINT*H_FS*(C(1.J1)-C(2,J1))
P2=-RATE_H1(@J1)
P3=CON_P/DELZ/DELZ*(S(L2,J-1,J1)+S(L2,J-1.J1))
P4=CON_P*RP(J1y*(F21(J1)*C(2,J1+1)-F01(J1)*C(2.J1-1))
K(DR(J1))
P5=2*CON_P*(F22(J1)*C(2J1+1+F02(J1)*C(2,J1-1))/
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DR(J1)Y/DR(J1)
P6=-RO_S*CP_S*(-P(2J1))/DELT
F(2)=-C(2,J1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute the effective temperature
A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.1.J1)/
DELZ)+EPS(J1*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1Y*CON_RF*(RP(J1)*F11(J1)/DR(J1)+2*F12(J1)/DR(J1Y
DR(1))
P1=EPS(J1)*CON_L/DELZ**2*(2*S(L1,J-1J1))
P2=-EPS(J1y*RO_F*CP_F*S(L4,111)/(DELZ)*(-S(L1.J-1,J1))
P3=-(1-EPS(J1)*RATE_H1(J,J1)
P4=-EPS(J1Y*RO_F*CP_F*C(1,J1)*(S(L4.J-1,]1)-
S(L4J-1J1))/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(F21(J1)*C(1J1+1)-FO1(J1)*
C(1J1-1)DR1))
P&=2*EPS(J1)*CON_RF*(F22(J1)*C(1,J1+1)+F02(J1)*
C(1J1-1)YDR(31)/DR(J1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EP5(11))*RO_S*CP_S)*
(-P(1,I1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.

ENDIF
ENDIF
ENDIF

C
C
C
¢ this section computes the s matrix for grids inside of the colummn
c
ELSE ‘
IF(J1.EQ.1) THEN
€ Comp gas lemperature
IF(1_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(1L4,1.]11)/DELZ+
(RO_F*CP_F)/DELT+4*CON_RF/DR(J1¥DR{J1))
P1=CON_L/DELZ**2%(S(L1.J-1,J1)+5(L1.J+1J1))
P2=-RO_F*CP_P*S(L4.JJ1)/(DELZ)y*(-S(L.1.J-1,11))
P3=~(1-EPS(31)¥EPS(J1)*H_FS*AINT*(C(1,J1)-C(2.]1))
P4=-RO_F*CP_F*C(1.J1*(S(14,J+1,11)-S1A4.J-1,J1))/
(2*DELZ)
PS=4*CON_RF*(C(1,J1+1))/DR(J1)/DR(J1)
P&=-RO_F*CP_F*(-P(1,J1))/DELT
F(1)=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6)
¢ comp solid temperature
A2=1/(2*CON_P/DELZ/DELZ+4*CON_P/DR(J1)/DR(J1 +
RO_S*CP_S/DELT)
P1=AINT*H_FS*(C(1,J1)-C(2,J1))
P2=-RATE_H1{J1)
P3=CON_P*(S(L2.J-1,J1)+S(L2,J+1,J1))/DELZ/DELZ
P4=4*CON_P*(C(2.J1+1))/DR(J1)/DR(J1)
P5=-RO_S*CP_S*(-P(2,]1))/DELT
F(2)=-C(2.J1)}+A2*(P1+P2+P3+P4+P5)
ELSE
¢ comp effective temperature
A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.JJ1)/
DELZ)HEPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
4*EPS(J1y*CON_RF/DR(J1)/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2%(S(L1J-1J1+S(L1,J+1.J1))
P2=-EPS(J1y*RO_F*CP_F*S(L4.1.J1)/(DELZ)*(-S(L1,J-1J1))
P3=-(1-EPS(J1)*RATE_H1(J.J1)
P4=-EPS(J1)*RO_P*CP_F*C(1J1)*(S(LAJ+1 1)

E-27



S(14,J-1.J1))/(2*DELZ)
P5=4*EPS(J1y*CON_RF*(C(1.J1+1))/DR(J1 ¥DR(J1)
P6=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(1,J1))/DELT
F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6)

F(2)=0.
ENDIF
¢ comp s for the grd at wall
ELSE IF(J1.EQ.NJR) THEN
€ comp gas temperamnre
IFJ_SOL_FLO.EQ.1)THEN
A2=]1 J(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.1.J1/DELZ+
(RO_P*CP_F)/DELT+2*CON_RF/DR(J1YDR(J1))
P1=CON_L/DELZ**2*(S(L1,J-1,J1 }+S(L1.J+1,J1))
P2=-RO_F*CP_P*S(L4JJ1)ADELZ)*(-S(L1.J-1,J1))
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(1.J1)-C(2.J1))
Pd=-RO_F*CP_F*C(1.J1)*(5(L4.}+1,J1)-
SAAJJ1)/(DELZ)
P5=CON_RF*RP(J1Y*(2.*H_FW*DR(J1)/CON_RF*(C(3.J1)-
C(1J1)¥(2*DR(J1))
P6=CON_RF*(2*C(1,J1-1)+2*H_FW*DR(J1)/CON_RF*(C(3.J1)
€(1J1)/DR(J1YDR(J1)
P7=-RO_F*CP_F*(-P(1.J1)YDELT
F(1)=-C(1,J1)+A2%(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid
A2=1/(2°CON_P/DELZ/DELZ+2*CON_P/DR(J1)/DR(J1 )+
RO_S*CP_S/DELT)
Pl=AINT*H_FS*(C(1,J1)-C(2.J1))
P2=-RATE_H1(1,J1)
P3=CON_P*(S(L2.J-1J1+8(L2,J+1,J1)/DELZ/DELZ
P4=CON_P*RP(J1)*(C(2J1-1)-C(2.J1-1))/(2*DR(J1))
P5=CON_P*(2*C(2,J1-1)YDR(J1¥DR(J1)
P6=-RO_S*CP_S*(-P(2,J1))/DELT
F(2)=-C(2,J1)+A2*%(P1+P2+P3+P4-+P5+P6)
ELSE

¢ compute effective
A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_PF*S(L4,J,J1)/
DELZ)}EPS(J1y*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1)*2*CON_RF/DR(J1)/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(S(L1J-1J1)+S(L1.J+1,J1))
P2=-EP5(J1y*RO_P*CP_F*S(L4,).J1 /DELZ)*(-S(L1J-1J1))
P3=-(1-EPS(J1)y*RATE_H1(JJ1)
P4=-EPS(J1Y*RO_F*CP_F*C(1,J1)*(S(L4,J+1.J1)-
SAAJJI)HADELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1YCON_RF*(C(3.J1 >
C(1J1))¥(2*DR(J1))
P6=EPS(J1y*CON_RF*(2*C(1,J1-1)+2*H_FW*DR(J1YCON_RF*
(C(3J1)-C(1J1))DR(J1)/DR(J1)
P7=(EPS(J1Y*RO_P*CP_F+(1-EPS(J1)*RO_S*CP_S)*
(-P(1J1)/DELT ’
F(1)=-C(1,J1 +A2%(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.
ENDIF
¢ compute wall temperature
F(3)=-C(3,J1)+DELT/RO_WA/CP_WA®*(A_C*H_FW*(C(1,J1)-
CEJ1)-A_INS*H_OW=(C(3J1)-TO)(-P(3.J1))
c this section computes s for grids of constant size
ELSE
IF(J1.NEIR)THEN
€ comp gas temperature
IFI_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,J.J1)/DELZ+
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(RO_F*CP_F)/DELT+2*CON_RF/DR(J1YDR(J1))
P1=CON_L/DELZ**2*(S(L1,J-1.J1+S(L1J+1J1))
P2=-RO_F*CP_F*SUAJJHNDELZYy*(-S(L1,J-1J1))
P3=-(1-EPS(J1)¥EPS(J1y*H_FS*AINT*(C(1,J1)-C(2,J1))
P4=-RO_F*CP_F*C(1,J1)*(S(14,J+1,]1)-
S(LAJ-1J1))A2*DELZ)
P5=CON_RF*RP(J1)*(C(1,J1+1)-C(1J1-1))/(2*DR(J1))
P6=CON_RF*(C(1,J1+1)+C(1,J1-1)YDR(J1¥DR(1)
P7=-RO_F*CP_F*(-P(1,J1))/DELT
F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

¢ comp solid tem
A2=1/(2*CON_P/DELZ/DELZ+2*CON_P/DR(J1)/DR(J1)+
RO_S*CP_S/DELT)
P1=AINT*H_F5*(C(1J1)-C(2,J1))
P2=-RATE_H1(.J1)
P3=CON_P*(S(L2.J-1,J1+S(L2,J+1,J1))/DELZ/DELZ
P4=CON_P*RP(J1)*(C(2.J1+1)-C(2J1-1))2*DR(J1))
P5=CON_P*(C(2J1+1)+C(2,J1-1)YDR(J1¥DR(1)
P6=-RO_S*CP_S*(-P(2J1))/DELT
F(2)=-C(2.]1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperature
A2=1/EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4JJ1)/
DELZ)}(EPS(J1)*RO_F*CP_F+(1-EP5(J1))*RO_S*CP_S)/DELT+
2*EPS(J1)*CON_RF/DR(J1)/DR(J1))
Pi=EPS(J1)*CON_L/DELZ**2*(S(L1J-1J1)+S(L1,J+1,11))
P2=-EPS(J1)*RO_P*CP_FP*S(L4.J,J1)XDELZ)*(-S(L1,J-1,J1))
P3=-(1.EPS(J1))*RATE_H1(JJ1)
P4=-EPS(J1Y*RO_F*CP_F*C(1J1)*(S(L4.J+1,J1)
S(L4J-1J1)/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(C(1,J1+1)-C(1,J1-1)¥(2*DR(11))
P6=EPS(J1)*CON_RF*(C(1,J1+1)+C(1,J1-1))/DR(J1)/DR(J1)
P7=-(EPS(J1Y*RO_F*CP_F+(1-EPS(I11))*RO_S§*CP_C}*
(-P(1J1))/DELT
F(1)=-C(1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(2)=0.
ENDIF
¢ this section computes s for variale grid size
ELSE
€ compute gas temperature
IF(I_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*(S(L4JJ1VDELZ+
1/DELT)+CON_RF*RP(J1)*F11(J1)/DR(J1)}+2*CON_RF*
F12(J1)/DR(J1YDR(31))
P1=CON_L/DELZ**2*(S(L1.J+1J1)+5(L1,J-1.J1))
P2=-RO_F*CP_F*S(1L4JJI)/(DELZY*(-S(L1J-1]1))
P3=-(1-EPS(J1))/EPS(J1)*H_FS*AINT*(C(1,J1)-C(2,J1))
P4=-RO_F*CP_F*C(1J1)*(S(LA4,J+1,]1)-
S(LAJ-1J1))/(2*DELZ)
P5=CON_RF*RP(J1)*(F21(J1)*C(1,J1+1)-FO1(J1)*
C(1.J1-1))XDR{31))
P6=2*CON_RF*(F22(J1)*C(1.J1+1)+F02(J1)*C(1,J1-1))/
DR(J1)/DR@1)
P7=-RO_F*CP_PF*(-P(1,J1))/DELT
F(1)>=-C(1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid temperature
A2=1/(2*CON_P/DELZ/DELZ+CON_P*RP(J1)*F11(J1)/DR(J1 +
2*CON_P*F12(J1)/DR(J1)/DR(J1)+RO_S*CP_S/DELT)
P1=AINT*H_FS*(C(1,J1)-C(2.J1))
P2=-RATE_H1{J1)
P3=CON_P/DELZ/DELZ*(S(L2.J-1J1 }+S(L2.J+1.J1))
P4=CON_P*RP(J1)*(F21(J1)*C(2,J1+1)-
FO1(J1)*C(2.J1-1)¥(©RA1))
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P5=2*CON_P*(F22(J1)*C(2.J1+1)+F02(]1)
*C(2.J1-1))/DR(J1)/DR(11)
P6=-RO_S*CP_S*(-P(2.J1))/DELT
F(2)=-C(2.J1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperature

nan

A2=1 KEPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,JJ1Y
DELZ)}(EPS(J1Y*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1)*CON_RF*(RP(J1)*F11(J1¥DR(J1)+2*F12(J1)
DR{J1¥DR(I1)))
P1=EPS(J1Y*CON_L/DELZ**2*(S(L1.J+1J1)+S(L1J-1,J1))
P2=-EPS(J1y*RO_F*CP_F*S(L4,1.J1)(DELZ)*(-5(L1,J-1,J1))
P3=-(1-EPS(]1)Y*RATE_H1(J.J1)
P4=-EPS(J1Y*RO_F*CP_F*C(1,J1)*(S(L4.J+1,J1)
S(L4J-1J1)A2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(F21(J1)*C(1J1+1)-F0O1(J1)*
C(1.J1-1)XDR(11)) )
P6=2*EPS(J1y*CON_RF*(F22(J1y*C(1.J1+1)+F02(J1)*
C(1J1-DHYDR@I1)YDR()
P7=-(EPS(J1)*RO_F*CP_F+1-EPS(J1))*RO_S*CP_S)*
(-PQJ1)/DELT

F(1)=-C(1,J1)+A2%(P1+P2+P3+P4+P5+P6+P7)

FQ2)»=0.

END IF
ENDIF
END IF
END IF
ENDIF
RETURN
END

SUBROUTINE FUNCT1(J1)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4).K_FO(4),MOL(4),M_AVEM_W(4)NU_NP,NU_NW KGAS,

- K_FP(4,201,201),BC_1(4),D_L(4).Q2(4)MW,A1(14,201),

. €1(14,201,101),D_RF(4),U(14.201),EPS(1000),E(30),AKT(30),

- C2(14,201,101),F01(101),F11(101),F21(101),F02(101),

. F12(101),F22(101),RP(101),DR(101),RR0(101),D_LP_R(4.201,101),
. D_LP_Z(4.201,101),U1(101.201), YO(4),SS(4)

COMMON/UG/U_GUESS,EPS
COMMON/OLD/ AA(14),SUM(14),COLD(14,201,101)
COMMON/BND/A(14,14),B(14,14),C(14,201),1(14,29),X(14,14),

. Y(14,14),G(14),F(14),P(14,201)

COMMON/BND?3/5(14,201,101)
COMMON/NEW_GRID/DELR((101),ALF1(101)NGR1,NGR2
COMMON/BND2/N,NI2NLITPRT ITCNT\NJ1
COMMON/PR_OLD_Z/CON_Z(201,101),CON_R(201,101),CON_$(201,101),

. H_W(201,101),CP_P(201,101),H_FP(201,101),Q¢4,201,101),
. VISC_P(201,101),D_LPP(4,201),RATE_C1(201,101)

COMMON/PROP_WAL/CP_WA,RO_WA ERRORO,ERROR1
COMMON/PROP_B_Z/REC,VOID_B.D_LD_E.S_B,ALF,GC.ZM_W
COMMON/PROP_D_Z/DELZ.DELT,TIME.DELR1.DELR2,JZ JT.NC,NJR.NP
COMMON/PROP_S_Z/CP_S,RO_S,AINT,R_P.D_P,CON_S1,HEAT(4)
COMMON/INIT_Z/RO_FO,U_FO,U_F1,CP_FO,T_FO.TO,C_FO(4)K_F,P_C(4)
COMMON/MISC_Z/R.G_F,PLP_TOT.BC_L1BC_L2.BC_L3,BC_L4,BC_LS5.BC_1
COMMON/INDIC/L1.L2.13,14,L5.L6 LLM3 ILIIIVEL _1
COMMON/INDIC1/INDX4)

COMMON/RADIAL/RP

COMMON/GAS/INERT.NCOMP MW

COMMON/NCY/NC1
COMMON/PRIME/GN2,RA,RAV,EPSEX,RHOS,TAMB,ALPHA,UINS, HWALL LEN
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DATA EMIS,R1,JONCE. JONCE,ICOUNT JCOND1/.9,555.,0,0.0.1/

c there is a temperature difference between the gas and solid phases

(2]

(eI ¢ N ¢

IF(LL.EQICOM)THEN
BC_L1=TEMPIN(TIME)
ICOM=LL+1
ENDIF
IF(J1.EQ.1 .AND. IONCE.EQ.0)THEN
IONCE=1
NIJ_OR_1=1
1_SOL_FLO=0

¢ an indication number for type of gas to compute the gas conductivity,
¢ 1=N2, 2=air, 3=c02

IGAS=]
DP=R_P*2.
IFOIVEL_L.LEQ.1)THEN
IR=10
ELSE
IR=5
ENDIF

¢ calculating the area for heat transfer to the wall or from the wall

D_T=D_E+D_1

X_W=D_E-D_I
A_C=2*D_I/(D_I+D_E)*X_W)
A_INS=2*D_E/((D_I+D_Ey*X_W)*1.4

c heat ransfer coefficient outside of the wall

H_OW=0.1
ENDIF

c call vel_por 1o compute velosity and porosity profile

IF(J1.EQ.1 .AND. JONCE.EQ.0)THEN
JONCE=1

¢ compute the ratio of distance from the center to each grid over the pellet
¢ diameter

RR=0.

RRO(NNJR}=0.

DO I5=NIR-1,1,-1
RR=RR+DELRXI5+1)/D_P
RRO(I5)=RR

END DO

¢ this section calculates the coefficients to the discretized PDE's

[+

¢ compute the inverse of distance from the center o each grid

RR=0.
DO I5=1,NJR
IF(ISNE.1)THEN
RR=RR+DELRS)
RP(I5)=1./RR
ELSE
RP(I5)=0.
ENDIF
IFAS.LTIR) THEN
DELR=DELRO(1)
DR(5)=DELR
ELSE IF(I5.eq.IR)THEN
DELR1=DELRO(IR)
DELR2=DELRO(IR+1)
DELR=DELR1
DR(15)=DELR
FR=DELR2/DELR!1

¢ these variables are bein computed at the pont where two adjant grids are
c not the same size

FO1(I5)=FR/(1+FR)
F11(15)=(1.-FRY/FR
F21(I5=1/((1.+FR)*FR)
FO2(15)=1J(1+FR)
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F12(I5)=1/FR
F22(I5)=1./((1.+FR)*FR)
ELSE
DELR=DELRO(IR+1)
DR(I5)=DELR
ENDIF
END DO
END IF
¢ this section calls the proper subroutine to compute the parameters such as
c diffusivity, conductivity.....
IF(J1.EQ.1 .AND. ICOUNT.LTJI)THEN
I5=])
ICOUNT=ICOUNT+1
DO I6=1.NJR

DO M1=1.NC
YOM1)=C(M116y*R1*C(L1,16)/S(L5,15.16)

END DO

TEMP=C(L1.]6)

M_AVE=(0

SUM_Y=0.

DO Mi=1 NC
M_AVE=M_AVE+YOMI1)*M_W(M1)
SUM_Y=SUM_Y+YO(M1)

END DO

M_AVE=M_AVE+1-SUM_Y)*28.

RO_F=S(LS IS I6)AC(L1.I6)*R1)

IF(RO_FLE.O)RO_F=P_TOT/C(L1,16Y*R1)

GN2=GN

GN=S(L4,15,16)*RO_F/60.*VOID_B

IF(GN.EQ.0)GN=GN2

¢ calculate Reynolds number

REY=RE(GN,TEMP)

c calculate specific heat of gas phase

CP_P(15,]6)=CPGAS(TEMP,YO)

¢ calc viscosity

VISC_P(15.16)=VIS(TEMP)*60.

¢ calc heat ransfer coeff

H_FP{5,16) =HFILM(MW TEMP,REY,CP_P(15.16))*60.

itest11=0

IFATEST11.EQ.0) MN=2

c this section compute the conductivity of gas and solid in axial and
cradial directions

CALL PHI_CONDXIGAS,TEMP,CON_S1,EPS(1),PHLPHIW)

CALL CONDUMN,IGAS PHL,D_P,CON_S1.,RR0(16),U1(1,16),REY,

TEMP,EPS(16),EPS(1),EFF_CON_R1,CON_R1,EFF_CON_71,
CON_Z1,CON_P1.NJR.NGR1,NGR2.16)
c if there is a tepmperature difference between the gas and solid
IF(I_SOL_FLO.EQ.1)THEN
CON_Z(15,16)=CON_Z1
CON_S(15,16)=CON_P1
¢ if there is no tepmperature difference between the gas and solid
ELSE
CON_Z(15,16)=EFF_CON_Z1
ENDIF
¢ computation for number of component
DO M1=1,NC
¢ calc the moleculsr diffusivity of eac componet in the mixture
DIF=DIFF(M1,TEMP,S(L5.15.16),YO)*60

c calc Schmidt number

SC_N=VISC_P(15.J6)/DIF/RO_F/M_AVE
c calc axial diffusion
C CALL AXDIFF_R_Z(MNIGAS,PHLD_P,DIF,RR0(16),U1(1,16),
c . REY,.SC_N,TEMP,EPS(16),EPS(1).EFF_DIFF_R,EFF_DIFF_Z,
c . npr.ngrl NGR2.I6)
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C D_LP_R(M1l516)EFF_DIFF_R
C D_LP_Z(M115,16)=EFF_DIFF_Z
D_LP_Z(M115]16)=CON_Z(15.16)/RO_F/CP_P(15,16)
END DO
¢ calc the heat ransfer coefficint between the gas phase and the wall
IF16.EQNJR) THEN
IF(GN.EQ.0)GN=S§(14,1,1)*RO_F/60.*VOID_B
REY=RE(GN,TEMP)
CALL HEAT_WALL(IGAS,PHIW.D_P,CON_S1,RR0(16),U1(1,16),
REY,TEMP,VOID_B,H_W1)
H_W({5NIR)=H_W1
ENDIF
IFACOND1.EQ.1)THEN
VAV=G_F/D_I/D_L/PI*4
GA=G_F/D_L/D_I/PI*4.*RO_F
TAV=S(L1,1,1)/1.8
RO=S(Ls,1,1)/S(L1,1,1yR1
CpP=CP_P(1,1)
AVIS=VISC_P(1,1)
AKC=.000358895+3.0026706379E-5*S(L1,1,1)-5.3528942E-9*
1 S(L1,1,1)*S(L1.1,1)
CALL CONDUCI(EMIS,CON_S1,D_P.D_LGA.VAV,TAV,RO,CP,AVIS,
1 AKC.NJR.EPSEX,EPS(1),EPS(NJR),DELRO.E.AKT)
ICONDI1=0
END IF
CON_R(I5,16)=AKT(16)
IF(E(16).LE.O)E(16)=E(16-1)
DO M1=1.NC
o D_LP_R(M1]5]J6)=AKT(I6YRO/CP
D_LP_R(M1,I5]16)=E(16)
END DO
END DO
IF(CON_Z(I5,NJR).EQ.0)THEN
CON_Z(I5 NJR)=CON_Z(I5.NJR-1)
DO MIi=1NC
D_LP_ZM1.I5NJR =CON_Z(I5 NJR)/RO_F/CP_P(I5,NJR)

D_LPP(M111)=D_LP_ZM1.1,1)
END DO
END DO
ENDIF
c set the parameters to new variables
=1
H_FW=H_W(JNIR)
RO_F=S(LSJJ1)(C(L1J1y*R1)
CP_F=CP_P(J,J1)
H_FS=H_FP(].J1)
CON_L=CON_Z(J,J1)
DO M1=1NC
D_L(M1)=D_LP_ZM1J.J1)
END DO
DO M1={NC
D_RFM!1)=D_LP_R(M1,1.71)
END DO
CON_RF=CON_R{JJ1)
CON_P=CON_S(1J1)
KK=0
D_L_AVE=0
DO M1=1NC
IF(D_L(M1).GT.0)THEN
D_L_AVE=D_L_AVE+D_LM1)
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KK=KK+1

ENDIF
END DO
D_L_AVE=D_L_AVE/KK
VISC_F=VISC_P(JJ1)
DO 11=1,NC

SS(11)=C1,J1)
END DO

c call the isotherm to compute the equilibruim concentration
CALLIST_Z(1.C(1L.2.J1),55.Q2)
c based the equilibruim per unit volume of peliet
DO =1 NC
QLIJ1)=Q2(T)*RO_S
END DO

¢ this is the boundry, the first grids in axial direction
IF(J.EQ.1)THEN
RATE_C=0
¢ compute the total amount is being adsorbed
DO M1=1,NC
RATE_C=RATE_C+K_FM1)*AINT*(Q(M1,J.J1)-C(M1+NC,11))
END DO
RATE_C1(JJ1=RATE_C*(1-EPS(J1))
RATE_H=0
¢ compute the total heat of adsorption
C HEAT(2)=-(411.93585-57470.2733*C(3.J1)/RO_S+3971259.2258*
C . CQ@J1)**2/RO_S/RO_S)*44
DO M1=1 NC
RATE_H=RATE_H+HEAT(M1Y*K_F(M1)*AINT*(Q(M1,JJ1)-
C(M1+NCJ1))
END DO
c this "if” calculates the first grid in radial direction, center of the bed
IF(J1.EQ.1) THEN
TOT_C=0.
¢ computation of molar density component
DO M1=],NC-1
A2=1/2*D_L(M1)/DELZ**2+S(1A.1.J1VDELZ+4*D_RFM1Y
DR(J1)/DR(J1)+1/DELT)
Pi=D_L(M1)/DELZ**2*(BC_1(M1)}+S(M1.J+1]J1))
P2=-5(14,1.J1)(DELZ)*(-BC_1(M1))
P3=-ALF1(J1)*AINT*K_F(M1y*(Q(M1.J,J1)-C(M1+NCJ1))
P4=4*D_RF(M1y*(C(M1,J1+1)}/DR(J1¥DR(J1)
P5=«(-P(M1,J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5)
TOT_C=TOT_C+C(M1,J1)
END DO
F(NC)=(S(LS5.J.J1)-TOT_C*R1*S(L1.JJ1)YR1/S(L1.JJ1)
C(NCJ1)
¢ computation of molar adsorption for each component
DO M1=1NC
A2=1/K_F(M1)y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1+A2*(K_F(M1Y*AINT*(QM1,J,J1)+
P(M1+NCJ1YDELT)
END DO
¢ computation of gas temperature
IFI_SOL_FLO .EQ.1)THEN
A2=1 /(2*CON_L/DELZ**2+RO_F*CP_F*(S(14JJ1VDELZ+
1/DELT+4*CON_RF/DR(J1)/DR(J1))
P1=CON_L/DELZ**2*(BC_L1+S(L1.J+1J1))
P2=-RO_F*CP_F*S(L4JI1/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1,J1)-C(L2,J1))
P4=-RO_F*CP_FP*C(L1J1y*(S(L4.J+1,J1)-
S(LAJJ1)ADELZ)
P5=4*CON_RF*(C(L1,J1+1))/DR(J1)/DR(J1)
P6=-RO_F*CP_F*(-P(L1J1)YDELT
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F(L1)=-C(L1.J1}+A2%*(P1+P2+P3+P4+P5+P6)

¢ computation of solid temperature
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
4*CON_P/DR(J1)/DR(J1))
P1=AINT*H_FS*(C(L1J1)-C(L2.]J1))
P2=-RATE_H
P3=CON_P*(S(L2J+1,J1+5(L2.J+1J1)YDELZ/DELZ
P4=4*CON_P*(C(L2.J1+1))/DR(J1)/DR(J1)
P5=-RO_S*CP_S*(-P(L2,J1)YDELT
F(L2)=-C(L2.J1 }+A2*(P1+P2+P3+P4+P5)

¢ computation of effective temperamure
ELSE
A2=1J(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4J.J1)/
DELZ)»EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
4*EPS(J1y*CON_RF/DR(J1)/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(BC_L1+S(L1,}+1.J1))
P2=-EPS(J1*RO_F*CP_F*S(L4.J.J1)/((DELZ)*(-BC_L1)
P3=-(1.EPS(J1)*RATE_H
P4=-EPS(J1y*RO_FP*CP_F*C(L1J1)*(S(14.J+1J1)-
SAAJIN(DELZ)
P5=4*EPS(J1*CON_RF*(C(L1.J1+1))/DR(J1YDR(J1)
P6=-(EPS(J1)*RO_F*CP_F+(i-EPS(J1))*RO_S*CP_S)*
(-P(L1J1))/DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6)

F(1.2)=C(L2.J1)-BC_L1
ENDIF
¢ the same computation as above except it is now for the grid at the wall
ELSE IF(J1.EQNIR)THEN
TOT_C=0.
¢ comp of molar density of component
DO M1=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4.J.J1YDELZ+2*D_RFM1Y
DR(J1)/DR(J1)+1./DELT)
P1=D_L(M1)/DELZ**2*(BC_1(M1)+S(M1.J+1.]1))
P2=-S(L4.J.J1)(DELZ)*(-BC_1(M1))
P3=-ALF1(J1 *AINT*K_F(M1)*(Q(M1.JJ1)>-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1-1)-C(M1,J1-1))/(2*DR(11))
P5=2*D_RF(M1)*(C(M1,J1-1)¥DR(J1)/DR(J1)
P6=P(M1,J1)/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,]1)
END DO
F(NC)=(S(L5.J.J1»TOT_C*R1*S(L1JJ)YR1/S(L1JJ1)
C(NCJY)
¢ comp the molar adsorption
DO Mi1=1,NC
A2=1/K_FM1»*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1 +A2*(K_FM1)* ADNT*(Q(M1.1I1)++
P(M1+NCJ1YDELT)
END DO
¢ comp of gas phase temperature
IF(1_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(LA4.J.J1)/DELZ+
(RO_F*CP_F)/DELT+2*CON_RF/DR(J1/DR(I1))
P1=CON_L/DELZ**2*(BC_L1+5(L1,J+1.J1))
P2=-RO_F*CP_F*5(L4,JJ1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1J1)-C(L2,]1))
P4=-RO_F*CP_P*C(L1.J1)*(S(L4.J+1.]1 )
S(LA.JJ1)/(DELZ)
P5=CON_RF*RP(J1)*(2.*H_FW*DR(J1)/CON_RF*(C(L3,J1)-
C(L1J1))/(2*DR(J1))
P6=CON_RF*(2*C(L1,J1-1)+2*H_FW*DR(J1 YCON_RF*(C(L3,J1)
C(L1J1)DRA1VDR{A1)
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P7=-RO_F*CP_F*(-P(L1J1)/DELT
F(L1)»=-C(L1.J1}+A2%(P1+P2+P3+P4+P5+P6+P7)

¢ comp of solid phase temperature
A2=1J(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
2*CON_P/DR(J1)/DR(J1))
Pi=AINT*H_FS*(C(L1,J1)-C(L2,J1))
P2=-RATE_H
P3=CON_P*(S(L2J+1,J1 +5(1.2.J+1J1)YDELZ/DELZ
P4=CON_P*RP(J1y*(C(L2J1-1)}-C(1.2,J1-1))/(2*DR(J1))
P5=CON_P*(2*C(L2,J1-1)¥DR(J1/DR(J1)
P6=-RO_S*CP_S*(-P(L2,J1)YDELT
F(L2)=-C(L2,J1)+A2*(P1+P2+P3+P4+P5+P6)

¢ comp of effective temperature
ELSE

A2=1/EPS(J1)y*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.JJ1)/
DELZ)yEPS(J1Y*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2.*
EPS(J1)*CON_RF/DR(J1VDR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(BC_L1+S(L1,J+1,J1))
P2=-EPS(J1y*RO_F*CP_F*S(L4,J,J1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1)*RATE_H
P4=-EPS(J1Y*RO_F*CP_F*C(L1,J1)*(S(L4.J+1.J1)-
S(AA4JJ1)(DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1YCON_RF*
(C(L3J1)-C(L1,J1)))X2*DR(J1))
P6=EPS(J1)*CON_RF*(2*C(L1.J1-1}+2*H_FW*DR(J1Y/
CON_RF*(C(L3,J1)-C(L1,J1))YDR(J1)/DR(J1)
P7=(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-PL1JD)/DELT
F(L1)=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(1.2.J1)-BC_L1
ENDIF

F(L3)»=-C(L3,J1+DELT/RO_WA/CP_WA*(A_C*H_FW*(C(L1J1)
C(L3,J1))-A_INS*H_OW*(C(L3.J1)-TO))-(-P(L3.J1))
ELSE
¢ the same computation as above except it is now for the grids from the center
¢ o the pont where the velocity start to chane
IF(JINEIR)THEN
TOT_C=0.
¢ comp molar density of each component
DO Mi=],NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4,],J1YDELZ+2*D_RF(M1)YDR(J1)
/DRJ1+1/DELT)
P1=D_L(M1)/DELZ**2*(BC_1(M1)}+S(M1,J+1,]1))
P2=-S(14,1.J1)/(DELZ)*(-BC_1(M1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1JJ1)-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1+1)-C(M1,J1-1))/(2*DR(J1))
PS=D_RFM1)*(CM1J1+1+C(M1,J1-1)y
DR{J1)/DR(J1)
P6=-(-P(M1J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+PS6)
TOT_C=TOT_C+C(M1,J1)
END DO
F(NC)=(S(LSJJ1)»>TOT_C*R1*S(L1,JJ1)VR1/SL1IJ1)-
. C(NCJ1)
¢ compute molar adsorption
DO Mi=1,NC
A2=1J(K_FM1)*AINT+1./DELT)
F(M14+NC)e-C(M1+NCJ1+A2*(K_F(M1)*AINT*(QM1,1,11))+
P(M1+NCJ1YDELT)
END DO

¢ compute gas temperature
TFA_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,J.J1)/DELZ+
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(RO_F*CP_F)/DELT+2*CON_RF/DR(J1)/DR(J1))
P1=CON_L/DELZ**2*(BC_L1+S(L1J+1J1))
P2=-RO_F*CP_F*S(L4JJ1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1)/EPS(J1Y*H_FS*AINT*(C(L1,J1)-C(L2,]1))
P4=-RO_F*CP_F*C(L1,J1)*(S(L4,J+1,11)-
S(L4JJ1))/(DELZ)
P5=CON_RF*RP(J1)*(C(L1J1+1)-C(L1.J1-1))/(2*DR(J1))
P6=CON_RF*(C(L1J1+1)+C(L1,J1-1)¥DR(J1)/DR(J1)
P7=-RO_F*CP_F*(-P(L1J1))DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

¢ compute solid temperature
A2=1/(2*CON_P/DELZ**2-HRO_S*CP_S)/DELT+
2*CON_P/DR(J1)/DR(J1))
P1=AINT*H_FS*(C(L1,J1)-C(L2,J1))
P2=-RATE_H
P3=CON_P*(S(L2.J+1,J1+S(L2.J+1 J1)YDELZ/DELZ
P4=CON_P*RP(I1y*(C(L2.J1+1)-C(L2.J1-1)}/(2*DR(J1))
P5=CON_P*(C(L2J1+1+C(L2,J1-1)DR(J1)/DR(J1)
P6=-RO_S*CP_S*(-P(L2J1))/DELT
F(L2)=-C(L2.J1+A2*%(P1+P2+P3+P4+P5+P6)

¢ compute effective temperature
ELSE
A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,JJ1)/
DELZ)+EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1)*CON_RF/DR(J1Y/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(BC_L1+5(L1,J+1,J1))
P2=-EPS(J1)*RO_F*CP_F*S(LA4,],J1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1))*RATE_H
P4=-EPS(J1)*RO_F*CP_F*C(L1.J1)*(SM4J+1.J1)-S(L4.JID)Y
(DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(C(L1,J1+1)>-C(L1.J1-1))/
(2*DR(11))
P6=EPS(J1)*CON_RF*(C(L1.J1+1)+C(L1J1-1))/DR(J1)/DR(J1)
P?=-(EPS(J1)*RO_F*CP_F+(1-EP5(J1))*RO_S*CP_S)*
(-PL1IN)/DELT
F(L1)=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2=C(L2J1)-BC_L1
ENDIF
¢ the same computation as above except it is now for the grids from the point
¢ where the velocity starts o change to the wall
ELSE
TOT_C=0.
¢ compute molar density of each component
DO Mi=1.NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4,1.J1VDELZ+F11(J1)*D_RF(M1)*
RP(J1YDR(J1+2*D_RF(M1)*F12(J1¥DR(J1)/DR(J1)+1/DELT)
Pi=D_L(M1)/DELZ**2*(S(M1,J+1J1 +BC_1(M1))
P2=-S(14,],J1)XDELZ)*(-BC_1{M1))
P3=-ALF1(J1*AINT*K_F(M1)*(Q(M1.JJ1)-C(M1+NC.J1))
P4=D_RF(M1)*RP(J1)*(F21(J1)*C(M1J1+1)}-F01(J1)*
C(M1J1-1)/DR(11))
=2*D_RF(M1)*(F22(J1)*C(M1,J1+1 +F02(J1)*C(M1,J1-1))
/DR(J1YDR@I1)
P6=(-P(M1.J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,]1)
END DO
FINC =(S(L.5.J,J1)-TOT_C*R1*S(L1,JJ1¥RY/S(L1JI1)-
C(NCJ1)
¢ compute molar adsorption
DO M1=1,NC
A2=1/(K_FM1y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1+A2*(K_F(M1)* AINT*(Q(M1,1J1))+
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P(M1+NC.J1¥DELT)
END DO
¢ compute the gas temperature
IFQ_SOL_FLO .EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*(S(L4,J.J1VDELZ+
1/DELTHCON_RF*RP(J1)*F11{J1)/DR(J1+2*CON_RF*F1(J1)/
DR(J1¥DR(11))
P1=CON_L/DELZ**2*(S(L1,}+1,J1)+BC_L1)
P2=-RO_F*CP_F*S(14JJ1)/(DELZ)*(-BC_L1)
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1J1)-C(L2.J1))
Pd=-RO_F*CP_P*C(L1J1y*(S(L4.J+1,J1)-
S(4.JJ1))/(DELZ)
P5=CON_RP*RP(J1y*(F21(J1)*C(L1.J1+1)-
F01(J1y*C(L1.J1-1)/(DR(1))
P6=2*CON_RP*(F22(J1)*C(L1,J1+1)}+F02(J1)*C(L1 J1-1)¥
DR(J1¥DR(I1)
P7=-RO_F*CP_F*(-P(L1J1)YDELT
FL=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute the solid temperature
A2=] (2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
CON_P*RP(J1)*F11(J1)/DR(J1)}+2*CON_P*F12(J1)/DR(J1¥DR(J1))
Pl=AINT*H_FS*(C(L1.J1)>-C(L2,J1))
P2=-RATE_H
P3=CON_P/DELZ/DELZ*(S(L2.J+1,J1)+8(L2.J+1.J1))
P4=CON_P*RP(J1y*(F21(J1)*C(L2J1+1)-FO1(J1)*
C(L2.J1-1)ADR1))
P5=2*CON_P*(F22(J1)*C(L2.J1+1)+F02(J1)*C(L2.J1-1)¥
DR@J1YDR(11)
P6=-RO_S*CP_S*(-P(L2J1)YDELT
F(L2)=-C(L2,]1)+A2%(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute the effective temperature
A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.]J1)/
DELZ)+EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1y*CON_RF*(RP(J1)*F11(J1YDR(J1)+2*F12(J1YDR(J1)
/DR(I1)))
P1=EPS(J1)*CON_L/DELZ**2*(S(L1.J+1J1)+BC_L1)
P2=-EPS(J1y*RO_F*CP_F*S(14.1.J1)/(DELZ)*(-BC_L1)
P3=(1-EPS(J1)y*RATE_H
P4=-EPS(J1)*RO_F*CP_F*C(L1.J1)*(S(L4.J+1J1}
SA4JJ1)(DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(F21(J1)*C(L1,J1+1)-FO1(J1)*
C(@L1J1-1)ADRA1)
P6=2*EPS(J1)*CON_RF*(F22(J1y*C(L1.J1+1)+F02(J1)*
C(L1J1-1))/DRI1)/DR(1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-PL1J1)/DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(L2.J1)-BC_L1
ENDIF
END IF

ENDIF
c
c
C this section compute the S matrix variables for grid at z=L, the outflow
¢ boundry
c
c

ELSE IF(JEQ.NJ1)THEN
¢ compute the total amount adsorbed
RATE_C=0
DO Mi=1,NC
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RATE_C=RATE_C+K_FM1)*AINT*(Q(M1,]J1)-C(M1+NC,J1))
END DO
¢ compule the total heat of adsorption
RATE_C1(JJ1)=RATE_C*(1-EPS{J1))
RATE_H=0
C HEAT(2)=-(411.93585-57470.2733*C(3,J1)/RO_S5+3971259.2258*
C . C@EJ1)**2/RO_S/RO_S)*44
DO Mi=]1 NC
RATE_H=RATE_H+HEAT(M1)*K_FM1)*AINT*(Q(M1,1.J1)-
C(M1+NCJ1))
END DO
¢ this section compute the s matrix at outflow boundry at the ceter of bed
IF(J1.EQ.1) THEN
TOT_C=0.
¢ compute the component molar density
DO Mi=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+5(LA4,JJ1YDELZ+4*D_RFM1)/
DR(I1YDR(J1+1./DELT)
Pi=D_L(M1)/DELZ**2*(2*S(M1.,J-1,]1})
P2=-3(14,1,J1)(DELZ)*(-S(M1J-1,]1))
P3=-ALF1(J1y*AINT*K_F(M1)*(Q(M1.JJ1)-C(M1+NCJ1))
P4=4*D_RF(M1y*(C(M1.J1+1))/DR(J1YDR(J1)
P5=(-P(M1J1))/DELT
F(M1)=-C(M1.J1 +A2*(P1+P2+P3+P4+PS5)
TOT_C=TOT_C+C(M1.J1)
END DO
F(NC)=(S(L5,JJ1)-TOT_C*R1*S(L1,JJ1)¥R1/S(L1,JJ1)-
CINCJIY)
¢ compute the molar adsorption
DO Mi=1,NC
A2=1 J(K_F(M1y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1)}+A2*(K_FM1)*AINT*(QM1,1.J1))+
P(M1+NCJ1)/DELT)
END DO
¢ compute the gas tem
IFI_SOL_FLO .EQ.1'THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(14,1,]1)/DELZ+
(RO_P*CP_F)/DELT+4*CON_RF/DR(J1YDR(J1))
P1=CON_L/DELZ**2*%(2*S(L1.J-1J1))
P2=-RO_F*CP_F*S(L4.JJ1)/(DELZ)*(-S(L1,J-1]1))
P3=-(1-EPS(J1)¥EPS(J1)*H_FS*AINT*(C(L1J1)-C(L2,]1))
P4=-RO_F*CP_F*C(L1J1)*(S(L4.J-1J1)-
S(L4J-1J1)/(2*DELZ)
P5=4*CON_RF*(C(L1,J1+1))/DR(J1)/DR(J1)
P6=-RO_F*CP_F*(-P(L1J1))DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6)
¢ compute the solid tem;
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
4*CON_P/DR(J1)/DR(J1))
P1=AINT*H_FS*(C(L1J1)-C(L2J1))
P2=-RATE_H
P3=CON_P*(S(L2J-1J1+S(1L.2.J-1,J1)YDELZ/DELZ
P4=4*CON_P*C(1.2.J1+1)/DR(J1)/DR(J1)
P5=-RO_S*CP_S*(-P(L2,J1)¥DELT
F(L2=-C(L2,J1 +A2*(P1+P2+P3+P4+P5)
ELSE
¢ compute the effective tem)
A2=1/(EPS(J1)*(2*CON_| UDELZ“2+RO F*CP_F*S(1A4JJ1Y/
DELZ)}EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1)*4*CON_RF/DR(J1)DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(2*5(L1,J-1J1))
P2=-EPS(J1)*RO_F*CP_F*S(L4,1,J1)/(DELZ)*(-S(L1,J-1,]1))
P3=-(1-EPS(J1)’**RATE_H
P4=-EPS(J1)*RO_F*CP_F*C(L1,J1)*(SLA4J-1,]1)-
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S(L4J-1J1)/(2*DELZ)
P5=4*EPS(J1*CON_RF*(C(L1.J1+1))/DR(J1YDR(J1)
Pé=-(EP5(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(L1J1))/DELT
F(L1)=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6)

F(L2)=C(1.2.J1)-BC_L1
ENDIF

¢ this section is for r at the wall
ELSE IF(J1 . EQNJR) THEN
TOT_C=0.
¢ compute molar density
DO Mi1=1,NC-1
A2=1/(2*D_LM1)/DELZ**2+S(14,JJ1YDELZ+2*D_RFM1Y .
DR(J1)/DR(J1)+1./DELT)
Pi=D_L(M1)/DELZ**2%(2¢*S(M1,]-1J1))
P2=-S(LA4,JJ1(DELZ)*(-S(M1,J-1,]1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1,1,J1)-C(M1+NC.J1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1-1}-C(M1,J1-1))A2*DR(J1))
P5=2*D_RF(M1)*(C(M1.J1-1)YDR(I1)/DR(J1)
P6=-(-P(M1,J1)YDELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,J1)
END DO
FINC)=(S(L5JJ1)-TOT_C*R1*S(L1JJ1)¥R1/S(L1JJ1)
CINCJIY)
¢ compute molar
DO M1=1NC
A2=1J(K_FMI1yYAINT+1./DELT)
F(M1+NC)e-CM1+NCJ1)+A2*(K_FM1Y*AINT*(QM1.J.11))}+
P(M1+NCJ1YDELT)
END DO
¢ compute gas temperamnre
IFQ_SOL_FLO .EQ.1)THEN
A2=1,L2*CON_L/DELZ**2+RO_F*CP_F*S(L4,JJ1)/DELZ+
(RO_P*CP_F)/DELT+2*CON_RF/DR(J1¥DR(J1))
P1=CON_L/DELZ**2*(2*S(L1.J-1.J1))
P2a2.RO_F*CP_F*S(L4,JJ1)ADELZ)Y*(-S(L1,J-1,11))
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1,J1)>-C(L2.J1))
P4=-RO_F*CP_F*C(L1.J1)*(5(1L4,J-1,J1)-
S(L4J-1J1))/(2*DELZ)
P5=CON_RF*RP(J1)*(2.*H_FW*DR(J1)/CON_RF*(C(L3,J1)-
C(L1.J1)))/(2*DR(11))
Po=CON_RFP*(2*C(L1.J1-1)+2*H_FW*DR(J1)/CON_RF*(C(L3,J1)-
C(L1J1)¥YDRJ1¥DR(J1)
P7=-RO_F*CP_F*(-P(L1,J1)/DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
2*CON_P/DR(J1)/DR(J1))
Pl=AINT*H_FS*(C(L1,J1)-C(1.2,J1))
P2=-RATE_H
P3=CON_P*(S(L2.J-1J1)+S(1L2,]-1,J1)VDELZ/DELZ
P4=CON_P*RP(J1)*(C(L2,J1-1)-C(L2.J1-1))/(2*DR(J1))
P5=CON_P*(2*C(L2,J1-1)¥DR(J1¥DR(J1)
P6=-RO_S*CP_S*(-P(L2,J1)VDELT
F(L2)=-C(1.2,J1}+A2*(P1+P2+P3+P4+P5+P6)
ELSE
c compute effective
A2=1 (EPS(J1 )‘(2‘CON_1JDELZ“2+RO F*CP_F*S(L4,1J1)/
DELZ)»EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
2*EPS(J1)*CON_RF/DR(J1)/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(2*S(L1.J-1J1))
P2=-EPS(J1)*RO_F*CP_F*S(L4.JI1)/(DELZ)*(-S(L. J-1,11))
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P3=-(1-EPS(J1)*RATE_H
P4=-EPS(J1*RO_F*CP_F*C(L1J1)*(S(L4.J-1.]1}
S(L4J-1J1))/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1YCON_RF*
(C(L3.J1)-C(L1.J1))N/(2*DR(I1))
P6=EPS(J1)*CON_RF*(2*C(L1,J1-1)+2*H_FW*DR(J1)/CON_RF*
(C(L3J1)-C(L1.J1)))/DR(J1)/DR(J1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(L1J1)/DELT
F(L1)=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(L2.J1)-BC_L1
END IF

¢ compute the wall
F(13)=-C(L3.J1+DELT/RO_WA/CP_WA*(A_C*H_FW+*(C(L1,J1)-
C(3J1))-A_INS*H_OW*(C(L3,J1)-TO)«-P(L3,J1))
ELSE
¢ this section computes S matrix for those grids with constant grid siz
IF(JINEIR)THEN
TOT_C=0.
¢ compute molar density
DO M1=1.NC-1
A2=1./2*D_L(M1)/DELZ**2+S(L4,J,J1/DELZ+2*D_RFM1Y
DR(J1)/DR(J1}+1/DELT)
P1=D_L(M1)/DELZ**2*(2*S(M1.J-1,]1))
P2=-S(14,JJ1)A(DELZ)*(-S(M1,-1,]1))
P3=-ALF1(J1*AINT*K_F(M1)*(Q(M1JJ1)-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1+1)-C(M1,J1-1))/(2*DR(J1))
P5=D_RFM1)*(C(M1J1+1+C(M1,J1-1)YDR(J1¥DR(J1)
P6=«(-P(M1J1))/DELT
F(M1)=-C(M1,J1)+A2%(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,J1)
END DC
F(NC)=(S(1.5JJI)-TOT C*R1*S(L1JJ1WVR1/S(L1JII1)
. C(NCJIT
¢ compute molar adsorption
DO Mi1=1NC
A2=1JK_FMI1y*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1 +A2*(K_FM1)y*AINT*(Q(M1.]J1))+
P(M1+NCJ1)/DELT)
END DO
¢ compute gas lemperature
IF(I_SOL_FLO .EQ.1'THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.J.J1)/DELZ+
(RO_F*CP_F)/DELT+2*CON_RF/DR(J1¥DR{J1))
P1=CON_L/DELZ**2*(2*S(L1J-1,J1))
P2=-RO_F*CP_F*S(14,J J1)ADELZ)*(-S(L1J-1.J1))
P3=-(1-EPS(J1))/EPS(J1)*H_FS*AINT*(C(L1J l)-C(Lle))
P4=-RO_F*CP_F*C(LiJ1)*(S(LA4.J-1,J1)-
S(143-1J1))/(2*DELZ)
P5=CON_RF*RP(J1)*(C(L1.J1+1)-C(L1.J1-1))/(2*DR(J1))
P6=CON_RF*(C(L1J1+1)+C(L1.J1-1)YDR(J1)/
DR(1)
P7=-RO_F*CP_F*(-P(L1J1)YDELT
F(L1)=-C(L1J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
2*CON_P/DR(J1)/DR(J1))
P1=AINT*H_FS*(C(L1,J1)-C(L.2J1))
P2=-RATE_H
P3=CON_P*(S(L.2J-1,J1+S(12,3-1,J1)YDELZ/DELZ
P4=CON_P*RP(J1)*(C(L2J1+1)-C(L.2.J1-1))/(2*DR(J1))
P5=CON_P*(C(L2J1+1)+C(L2,J1-1))YDR(J1)/DR(J1)
P6=-RO_S*CP_S*(-P(L2,J1))DELT
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F(L2)=-C(12,]1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperature
A2=1/(EPS5(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.JJ1)/
DELZ)y+(EPS(J1y*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1)*CON_RF/DR(J1¥DR(11))
P1=EPS(J1)*CON_L/DELZ**2*(2*S(L1,J-1J1))
P2=-EPS(J1*RO_P*CP_F*S(L4,J.J1)ADELZ)*(-S(L1,J-1J1))
P3=-(1-EPS(J1)*RATE_H
Pd=-EPS(J1y*RO_F*CP_F*C(L1.J1)*(S(L4,J-1,J1)-
S(LAJ-1J1))/(2*DELZ)
P5=EPS(J1)*CON_RF*RP(J1y*(C(L1,J1+1)-C(L1,J1-1)/(2*
DR(J1))
P6=EPS(J1Y*CON_RF*(C(L1,J1+1)+C(L1.J1-1))/DR(J1)/DR(11)
P7=(EPS(J1)*RO_F*CP_F+(1-EPS(J1)*RO_S*CP_S)*
(-P(L1,J1))/DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L.2)=C(L2,J1)-BC_L1
ENDIF

¢ this section compute s for variable grid size
ELSE
TOT_C=0.
¢ compute the moiar density
DO M1=],NC-1
A2=1/2*D_L(M1)/DELZ**2+S(L4,JJ1VDELZ+F11(J1*D_RFM1)*
RP(J1¥DR(J1)+2*D_RFM1)*F12(J1¥DR(J1)/DR(J1)+1/DELT)
PlaD_L(M1)/DELZ**2*(2*S(M1,J-1,]1))
P2=.S(L4.J.J1)ADELZ)*(-S(M1,J-1.11))
P3a-ALF1(J1)*AINT*K_F(M1)y*(Q(M1JJ1)>-C(M1+NC,J1))
P4=D_RF(M1)*RP(J1)*(F21(J1)*C(M1.J1+1)-FO1(J1)*
CM1J1-1)/ADR(1))
P5=2*D_RF(M1)*(F22(J1y*C(M1,J1+1+F02(J1)*C(M1,J1-1))
/DR(@J1YDR{1)
P6=-(-P(M1.J1)/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,]1)
END DO
F(NC)=(S(L5.J,J1)-TOT_C*R1*S(L1JJ1)YR1/S(L1JJ1)
C(NCJ1)
¢ compute molar adsorption
DO Mi1=1NC
A2=1 /(K_F(M1)*AINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1)+A2*(K_F(M1)Y*AINT*(QM1,J,J1))}+
P(M1+NCJ1YDELT)
END DO

¢ compute the gas temperature
IFI_SOL_FLO.EQ.1)THEN
A2=1 (2*CON_L/DELZ**2+RO_P*CP_F*(S(L4.J.J1/DELZ+
1/DELT)+CON_RF*RP(J1)*F11(J1)/DR(J1)}+2*CON_RF*
F12(J1¥DR(J1¥DR(J1))
P1=CON_L/DELZ**2*(2*S(L1J-1J1))
P2=-RO_F*CP_F*S(L4,JJ1)/(DELZ)*(-S(L1,J-1J1))
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1J1)-C(L2,J1))
P4=-RO_F*CP_F*C(L1,J1y*(5(L4,J-1,J1)-
SIA4J-1.J1))/(2*DELZ)
P5=CON_RF*RP(J1)*(F21(J1)*C(L.1,J1+1)-F01(J1)*
CL1J1-1)/ADR(J1))
P6=2*CON_RF*(F22(J1)*C(L1J1+1)+F02(J1)*C(L1J1-1)YY
DR(J1YDR(J1)
P7=-RO_F*CP_F*(-P(L1,J1)YDELT
F(L1)=-C(L1J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute the solid temperature
A2=1/(2*CON_P/DELZ**2+RO_S*CP_S)/DELT+
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CON_P*RP(J1)*F11(J1)/DR(J1)+2*CON_P*F12(]11)/DR(11)}/DR(J1}))
Pi=AINT*H_FS*(C(L1,J1)-C(L2.J1))
P2=-RATE_H
P3=CON_P/DELZ/DELZ*(S(L2,J-1.J1+8(L2.]-1.31))
P4=CON_P*RP(J1)*(F21(J1)*C(L2J1+1)-FO1(J1)*C(L2,J1-1))
KDR(I1))
P5=2*CON_P*(F22(J1)*C(1.2J1+1)+F02(J1)*C(L2,J1- 1))/
DRI1YDR(1)
P6=-RO_S*CP_S*(-P(L2J1))/DELT
F(L2)=-C(L2,J1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE

c compute the effective tem:
A2=1/(EPS(J1)*(2*CON_ UDEI..Z“2+RO F*CP_F*S(LA4JJ1)/
DELZ)y{EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
CON_RF*EPS(J1y*(RP(J1)*F11(J1¥DR(J1)+2*F12(J1YDR(1Y
DR(1))
P1=EPS(J1)*CON_L/DELZ**2*(2*S(L1,J-1,J1))
P2=-EPS(J1)*RO_F*CP_F*S(L4.J,J1)(DELZ)*(-S(L1,J-1,]1))
P3=(1-EPS(J1)*RATE_H
P4=-EPS(J1*RO_F*CP_F*C(L1.J1)*(S(L4J-1.J1}
S(1A4.J-1J1)/(2*DELZ)
PS=EPS(J1Y*CON_RF*RP(J1)*(F21(J1)*C(L1J1+1)-FO1(J1)*
C@L.1J1-1)/DR{1))
P6=2*EPS(J1)*CON_RF*(F22(J1)*C(L1.J1+1)+F02(J1)*
C(L1.J1-1))/DRJ1)/DR(11)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J]1))*RO_S*CP_S)*
(-P(L1J1))/DELT
F(L1)=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(1.2J1)-BC_L1
ENDIF

ENDIF
ENDIF

C
C
C
¢ this section computes the s matrix for grids inside of the column
c
ELSE
¢ comp total molar adsorption
RATE_C=0
DO M1=1 NC
RATE_C=RATE_C+K_FM1)*AINT*(Q(M1,J.J1)-C(M1+NC,J1))
END DO
¢ compute total heat of adsorption
RATE_C1(JJ1)=RATE_C*(1-EPS(J1))
RATE_H=0
C HEAT(2)=-(411.93585-57470.2733*C(3.J1)/RO_S+3971259 2258*
C . C@EJN**2/RO_S/RO_S)*44
DO Mi=1NC
RATE_H=RATE_H+HEATM1)y*K_F(M1)y*AINT*(Q(M1,],J1)-
C(M1+NCJ1))
END DO
¢ this section copm s for the grids at the center of bed
IF(J1.EQ.1) THEN
TOT_C=0.
¢ comp molar density
DO Mi1=1NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4,1.]1YDELZ+4*D_RFMI1)/
DR(J1)/DR(J1)+1./DELT)
P1=D_L(M1)/DELZ**2*(S(M1,J-1,J1 +S(M1,J+1J1))
P2=-S(L4.1,J1)/(DELZ)*(-S(M1J-1,11))
P3=-ALF1(J1)*AINT*K_F(M1)*(QM1.JJ1)>C(M1+NCJ1})
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P4=4*D_RF(M1y*(C(M1J1+1))/DR(J1YDR(J1)
P5=-(-P(M1.J1))/DELT
F(M1)=-C(M1,J1)+A2*(P1+P2+P3+P4+P5)
TOT_C=TOT_C+C(M1,]1)
END DO
F(NC)=(S(LS.J.J1)-TOT_C*R1*S(L1.JJ1)¥R1/SL1JJ1)
CINCJY)
¢ comp molar adsorption
DO Mi=I NC
A2=1/(K_F(M1y*AINT+1/DELT)
F(M1+NC)=-C(M1+NCJ1)+A2*(K_FM1y*AINT*(QM1.,JJ1))+
P(M1+NCJ1YDELT)
END DO
€ comp gas temperanure
IF(I_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(14,).J1)/DELZ+
(RO_F*CP_F)/DELT+4*CON_RF/DR(11¥DR(J1))
P1=CON_L/DELZ**2*(S(L1,J-1.J1+S(L1,J+1J1))
P2=-RO_F*CP_P*S(L4JJ1)(DELZ)*(-S(L1J-1.J1))
P3=-(1-EPS(J1)YEPS(J1)**H_FS*AINT*(C(L1,J1)-C(L2.J1))
P4=-RO_F*CP_P*C(L1J1)*(S(L4.J+1J1)
S(LAJ-1J1))/(2*DELZ)
P5=4*CON_RF*(C(L1J1+1))/DR(J1)/DR(J1)
Pé=-RO_F*CP_PF*(-P(L1J1)YDELT .
F(L1)x=-C(L1.J1)+A2*(P1+P2+P3+P4+P5+P6)
¢ comp solid
A2=1/(2*CON_P/DELZ/DELZ+4*CON_P/DR(J1)/DR(I1)+
RO_S*CP_S/DELT)
Pl=AINT*H_FS*(C(L1.J1)-C(L2.J1))
P2=-RATE_H
P3=CON_P*(S(L2,J-1J1)+S(1L2.J+1 J1))/DELZ/DELZ
Pd=d4*CON_P*(C(L2,J1+1))/DR(J1)/DR(J1)
P5=-RO_S*CP_S$*(-P(L2J1)VDELT
F(L2=-C(L2,J1 +A2*(P1+P2+P3+P4+P5)
ELSE
¢ comp effective tem
A2=1XEPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4,J.J1)/
DELZ)~EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
4*EPS(J1y*CON_RF/DR(J1/DR(J1))
P1=EPS(J1)*CON_L/DELZ**2*(S(L1.J-1J1+S(L1.J+1.J1))
P2=-EPS(J1)*RO_F*CP_F*S(14,1,J1)(DELZ)*(-S(L1,J-1,J1))
P3=-(1-EPS(J1))*RATE_H
P4=-EPS(J1y*RO_F*CP_F*C(L1J1)*(S(L4.J+1J1)-
S(LA4J-1J1)/(2*DELZ)
P5=4*EPS(J1y*CON_RF*(C(L1.J1+1))/DR(J1¥DR(J1)
P6=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1)/*RO_S*CP_S)*
(-P(L1J1)/DELT
F(L1)=-C(L1,J1)+A2%(P1+P2+P3+P4+P5+P6)

F(L2)y=C(L2.J1)-BC_L1
ENDIF

¢ comp s for the grd at wall
ELSE IF(J1.EQNIJR) THEN
TOT_C=0.

¢ comp molar density
DO Mi=1NC-1

A2=1/2*D_LM1)/DELZ**2+S(L4,1.J1 VDELZ+2*D_RF(M1)¥DR(J1)
/DR(J1)+1/DELT)
P1=D_L(M1)/DELZ**2*(S(M1,J-1.J1)+S(M1J+1,]1))
P2=-S(1A4.J,J1)ADELZ)*(-S(M1,J-1,]1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1JJ1)}-CM1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1,J1-1)-C(M1,J1-1))X2*DR(J1))
P5=2*D_RF(M1)*(C(M1,J1-1)YDR(J1)/DR(J1)
P6=-(-P(M1,J1))/DELT
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F(M1)=-C(M1,J1+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1.J1)
END DO
FINC)=(S(LSJJ1)»TOT_C*R1*S(L1.3J1)YR1/S(L1JJ1)-
C(INCJ1)
¢ comp molar adsorption
DO Mi=1.NC
A2=1JK_FMI1»AINT+1./DELT)
F(M14NC)=-C(M1+NCJ1)+A2*(K_FM1 Y AINT*(QM1,1.I11)»+
P(M1+NCJ1)Y/DELT)
END DO
€ comp gas temperature
IF(_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*S(LA4.1.J1)/DELZ+
(RO_F*CP_F)/DELT+2*CON_RF/DR(J1YDR(J1))
P1=CON_L/DELZ**2*(S(L1,J-1.J1)+S(L1J+1]1))
P2=-RO_F*CP_F*S(L4JJDADELZY*(-S(L.1,J-1J1))
P3=-1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1.J1)-C(1.2,]1))
P4=-RO_F*CP_F*C(L1J1)*(S(L4,J+1.]1)-
SA4JJ1NADELZ)
P5=CON_RF*RP(J1)*(2.*H_FW*DR(J1)/CON_RF*(C(L3,]1)-
C(L1J1)))(2*DR(11))
P6=CON_RF*(2*C(L1J1-1+2*H_FW*DR(J1)/CON_RF*(C(L3,]1)
-C(L1J1))/DR(J1)/DR{J1)
P7=-RO_F*CP_P*(-P(L1J1)YDELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid temperature
A2=1/(2*CON_P/DELZ/DELZ+2*CON_P/DR(J1)/DR(J1 )+
RO_S*CP_S/DELT)
P1=AINT*H_FS*(C(L1J1)-C(L2.J1))
P2=-RATE_H
P3=CON_P*(S(L2.J-1J1+S(L2.J+1.J1))/DELZ/DELZ
P4=CON_P*RP(J1y*(C(1.2,J1-1)-C(L2,J1-1))/(2*DR(J1))
P5=CON_P*(2*C(L2.J1-1)YDR(J1¥DR{J1)
P6=-RO_S*CP_S*(-P(L2J1)YDELT
F(L2)=-C(L2,J1 »+A2*(P1+P2+P3+P4+P5+P6)
ELSE

¢ compute effective temperaure
A2=1 ((EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(14.JJ1)/
DELZ)»EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1y*CON_RF/DR(J1¥DR(I1))
P1=EPS(11)*CON_L/DELZ**2*%(S(L1J-1,J1)+S(L1,J+1,J1))
P2=-EPS(J1)*RO_F*CP_F*S(1L4,J.J1)/ADELZ)*(-S(L1,J-1,]1})
P3=-(1-EPS(J1))*RATE_H
P4=-EPS(J1y*RO_F*CP_F*C(L1J1)*(S(L4.J+1J1)}
SAAJIN/(DELZ)
P5=EPS(J1)*CON_RF*RP(J1)*(2.*H_FW*DR(J1¥CON_RF*
(CA3J1)-C(L1.J1))A2*DR(I1))
P6=EPS(J1y*CON_RF*(2*Z(L1J1-1+2*H_FW*DR(J1CON_RF*
(C(L3J1)-C(L1,J1)))/DR(J1VDR(J1)
P7=-(EPS(J1)*RO_F*CP_F+1-EPS(J1))*RO_S*CP_S)*
(-PL1J1))DELT
F(L1=-C(L1,]J1}+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(L2,J1)-BC_L1
ENDIF
¢ compute wall temperature
F(1.3)=-C(L3,J1+DELT/RO_WA/CP_WA*(A_C*H_FW*(C(L1,J1)
CQL3J1)-A_INS*H_OW*(C(L3,J1)}-TO)-(-P(L3.J1))
¢ this section computes s for grids of constant size
ELSE
IF(J1.NEIR)THEN
TOT_C=0.
€ comi, Wie :i0.T aensity
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DO M1=1 NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(14,],J1VDELZ+2.*D_RF(M1)
DR(J1)/DR(J1)+1./DELT)
P1=D_L(M1)/DELZ**2%(S(M1J-1.J1)+S(M1,J+1,J1))
P2=-S(L4.J,J1)/(DELZ)*(-S(M1,J-1,]1))
P3=-ALF1(J1)*AINT*K_F(M1)*(Q(M1.JJ1)-C(M1+NCJ1))
P4=D_RF(M1)*RP(J1)*(C(M1.J1+1)-C(M1,J1-1))/(2*DR(J1))
P5=D_RF(M1)*(C(M1.J1+1)+C(M1,J1-1)YDR(J1¥YDR{1)
P6=«-P(M1,J1))/DELT
FM1)=-C(M1,J1)}+A2*P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1,J1)

END DO

F(NC)=(S(L5,JJ1)TOT_C*R1*S(L1JJ1)YR1/S(L1JJ1)

CINCJ1)

¢ comp the molar adsorption

DO M1=1NC
A2=1/J(K_F(MI1Y*AINT+1/DELT)
FM1+NC)=-C(M1+NCJ1 +A2*(K_FM1*AINT*(QM1.JI1))+
P(M1+NCJ1VDELT)

END DO

€ comp gas temperature

IF_SOL_FLO.EQ.1)THEN
A2=1J(2*CON_L/DELZ**2+RO_F*CP_F*S(14.],J1)/DELZ+
(RO_F*CP_F)/DELT+2*CON_RF/DR(J1YDR(J1))
P1=CON_L/DELZ**2%(S(L1,J-1.J1)+S(L1,J+1.J1))
P2=-RO_F*CP_F*S(L4.JJ1)(DELZ)*(-S(L1,J-1.]1))
P3=-(1-EPS(J1)¥EPS(J1)**H_FS*AINT*(C(L1.J1)-C(L2,]1))
P4=.RO_F*CP_F*C(L1.J1y*(S(LA4,J+1.J1)-
S(L4.J-1J1))/(2*DELZ)
PS=CON_RF*RP(J1y*(C(L1.J1+1)-C(L1.J1-1)}/(2*DR(1))
P6=CON_RP*(C(L1,J1+1+C(L1.J1-1)YDR(J1)/DR(J1)
P7=-RO_F*CP_F*(-P(L1J1)¥DELT
F(L1)=-C(L1.J1}+A2*(P1+P2+P3+P4+P5+P6+P7)

¢ comp solid temperature.

A2=1/(2*CON_P/DELZ/DELZ+2*CON_P/DR(J1)/DR(J1)+
RO_S*CP_S/DELT)

P1=AINT*H_FS*(C(L1J1)-C(L2,J1))

P2=-RATE_H
P3=CON_P*(S(L2J-1,J1+S(L2,J+1J1)/DELZ/DELZ
P4=CON_P*RP(J1)*(C(1L.2.J1+1)-C(L2.J1-1)(2*DR(11))
P5=CON_P*(C(L2.J1+1)+C(L2,J1-1)¥DR(J1)/DRJ1)
P6=-RO_S*CP_S*(-P(L2J1)YDELT
F(12)=-C(L2.J1)+A2*(P1+P2+P3+P4+P5+P6)

ELSE

¢ compute effective temperature
A2=1 (EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4.J.J1)/
DELZMEPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+2*
EPS(J1)*CON_RF/DR(J1)¥DR(J1))
P1=EPS(J1Y*CON_L/DELZ**2*(S(L1J-1J1+S(L1.}+1,J1))
P2=-EPS(J1*RO_P*CP_F*S(14,J,J1)(DELZ)*(-S(L1,J-1,J1))
P3=-(1-EPS(J1))*RATE_H
P4=-EPS(J1)*RO_P*CP_F*C(L1J1)*(S(L4J+1.J1)
S(4.J-1.J1))A(2*DELZ)
PS=EPS(J1)*CON_RF*RP(J1)*(C(L1.J1+1)-C(L1,J1-1)}(2*
DR{J1))
P6=EPS(J1)*CON_RF*(C(L1.J1+1+C(L1,J1-1))/DR(J1)/DR(I1)
P7=-(EPS(J1)*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)*
(-P(L1J1))/DELT
F(L1)=-C(L1,J1+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(L2.J1)-BC_LI1
ENDIF
¢ this section computes s for variale grid size
ELSE
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TOT_C=0.
¢ comp molar density
DO Mi1=1,NC-1
A2=1/(2*D_L(M1)/DELZ**2+S(L4,1J1)/DELZ+F11(J1)*D_RF(M1)*
RP(J1¥DR(J1)+2*D_RF(M1)*F12(J1¥DR(J1)/DR(J1 +1/DELT)
Pi=D_L(M1)/DELZ**2*(S(M1J+1 JI1+S(M1,J-1J1))
P2=-S(14,1,J1)/(DELZ)*(-S§(M1,]-1,11))
P3=-ALF1(J1Y*AINT*K_F(M1)*(Q(M1,JJ1)}>C(M1+NC.J1))
P4=D_RF(M1)*RP(J1)*(F21(J1)*C(M1J1+1)-FO1(J1)*
CM1J1-1))(DRA1))
P5=2*D_RF(M1»*(F2(J1*C(M1,J1+1+F02(J1*C(M1.J1-1))
/DR{J1YDR(J1)
Pé=-(-P(M1,J1)/DELT
F(M1)=-C(M1,J1}+A2*(P1+P2+P3+P4+P5+P6)
TOT_C=TOT_C+C(M1.J1)
‘END DO
FNC)=(S(L5J.J1)-TOT_C*R1*S(L1JJ1)YR1/S(L1II1)-
C(NCJ1)
¢ comp moiar adsorption
DO M1=1,NC
A2=1J(K_FMI1yAINT+1./DELT)
F(M1+NC)=-C(M1+NCJ1 +A2*(K _ F(Ml)'AIN'l'"(Q(MlJ,Jl))-t—
P(M1+NCJ1YDELT)
END DO
€ compute gas emperature
IFA_SOL_FLO.EQ.1)THEN
A2=1/(2*CON_L/DELZ**2+RO_F*CP_F*(S(1LAJJ 1)/DEI.Z+
1/DELT+CON_RF*RP(J1)*F11(J1)/DR(J1)+2*CON_RF*
F12(J1)/DR(J1)/DR(J1))
P1=CON_L/DELZ**2*(S(L1,J+1,J1)+S(L1.J-1,J1))
P2=-RO_F*CP_P*S(L4.JJ1)/(DELZ)*(-S(L1J-131))
P3=-(1-EPS(J1)VEPS(J1)*H_FS*AINT*(C(L1.J1)-C(L2,]J1))
P4=-RO_F*CP_P*C(L1,J1)*(S(L4,J+1,J1)
S(LAJ-1J1))(2*DELZ)
P5=CON_RF*RP(J1)*(F21(J1)*C(L1.J1+1)-FO1(J1)*
C(L1J1-1)/(DRA1))
P6=2*CON_RF*(F22(J1)*C(L1J1+1)+F02(J1)*C(L1.J1-1))
DRJ1¥DR(J1)
P7=-RO_F*CP_F*(-P(L1,J1)YDELT
F(L1)=-C(L1.J1}+A2*(P1+P2+P3+P4+P5+P6+P7)
¢ compute solid
A2=1/(2*CON_P/DELZ/DELZ+CON_P*RP(J1y*F11(J1)/DR(J1)+
2*CON_P*F12(J1)/DR(J1)/DR(J1+RO_S*CP_S/DELT)
P1=AINT*H_FS*(C(L1J1)-C(L2,J1))
P2=-RATE_H
P3=CON_P/DELZ/DELZ*(S(L.2.J-1,J1)+S(L2,J+1.J1))
P4=CON_P*RP(J1)*(F21(J1*C(L2J1+1)
FO1(J1)y*C(L2.J1-1))/(DR(J1))
P5=2*CON_P*(F22(J1)*C(L2.J1+1)+F02(]1)
*C(L2.Ji-1))/DR(J1)/DR(J1)
P6=-RO_S*CP_S*(-P(L2.J1)YDELT
F(L2)»=-C(L2,J1)+A2*(P1+P2+P3+P4+P5+P6)
ELSE
c compute effective temperature
A2=1/(EPS(J1)*(2*CON_L/DELZ**2+RO_F*CP_F*S(L4JJ1Y
DELZ)»EPS(J1*RO_F*CP_F+(1-EPS(J1))*RO_S*CP_S)/DELT+
EPS(J1)*CON_RF*(RP(J1)*F11(J1¥YDR(J1)}+2*F12(J1 ¥DR(J1)
/DR(11)))
P1=EPS(J1)*CON_L/DELZ**2*(S(L1.J+1 J1)+S(L1.J-1,J1))
P2=-EPS(J1Y*RO_F*CP_F*S(L4.J,J1)/(DELZ)*(-5(L1,J-1,J1))
P3=-(1-EPS(J1))*RATE_H
P4=-EPS(J1)*RO_F*CP_F*C(L1,J1)*(5(L4,J+1J1)-
S(L4J-1J1)A2*DELZ)
PS=EPS{J1)*CON_RF*RP(J1)*(F21(J1)*C(L1J1+1)-FO1(J1*
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C(L1J1-1)ADR(1))
P6=2*EPS(J1*CON_RF*(F22(J1)*C(L1.J1+1)+F02(11)*
C(L1.J1-1))/DR(J1)/DR(31)
P7=-(EPS(J1Y*RO_F*CP_F+(1-EPS(I1))*RO_S*CP_S)*
(-PLLID)/DELT
F(L1)=-C(L1,J1)+A2*(P1+P2+P3+P4+P5+P6+P7)

F(L2)=C(12,J1)-BC_L1
END IF
ENDIF
ENDIF
ENDIF
RETURN
END

nnnn

¢ this subroutine compute the amount of adsorbed gas in equilibrium with gas

¢ molar density. for single componet uses Langmuir-fredrich isotherm. the

¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (IST). since the equations are none linesr and implicit,a numeriacl method

c was used to compute the adsorbed equlibruim amount. the method is by Forythe,
¢ Computer Methods for Mathematical Computation. it is an bisect method with

¢ quadratic convergence.

[
¢ B,V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z1(METHOD,T.55.Q1)
IMPLICIT REAL*8 (A-H,0-Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4),PI(4).X1(4).X1(4).Y1(4)
COMMON/INDIC1/IND(4)
COMMON/NCY/NC1
REAL*8 Q1(4),S5(4)
INTEGER LNLIM
EXTERNAL FCN1
DATA XTOL FTOL.LNLIM/1.0E-5,1.0E-5,0.50/
DATA R/555/
T_G=T
NC=NC1
¢ the partial pressure
DOI1=1NC
Y1(11)=881)
END DO

DOI=1NC
PPD=Y1(I)*T_G*R
END DO

¢ no mole fration remrn
Z=1.0E-32
IF(PP(1).LEZ AND.PP(2).LEZ AND.PP(3).LE Z AND PP(4).LEZ)THEN
DO I=1,NC
Q1(M=0.
END DO
RETURN
ENDIF
Ni=l
¢ set the constant as & function of temperanmre
TF(IND(1).EQ.1)THEN
C  V(N1)=(81.2983138-.21118560043*T+1.587732293D-4*T*T)/44/100
V(N1)=17.0/44/100
C  B(N1)=6864.9000131*EXP(-.019625791466*T)
B(N1)=5.323235056e-6*T**(-.5y*EXP(13948.544244/1 .987/T)
PO(N1)=8
Ni1=Ni1+1
ENDIF

E-48



IF(IND(2).EQ.1)THEN
V(N1)=1./69.035
B(N1)=1.879094E-4*EXP(5467.4817024/T)
IF(T.LT.610.) THEN
B(N1)=4.5597278759E-7*EXP(9628.9655743/T)
ELSE
B(N1)=5.8089066684E-7*EXP(9115.734593/T)
ENDIF
Ni1=Ni+l]
PO(N1)=1.0
END IF
IF(IND(3).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T.LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E -2
ENDIF
PON1)=1.0
Ni1=N1+1
ENDIF
IF(IND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)>=1.0
ENDIF
c calculate the equilibruim isthotherm by Langmuir method
IF(NC.EQ.1YTHEN
Q1(1=V(1y*B(1y*PP(1)**PO(1)/(1+B(1)*PP(1y**PO(1))
RETURN

ELSE IF(INC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2)*B(2)*PP(2)**PO(2)/(1+B(2)*PP(2y**PO(2))
Q1(1)=0
RETURN

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
Q1(1)=V(1)*B(1)*PP(1)**PO(1)/(1+B(1)*PP(1)**P(X1))
Q1(2=0
RETURN

ENDIF

TERM1=0.

DOI=1NC
IF(PP().GT.0)THEN

TERM1=B(Q)*PP(I)**PO(I+TERM1

ENDIF

END DO

SUM=0.

DO I=1,NC
IF(PP(I).LE.0.) THEN

Q1(I=0.

ELSE
Q1M=VM*BM*PPI)**POIN(1+TERM1)
SUM=SUM+Q1({)

ENDIF

END DO

¢ if the Langmuir method is asked for then renrrned

IF(MMETHOD.EQ.1)THEN

RETURN

ENDIF

c if not, take the resuit as the first guess for IST theory
DCi=INC

E-49



X1(=Q1(d)SUM
IFCX1(I).GT.0) THEN
PIM=PPAVX1(D)
ELSE
PI(I)=0.
ENDIF
END DO
c calculate the spread pressure
DO I=1.NC
IF(PP().LE.0.) THEN
X1()=0
ELSE
X1()=VAYPOI)*LOG(1+B{)*PI(1)**PO()
IF=I
ENDIF
END DO
X=X1(IF)
DO I=1.NC
IFX1(1).LTX .AND. X1(1).GT.0)THEN
X=X1(D
ENDIF
END DO
AX=X
DELX=AX
BX=AX
¢ call Zeroin subroutine to find the rout to the IST equation
DO 1=1,100
BX=BX+DELX
FUN=FCN1(BX)
IF(FUN.LT.0)GO TO 113
END DO
113 X=ZEROIN(FCN1.AX,BX,TOL)
c rout was found
DO I=1NC
IF(PP(I).LE.0) THEN
PP(I)=1.0E-32
END IF
¢ calculate the fraction in the solid phase
PART1=PO(M*X/V({)
IF(PART1.GT.73)PART1=73
PIM)=(EXP(PART1)-1)/B(D)
X1(TM=PPID)/PID)
END DO

TOT_Q=0
c calculate the total amount adsorbed
DO 1=1 NC
QiM=V@*BO)*PIM)y**POQ)(1+BI)*PKD)**POD)
TOT_Q=TOT_Q+X1{I¥Q1({)
END DO
¢ calculate the amount adsorbed for each component
DO I=1 NC
Q1(M=1/TOT_Q*X1(I)
ENDDO
80 RETURN
END
¢ IST function
REAL FUNCTION FCN1(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4).B(4),V(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO I=1,NC
IF(PP(1).GT.0) THEN
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PART1=POM*X/V(T)
IF(PART1.GT.73)PART1=73

SUM=SUM+PP()/((EXP(PART1)-1)/B(D)**(1 JPO(I))

END IF

IF(PP(I).LE.O)PP(I)=1.0E-32
PART1=POMD*X/V(1)
IF(PART1.GT.73)PART1=73

NnNNnonon

END DO
FCN1=SUM-1
RETURN
END

c

c

SUM=SUM+PP()/((EXP(PART1)1)/BM)**(1/POI))

c

¢ subroutine to find the root of equation by bisect method

REAL FUNCTION ZEROIN(FCN1,AX.BX,TOL)

IMPLICIT REAL*8(A-H.0-Z)
REAL*8 AX.BX,FCN1,TOL

REAL*8 A.B,C.D.E.EPS,FAFB,FC,TOLLXM,P,Q.R.S

EPS=1.0
10 EPS=EPSN2.
TOL1=1.0+EPS
IF(TOL1.GT.1.0) GOTO 10
c midgalization
A=AX
B=BX
FA=FCN1(A)
=FCN1(B)
c begin step
20 C=A
FC=FA
D=B-A
E=D
30 IF(ABS(FC) .GE. ABS(FB)) GO TO 40
A=B
B=C
C=A
FA=FB
=FC
FC=FA
¢ convergence test
40 TOLi1=2*EPS*ABS(B)}+S5*TOL
XM=5%C-B)
IF(ABS(XM).LE.TOL1)GO TO 90
IF(FB.EQ.0.0) GO TO 90
¢ is bisection necessary
IF(ABS(E).LE.TOL1)GO TO 70
IF(ABS(FA).LE.ABS(FB)) GO TO 70
¢ is quaratic interpolatation possible
IF(ANE.C)GO TO 50
¢ linear interpolation
S=FB/FA
=2.0*XM*$
Q=:.0-5
GC TO 60
¢ invers: quadratc interpoltation
50 G=FA/FC
R=FB/FC
=FB/FA
P=§*(2.*XM*Q*(Q-R)-(B-A)*(R-1.0))
Q=(G-1.00*(R-1.0)*(5-1.0;
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¢ adjust signs

60 IF(P.GT.0.0)Q=-Q
P=ABS(P)

¢ is interpolation acceptable
IF((2.0*P).GE.3.*XM*Q-ABS(TOL1*Q))) GO TO 70
IF(P.GE.ABS(.5*E*Q)) GO TO 70
E=D
D=PQQ
GO TO 80

¢ bisection

70 D=XM
E=D

¢ complete step

80 A=B
FA=FB
IF(ABS(D).GT.TOL1)B=B+D
IF(ABS(D).LE.TOL1)B=B+SIGN(TOL1,XM)
FB=FCN(B)
IF((FB*(FC/ABS(FC))).GT.0)GO TO 20
GO TO 30

c done

90 ZEROIN=B
RETURN
END

nonn

¢ the second method. this method is faster but the initial guess must be near
¢ the root of the equation.
c
¢ this subroutine compute the amount of adsorbed gas in equilibrium with gas
¢ molar density. for single componet uses Langmuir-fredrich isotherm. the
¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (IST). since the equations are none linear and implicit,a numeriacl method
¢ was used to compute the adsorbed equlibruim amount. the method is Newton,
c
¢ B,V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z(METHOD,T.SS,Q1)
IMPLICIT REAL*8 (A-H,0-Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4),P1(4).X1(4).X1(4),Y1(4)
COMMON/NCY/NC1
COMMON/INDIC1/IND(4)
REAL*8 Q1(4),55(4)
INTEGER LNLIM
EXTERNAL FCN,FDER
DATA XTOL.FTOLLNLIM/1.0E-5,1.0E-5,0,50/
DATA R/555.0/
T_G=T
NC=NC1
DO Il=1NC
Y1(I1)=8871)
END DO
DO I=1NC
PPD=Y1(I*T_G*R
END DO
¢ no mole fration return
Z=10E-32
IF(PP(1).LEZ.AND.PP(2).LEZ AND.PP(3).LEZ.AND.PP(4).LEZ)THEN
DO =1 NC
Q1(I=0.
END DO
RETURN
ENDIF
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Ni=1

¢ set the consunt as a function of temperatre
IFIND(1).EQ.1)THEN

c 13x by |, grace

¢ point=-1567.1205874+9.00256903%1-.0172347*t*t+1.100806e-5*1*1*t

c if(pp(nl).gt.point .or. 1.gt.627)then

c V(N1)=(81.2983138-21118560043*T+1.587732293D4*T*T)/44/100

c B(N1)=6864.9000131*EXP(-.019625791466*T)

c po(nl)=1.0

c clse

¢ 13x by 1_f.grace

c v(nl)=23.32228/44/100

c b(nl)=4.9639763e-4*T**(-.5)*exp(9233.33778/1.987/T)

c po(nl)=-2.9138991288+.017181761178*T-2.8549083257-5*T*T+

c 1.622511757e-8*T*T*T

c end if

c from Firm daa SA

¢ if(pp(n1).1t.1.0) then

C BN1)=2.37022397e-6*t**(- 5y*exp(14907.6535/1.987 1)

C v(N1)=16.6/44/100

C po(N1)=.80

¢ Fmn by langmuir

c else

c v(n1)=(25.97135008-6.084518e-3*T-2.1799516646¢-5*T*T)/44/100

c b(n1)=1.88863393¢-5*T**(-5)*exp(12170.875335/1.987/T)

c po(nl)=l.

c end if

C5A BY GRACE,BYL_F

c V(N1)=17.0/100/44

c B(N1)=2341477TE-4*T**(- 5)*EXP(10257.166145/1.987/T)

c PO(N11=3.830450111E-4*T**1.188379596

C5ABY GRACE,BYL

C V(N1)=(-4.27886889+.087218022*T-9.1010715804E-5*T*T)/44/100

C B(N1)=9.2533309123E-5*T**(-.5)*EXP(10719.0/1.987/T)

C PO(N1)=I1.

C5ABY GRACE; BY L_FBETWEEN 0-75C
V(N1)=(399.3942-1.938428896*T+3.2540515E-3*T*T-

. 1.8226211899E-6*T*T*T)/44/100
B(N1)}=35358072159-.17016733%T+2.7458762E4*T*T-
. 1.484116035E-7*T**3

PO(N1)=-29.3861079+.1538898497*T-2.6122587TTE4*T*T+

. 1.478184694E-7*T**3
¢ linde 5a
c v(nl)=.005
c b(nl)=1.129015193e-5%exp(5055.0150894)
[ po(nl)=.6
Ni=Nli+]
ENDIF
¢ h2o on 5a by grace L1

IF(IND(2).EQ.1)THEN
C INIX1).EQ.1 FOR CO2+H20+N2; IND(1).EQ.0 FOR H20+N2
C IF(IND(1).EQ.1Y'THEN
if(pp(nl)dt. 4)then
if(t1e.564.)then
v(n1)=(39.914452-8.87103¢-2*1+6.839502987¢-5*t*t)/100/18
else
v(nl)=(873.44464-3.867834937*1+5.80375049¢-3*t*1-
2.9346685¢-6*t*t*1)/100/18
end if
(n1)=29690.66923-137.837129*T+214456126*t%t
po(nl)=1
else
b(n1)=48.566639771-2.2620239975e-1*1+3.91017031 684 *1*1-
2379098497e-T*r*t*t
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C

v{nl)=(95.093824733-21725775358*1+1.4628603¢c-4>1*1)/100/18
po(nl)=1

end if
ELSE

CC h2o on 5a grace by L.F

sNoNoNoNoNoleNeNeXeNe o Xe!

nan 0

b(n1)=24.573259.5.8385278¢-2*1+3.473682438e-5*t*t
v(nl)»=(66.62520167-.12299345%+7.1897316221e-5*t*1)/100/18
if(t.1e.600)then
po(nl)=.8219916486-3.3519986e-3*1+4.679276479e-6*t*t
else
po(nl=-6.0926707634+2.043004e-2%1-2.924858439¢-5%1*1+
1.1746734108e-8*t*t*t
end if
ENDIF
b(nle.2247292664%1*%(- 5)*exp(7858.45996/1.9871)
v(n1)=(172.54468-.66643613*14+9.758449¢-4*1*1-4.986888e-
. T*t*t*1)/18/100
po(nl)=1.
N1=Nl1+1
ENDIF
IF(IND(3).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T.LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T4.14400420E-2
END IF
PO(N1)=1.0
Ni1=N1+1
ENDIF
IF(IND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T.LE.S32)THEN
. B(N1)=3.2694515539E-7*T+4.59988799E-4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)=1.0
ENDIF
IF(NC.EQ.1)THEN
Q1(1)=V(1)*B(1)*PP(1)**PO(1)/(1+B(1)*PP(1**PO(1))
RETURN

ELSE IF(NC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2y*B(2)*PP(2)**PO(2)/(1+B(2)*PP(2)**PO(2))
Q1(1)=0
RETURN

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
Q1(1)=V(1y*B(1y*PP(1y**PO(1)/(1+B(1)*PP(1y**POX1))
Q1(2)=0
RETURN

ELSE IF(NC.EQ3)THEN

if(pp(1).Je.0 .and. pp(2).le.0)then
Q13)=V(3)*B(3y*PP(3)**POGB)(1+B(3)*PP(3)**PO(3))
QI1(1)=0
Q1(2)=0
return

else if(pp(1)Je.0 .and. pp(3).le.O)then
Q1(2)=V(2)*B(2)*PP(2)**PO(2)/(1+B(2)*PP(2y**PO(2))
QL(1)=0
QI3)=0
return

else if(pp(2).Je.0 .and. pp(3).le.0)then
Q1(1)=V(1)*B(1y*PP(1)**PO(1 ¥(1+B(1)*PP(1y**PO(1))
Qi(2)=0
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QI1G=0
renmn
end if
ENDIF
TERMI1=0.
¢ calculate the equilibruim by Langmuir isotherm
DO I=1NC

IF(PP(1).GT.0)THEN
TERMI1=B{I)*PP(I)**PO(I)+TERM1

ENDIF

END DO
SUM=0.
DOI=1.NC

IF(PP(1).LE.O.) THEN
Q1()=0.

ELSE
QiM=VI*BIy*PPT**POI)V(1+TERM1)
SUM=SUM-+QI()

ENDIF

END DO
¢ if the Langmuir method is asked foR, then remurn. If not use it as first guess
c for IST theory
IF(METHOD.EQ.1)THEN
RETURN

ENDIF
DCI=1.NC
X1(D=Q1(AYSUM
IFX1(I).GT.0) THEN
PIM=PPAYX1()
ELSE

¢ set the initial guess for the spreading pressure
DO I=1NC
IF(PP(I).LE.0.) THEN
X1(I=0
ELSE
X1(D=VIYPOMD*LOG(1+B(D*PIIy**PO))
IF=1

ENDIF
END DO
X=X1(IF)
DO I=2NC
IFX1(I).LTX .AND. X1(I).GT.0)THEN
X=X1D)
ENDIF
END DO
¢ call newion method to the rout to IST equation
IF(X LE. 1.0E-17) GO TO 80
CALL NEWTN(FCN,FDER.X, XTOL,FTOL NLIM.I)
¢ rout was found, calculate the fraction in the solid phase
DO I=I NC
IF(PP(1).LE.0) THEN
X1(I)=0.
ELSE
PART1=POI*X/V({)
IF(PART1.GT.73)PART1=73
PIM)=(EXP(PART1)-1)/B()
X1(D=PPM)/PIT)
ENDIF

END DO
¢ calculate the total amound in the solid phase
TOT_Q=0
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DO I=1 NC

IF(PP(I).LE.0) THEN
Q1(M)=0.

ELSE
Q1(D=VIy*BA)*PID**POM/(1+BA)*PIM**POD)
TOT_Q=TOT_Q+X1(¥Q1(D

ENDIF

END DO
¢ calculate the amount in equilibruim with the gas phase for each component
DO I=1 NC
QI(M=1/TOT_Q*X1(0)
END DO
80 RETURN
END
c
¢ IST final equation
c
REAL FUNCTION FCN(X)
IMPLICIT REAL*8(A-H.0-Z)
COMMON/EQLIB/PF4),B(4),V(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DOI=1NC
IF(PPQ1).GT.0) THEN
PART1=POM)*X/V(l)
IF(PART1.GT.73)PART1=73
SUM=SUM+PPIV((EXP(PART1)-1)/B()y**(1/PO(I))
ENDIF
END DO
FCN=SUM-1
RETURN
END
c
¢ IST final derivitive

C
REAL FUNCTION FDER(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4).B(4),V(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO I=1.NC
IF(PP(1).GT.0) THEN

PART3=POI*X/V(I)

IF(PART3.LT 35 THEN
PART1=-PPAYB{IYV{I)*EXP(PART3)
PART2=((EXP(PART3)-1)/B(D)y**((1+POMYPO(I))
SUM=SUM+PART1/PART2

ELSE IF(PART3/PO(I).LT.73)THEN
SUM=SUM-B@)**((1+POI)/POD)*PPO/BIO/VD*
EXP(-PART3/POQ))

ELSE
PART3=T3
SUM=SUM-B(D)y**((1+POM))/POM*PPAQ)/BD)/V({I)*
EXP(-PART3)

ENDIF

ENDIF
END DO
FDER=SUM
RETURN
END
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¢
¢ this subroutne finds the rout o a nonlinear equation using the Newton
¢ method
SUBROUTINE NEWTN(FCN,FDER X, XTOL,FTOL.NLIM.I)
IMPLICIT REAL*8(A-H,0-Z)
INTEGER NLIM,LJ
FX=FCN(X)
X1=X
DO J=1.NLIM
DELX=FX/FDER(X)
X=X-DELX
FX=FCN(X)
IF (ABS(X-X1)/X.LEXTOL)THEN
RETURN
ENDIF
IF(FXNE.O)THEN
IF(ABS(FX-FX1)/FX.LE.FTOL) THEN
RETURN
END IF
END IF
Xi=X
FX1=FX
END DO
I=-1
PRINT 200, NLIM.X,FX
200 FORMAT(/TOLERANCE NOT MET 'J4,' ITERATIONS X=",
2E125, FX)='E12.5)
RETURN

END

FUNCTION CPGAS(TEM.Y)
C THIS FUNCTION CALCULATES THE HEAT CAPACITIES OF CMRIER GAS IN BTU#MOLE/R
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 A(4).B(4).C(4).D(4).Y(4)
COMMON/GAS/INERT ,NCOMP
COMMON/NCY/NC1
COMMON/INDIC1/IND(4)
cC CO2
DATA A/36.11,33.46,29.,29.1/
CH20
DATA B/4233E-2,.6880E-2,.2199E-2,1.158E-2/
CN2
DATA C/-2.887E-5,.7604E-5,.5723E-5,-.6076E-5/
co
DATA D/7.464E-9,-3.593E-9,-2.871E-9,1 311E-9/
NC=NC1
T=TEM/1.8-273.15
IF INERT.EQ.]1) THEN
CPGAS=0.
YO=0.
Ni=1
DO I=1,4
IFIND().EQ.1)THEN
CP=A(I+BO)*T+CA*T*T+DN)*T*T*T
CPGAS=CP*Y(N1)/4.18669+CPGAS
YO=Y(N1 YO
N1=Nl+l1
ENDIF
END DO
CPGAS=CPGASHAQGHB)*T+C(3)* T*T+D3)*T*T*T)*(1-YO)/4.18669
ELSE
CPGAS=4.97
ENDIF
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RETURN
END

FUNCTION CPS(TEMP)

IMPLICIT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES TNE HEAT CAPACITY
C BTU/LBR.

CPS=1.0

RETURN

END

REAL FUNCTION KGAS (TEMP)
C THIS FUNCTION CALCULATES THE THERMAL CONDUCTIVITY OF CARRIER.
CBTUMINFTR
IMPLICTT REAL*8(A-H,0-Z)
COMMON/GAS/INERT,NCOMP
IF INERT.EQ.1) THEN
KGAS=3.88E-7*TEMP+0.4052E-4
ELSE
KGAS=1.66TE-6*TEMP+6.1E-4
ENDIF
RETURN
END

FUNCTION RE (G, TEMP)
C TNIS FUNCTION CALCULATES THE PARICLE REYNOLDS NUMBER ASSUMINC THAT
C THE MOLECULAR WEIGHT OF TNE GAS IS EQUAL TO THAT OF CARRIER GAS.
IMPLICIT REAL*8(A-H,0-2)
REAL*8 LENMW ~
COMMON/PRIME/GN2.RA.RAV EPSEX.RHOS,TAMB.ALPHA1, UINS,HWALL.
C COMMON/PRIME/GN2.RA RAV EPSEX.EPSIN.ALF,RHOS ALPHAI
COMMON/GAS/INERT.NCOMP
DATA IFLAGNY/
IF (INERT.EQ.1) MW=28.0 °
IF INERT.EQ.2) MW=4,
IF (FLAG.EQ.0)THEN
CONST=2.*RA
IFLAG=1
ENDIF
RE=CONST*MW*ABS(G)/VIS(TEMP)
RETURN
END

FUNCTION VIS(TEMP)
IMPLICIT REAL*8(A-H.0-2)
C THIS FUNCTION CALCULATES THE VISCOSITY OF CARRIER GAS AS A FUNCTION
C OF TEMPERATURE (LB/MIN/FT).
COMMON/GAS/INERT NCOMP
IF (INERT.EQ.1) THEN
C  VIS=1.0E-6*TEMP+1.65E-4
VIS=-.0102007812+5 38466393 7E-5*TEMP-8.7973727E-8*TEMP*TEMP+
2 4.811387495E-11*TEMP*TEMP*TEMP
ELSE
VIS=0.9444E-6*TEMP+2.863E-4
ENDIF
RETURN
END

FUNCTION RHOG(TR.P)
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 LEN
C THIS FUNCTION CALCULATES THE MOLAR DENSITY OF AN IDEAL GAS IN
C LBMOLES/CV FS.
COMMON/PRIME/GN2.RA,RAV EPSEX ,RHOS. TAMB, ALPHA1,UINS HWALL,LEN
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DATA R/S55./
RHOG=P/R/TR
RETURN

END

FUNCTION EFFD{ICOMP,G. TEMP,RHO.PT,YO)
C THIS FUNCTION CALCVLATES TNE EFFECTIVE AXIAL DIFFUSIVITIES IN A PACXED BED
C USING THE EDWARDS AND RICHARDSON CORROLATION. (FT*FT/MIN)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LAMBDA1.LAMBDA2,LEN,YO(4)
COMMON/PRIME/GN2,RA,RAV EPSEX,RHOS. TAMB.ALPHA1,UINS HWALL LEN
DATA IFLAG/0/,LAMBDA1/0.73/
IFIFLAG.EQ.0)THEN
CONST=2.*RA/EPSEX
IFLAG=1
ENDIF
DIF=DIFF(ICOMP,TEMP,PT.YO)
EFFD=LAMBDA 1*DIF+CONST*ABS(G)*LAMBDA2(G,DIF,RHO)/RHO
RETURN
END

FUNCTION EFFK(G,T.CP.RHO,P,YO)
IMPLICIT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES THE EFFECTIVE AXIAL THERMAL CONDUCTIVITY OF A
C PACKED BED IN BTU/FT/MIN/E.
COMMON/NCY/NC1
REAL®*8 YO(4)
NC=NCl1
EFFK=0.
KK=0
DO 11=1NC
SUM=CP*RHO*EFFD(11,G,T.RHO,P,YO)
[F(SUM.GT.0)KK=KK+1
EFFK=SUM+EFFK
END DO
EFFK=EFFK/KK
RETURN
END

REAL FUNCTION LAMBDA2(G,DIF.RHO)
C THIS FUNCTION CALCULATES THE DIMENSTONLESS PARAMETER OF THE EDWARDS AND
C RICHARDS CORROLATION MODIFIED FOR SMALL DIAMETER PARTICLES.
IMPLICIT REAL*8(A-H.0-Z)
REAL®*8 LEN
DATA IFLAGN/
COMMON/PRIME/GN2,RA.RAV EPSEX,RHOS, TAMB,ALPHA1,UINS. HWALL.LEN
IFAFLAG.EQ.0)THEN
IF(RA.GT.0.00492)THEN
PE=2.
ELSE
PE=406.4*RA
ENDIF
CONST=2.*RA/EPSEX
IFLAG=1
ENDIF

LAMBDA2=1./PE/(1.4+9.5*DIF/CONST/ABS(G)*RHO)
RETURN
END

FUNCTION DIFF(ICOMP,TEM,P1,YO)
C THIS FUNCTION CALCULATES THE MOLECULAR DIFFUSION COEFFICIENTS BY CORRECTING

C FOR PRESSURE AND TEMPERATURE (FT*FT/MIN).
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IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN,YO(4),V1(4)MW1(4),V(4) MW(4),DIF(4)
COMMON/GAS/INERT,NCOMP
COMMON/NCY/NC1 —~
COMMON/INDIC1/IND(4)
COMMON/PRIME/GN2,RA.RAV EPSEX,RHOS, TAMB,ALPHA1,UINS HWALL LEN
DATA V1/26.9,12.7,17.9,16.6/
DATA MW1/44.01,18.016,28.013,31.999/
NC=NC1
K=ICOMP
P=P1/760.
T=TEM/1.8
Nil=]
DOIi=14
IFOIND(1).EQ.1) THEN
MW(N1)=MW1{1)
V(N1=V1({1)
Ni=Nl+1
ENDIF
END DO
DO I=1,NC
IF(NC.EQ.1) THEN
V(I=V(K)
ENDIF

PARTI=((MW(K)+MW (D)MW K)YMW(I))**5
PART2=(V(Ky**(1/3+V(D)**(1./3))**2
DIF(=PART1/PART2*T**1.75/P*1.0E-3

END DO

IF(NC.EQ.1)THEN
DIFF=DIF(1)*3.8745
RETURN

END IF

IF(INC.EQ2)THEN —
IF(K.EQ.1)DIFF=DIF(2)*3.8745
IF(K.EQ.2)DIFF=DIF(1)*3.8745
RETURN

ENDIF

DO I=1.NC
IF(I.NE.XK)THEN

SUM=SUM+YOQYDIF()

ENDIF

END DO

if(sum.ne.0) then
DIFF=(1-YO(K))/SUM*3.8745

else
diff=1

endif

RETURN

END

FUNCTION HFILM(MW,TEMP,REY,CP)
C THIS FUNCTION CALCULATES THE FLUID FILM HEAT TRANSFER COEFFICIENT
CIN BTU/SQ FTMIN/R USING THE CORRELATION OF PETROY AND THODOS.
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 ID,KGAS KG,LENMW
COMMON/PRIME/GN2,RA.RAY EPSEX,RHOS, TAMB,ALPHA1,UINS. HWALL,LEN
COMMON/GAS/INERT,NCOMP
KG=KGAS(TEMP)
PR=CP/MW*VIS(TEMPYKG
HFILM=0357/EPSEX*REY**0.64*PR**0.33*KG*0.5/RA
RETURN
END
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FUNCTION DHADS(ICOMP.T)

C THIS FUNCTION CALCULATES THE ISOTERIC HEAT OF ADSORPTION. (BTU#MOLE)

IMPLICTT REAL*8(A-H.0-Z)
REAL*8 LEN
COMMON/PRIME/GN2.RA.RAV EPSEX,RHOS, TAMB ALPHA1,UINS. HWALL.LEN
IF(ICOMP.EQ.2) THEN
DHADS=20400.0
ELSE
DHADS=20000.0
ENDIF
RETURN
END

C THIS FUNCTION CALCULATE THE CONDUCTIVTY OF FLUID IN AXIAL AND RADIAL
C DIRECTION.

C

SUBROUTINE CONDUC1(EMIS.AKS,D_P.D_LGA.VAV,TAV,RO.CP.AVLS,
1 AKCNJR.DELAV,DELTA1,DELTA2,DELRO.E.AKT)

IMPLICIT REAL*8(A-H.O0-Z)

DIMENSION V(30),VS(30).RP(30),AK(30).AKST(30),DELTA0).

1 E(30).ES(30).DER(30),DKR(30), W(30),AKT(30).DELR0(30)

DELTA(1)=DELTAIl

DELTA(NJR)}=DELTA2

RP(1)=0.

RP(NJR)=1.

DO K=2.NJR

RP(K)=2*DELRO(K)D_I+RP(K-1)
END DO

C VELOCITY CALCULATION

C

NJJ=NJR

RMS=1.-2*D_P/D_I

BO=.16*(D_P/AD_D)**(-3.2.)

AO=1/BO+2.)>-RMS/(BO+1)

A2=RMS/(BO+1.)

A3=1/(BO+2.)

D=A0R.+A2/(B0O+3.)-A3/(BO+4.)

DO I=1 NIJ
VS(D)=(AO+A2*(RP(1)**(BO+1.))-A3*(RP(D)**(BO+2.))(2.*D)

END DO

DO I=1NlJ
V(I=VS@*VAV

END DO

DPDT=D_P/(D_D

RW=1.-DPDT

VW=(AO+A2* RW**(BO+1.))-A3*(RW**([BO+2.)))/(4.*D)

C
C CALC OF EAV, EO,AND EW

Cc

C

Ri=1.4.°DPDT
EO=VS(1)*(1.+19.4*DPDT**2)*9 /8.
EAV=D_P*VAV/(9.%(1.+19.4*DPDT**2))
CCC=(1.+R1+0.1*R1**2)/6.
EM=(5-.15*EO*R1**2)/CCC
EW=EM*(1.-RW)(1.-R1)/2

C CALC OF AKAV, OK, WK

Cc

ANPR=CP*AVIS/AKC
E(1)=EO*EAV
ENNID=EW®*EAV
V(NII)x= YW*VAY
DO J=13
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IF(J.EQ3)THEN
1=3
V@x=VAV
DELTA(G3»=DELAY
E(3)=EAV

ELSE IF(1.EQ.1)THEN
I=1

ELSE IF(J.EQ.2)THEN
I=NJJ

ENDIF

ANRE=D_P*RO*V(I)/AVIS

IF((ANRE-350).LE.0)THEN
AJH=1.95*ANRE**(-.51)

ELSE
AJH=1.06*ANRE**(-.41)

ENDIF

HC=AJH*CP*RO*V(I)*(ANPR**(-2./3.))

AKR=d4 *EMIS*D_P*.173*((TAV*1.8)**3.)/((100.**4.)*(2.-EMIS))

AKP=EXP((-1.76+.0129* AKS/DELTA())/.434)

H=HC+300.

DO K=1,50
HR=AKR*(2.*AKS+H*D_P)/(D_P*AKS)
HP=AKP*(2.*AKS+H*D_P)/(D_P*AKS)

Hi=HC+HR+HP
IF(ABS((H1-HYH).LE.0.01) GO TO 60
H=H1
END DO
60 AK(D=DELTAM*(AKC+CP*RO*E(QVDELTA(I)+AKR)+
1 (1.-DELTA())*(H*AKS*D_P/(2.*AKS+H*D_P))
END DO
AKAV=AK(3)
OK=AK(1YAK®3)
WK=AK(NJRYAK®3) -
C
C CALC OF ES, AKST, DER, DKR
C
AKM=(5-.15*0K*R1**2-WK*(R1**3.3.*R1+2.)/(6.*(1-R1))Y)CCC
DO I=1.NJJ

IF(RP(I).GE.R1)THEN
ES(M=EM*(1.-RPQ))/(3.-R1)
AKSTIM=AKM-(AKM-WKY*(RP(I)-R1)/(1-R1)
DER(Q)=-EM/(1.-R1)

DKR(I)=(WK-AKM)/(1.-R1)

ELSE
ESM=EO+3.*EM-EO)*(RPIVR1)**2+EO-EM)*2.*(RPIVR1)**3
AKST(@)=0K+3.*(AKM-OK)*(RP(D/R1)**2+OK-AKM)*2.*(RP(IVR1)

1 3
DKR(I)=6.*(AKM-OKY*RP(IYR1**2+6.*(OK-AKM)*RP(I)**2/R1**3
DER(D=6.*(EM-EO)*RP(I)/R1**2+6.*(EO-EM)*RP(I)**2/R1**3

ENDIF

END DO
DO =1 N1J
EQ»=ES(T)*EAV
AKT(=AKST()*AKAYV
END DO
RETURN
END

SUBROUTINE CONDUQITEST.JGAS ,PHL.D_P,CON_P,RR,UO,RE_N,TEM EPS,
. EPS_INF.EFF_CON_R,CON_R,EFF_CON_Z CON_Z,CON_S NJRNGR1.NGR2,NN)
IMPLICIT REAL*8(A-H,0-Z)
DATA ALF_BET1.ALF_BET2,PE_N,EPS_W,C0/.13,.89..7..15/
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C NITROGEN
C
IFAGAS.EQ.1)THEN
CON_F=.000358895+3.0026706379E-5*TEM-5.3528942E-9*TEM*TEM
PR_N=.8485-.0003845398*TEM+2.76374798E-7*TEM*TEM-
5.62898861E-11*TEM*TEM*TEM
C
C AIR
C
ELSE IF(IGAS.EQ.2)THEN
CON_F=.0002153778+3.0066679595E-5*TEM-4.8615223803E-9*TEM*TEM
PR_N=.822301567-.000315649* TEM+2.155594425E-7*TEM*TEM-
4.22896146E-11*TEM*TEM*TEM
Cc
cCco2
C
ELSE
CON_F=-,00146886721+1.652016966E-5*TEM+7 3392609982E-9*TEM*TEM
PR_N=1.038870689-.000842560218*TEM*TEM+8 3384461 83E-7*TEM*TEM-
3.453641637E-10*TEM*TEM*TEM
ENDIF
IF(ITEST.EQ.1) THEN
CON_0=EPS+(1-EPS)/(PHI+2.*CON_F/CON_P73.)
CON_01=ALF_BET1*PR_N*RE_N/EPS
EFF_CON_1=CON_0+CON_01
EFF_CON_R=EFF_CON_1*CON_F
CON_R=EFF_CON_R-CON_F*CON_0
EFF_CON_Z=CON_F*(CON_0+CON_01*ALF_BET2/ALF_BET1)
CON_Z=EFF_CON_Z-CON_F*CON_0
CON_S=CON_F*CON_0
ELSE
CON_0=EPS_INF+(1-EPS_INF)/(PHI+2.*CON_F/CON_P53.)
CONST=1/CON_0-1.
TEXP=EXP(-5.*RR)
IF(NN.GT NGR1)THEN
CON_03=RR*ALF_BET1*PR_N*RE_N/EPS
CON_02=CON_0*(1.+CONST*TEXP)
ELSE
CON_03=ALF_BET1*PR_N*RE_N/EPS
CON_02=CON_0
ENDIF
EFF_CON_1=CON_02+CON_03
EFF_CON_R=EFF_CON_1*CON_F
CON_R=EFF_CON_R-CON_F*CON_02
EFF_CON_Z=CON_F*(CON_02+CON_03*ALF_BET2/ALF_BET1)
CON_Z=EFF_CON_Z-CON_F*CON_02
CON_S=CON_F*CON_02
ENDIF
RETURN
END

C

C THIS SUBROUTINE COMPUTE THE DIFFUSIVITY IN AXIAL AND RADIAL DIRECTION FOR
CTWO DIM

C

C THIS SUBROUTINE COMPUTE THE DIFFUSIVITY IN AXIAL AND RADIAL DIRECTION FOR
C TWO DIM .
c
SUBROUTINE AXDIFF_R_Z(TEST.JGAS,PHL.D_P.DIFF_F,RR,UC.RE_N,SC_N,
. TEM.EPS.EPS_INF,EFF_DIFF_R,EFF_DIFF_Znjr.ngrl NGR2,m)
IMPLICIT REAL*8(A-H,0-Z)
DATA ALF_BET1.ALF_BET2,PE_N,EPS_W,C0/.1,1.0,10,.7..15/
c
C NITROGEN

E-63



c
IFATEST.EQ.1) THEN
DIFF_0=1-(1.-EPS)**5
DIFF_0i1=ALF_BET1*SC_N*RE_N/EPS
EFF_DIFF_1=DIFF_0+DIFF_01
EFF_DIFF_R=EFF_DIFF_1*DIFF_F
EFF_DIFF_Z=DIFF_F*(DIFF_0+DIFF_01*ALF_BET2/ALF_BET1)
ELSE
DIFF_O=1-(1.-EPS_INF)**5
CONST=1/DIFF_0-1.
TEXP=EXP(-8.*RR)
IF(NN.GTNGR1)THEN
c DIFF_03=(1-TEXP)*ALF_BET1*SC_N*RE_N/EPS
c DIFF_02=DIFF_0*(1.+CONST*TEXP)
DIFF_3=RR*ALF_BET1*SC_N*RE_N
DIFF_02=DIFF_0*(1.+CONST*TEXP)
ELSE
DIFF_03=ALF_BET1*SC_N*RE_N
DIFF_02=DIFF_0
ENDIF
EFF_DIFF_1=DIFF_02+DIFF_03
EFF_DIFF_R=EFF_DIFF_1*DIFF_F
EFF_DIFF_Z=DIFF_F*(DIFF_02+DIFF_03*ALF_BET2/ALF_BET1)
ENDIF
RETURN
END

o
C THIS SUBROUTINE COMPUTE THE HEAT TRANSFER COEFFICIENT FOR THE GAS AND WALL
C

SUBROUTINE HEAT_WALL(IGAS ,PHIW.D_P,CON_P,RR,UO.RE_D.,TEM,
. EPSH_W)
IMPLICIT REAL*8(A-H,0-Z)
DATA ALF_BET1,ALF_BET2.PE_N,EPS_W,CO/.13,.8.9..7..15/
C .
C NITROGEN
C

IFIGAS.EQ.1)THEN
CON_F=.000358895+3.0026706379E-5*TEM-53528942E-9*TEM*TEM
PR_N=.8485..0003845398*TEM+2.76374798E-7*TEM*TEM-
5.62898861E-11*TEM*TEM*TEM

C
C AIR
Cc
ELSE IF(IGAS.EQ.2)THEN
CON_F=.0002153778+3.0066679595E-5*TEM-4.8615223803E-9*TEM*TEM
PR_N=.822301567-.000315649*TEM+2.155594425E-7*TEM*TEM-
4.22896146E-11*TEM*TEM*TEM
C
cco2
C
ELSE ’
CON_F=-.00146886721+1.652016966E-5*TEM+7 3392609982E-9*TEM*TEM
PR_N=1.038870689-.000842560218*TEM*TEM+8 338446183E-7*TEM*TEM-
3.453641637E-10*TEM*TEM*TEM
ENDIF
CON_O=EPS+(1-EPS)/(PHIW+2.*CON_F/CON_P/3.)
CON_01=ALF_BET1*PR_N*RE_D
EFF_CON_1=CON_0+CON_01
CON_W1=EPS_W+(1-EPS_W)/(PHIW+2.*CON_F/CON_P/3.)
H_W0=CO*PR_N**(1.3.)*RE_D**(3/4)*CON_F/D_P
CON_W2=CON_W1+1./1.(.2*PR_N*RE_D)+1 /(H_WO0*PR_N*D_P/2./CON_F))
H_W1=1/CON_W2-1/EFF_CON_l
H_W=1.*CON_F/D_P/2./H_W1
RETURN



— e

END
C
C THIS SUBROUTINE COMPUTE A CONSTANT FOR CALCULATION OF THERMAL CONDUCTIVITY
C
SUBROUTINE PHI_COND(IGAS,TEM,CON_P,EPS PHI,PHIW)
IMPLICIT REAL*8(A-H.0-2)
REAL®8 X1(11),Y1(11).X2(11), Y2(11),X3(11),Y3(11).XINT
DATA X1/20000.,4000.,1000.,200..80..8...6,.2,.07,.02,.01/
DATA Y1/.04,.05,.06,.08,.1,.2,.41,.8,2..6..12/
DATA X2/20000.,400..200.,40.,8..2.,.8,.2,.08,.04,.01/
DATA Y2/.01,.02,.023,.04,.08,.2,.4,.8,4.,8..28./
DATA X3/10000.,2000.,400.,20..2.,0.,0.,0.,0.,0.,0/
DATA Y3/.06,.08,.1..2,.34,.0,.0,.0,.0..0,.0/
C
C NITROGEN
C
IFAGGAS EQ.1)THEN
CON_F=.000358895+3.0026706379E-5*TEM-53528942E-9*TEM*TEM
C
C AIR
C
ELSE IF(IGAS.EQ.2)THEN
CON_F=.0002153778+3.0066679595E-5*TEM-4.8615223803E-9*TEM*TEM

cCco2
C
ELSE
CON_F=-.00146886721+1.652016966E-5*TEM+7.3392609982E-9*TEM*TEM
ENDIF
N=11
XMAX1=CON_P/CON_F
ITEST1=0
ITEST2=0
ITEST3=0
DO I=IN
IFX1(0).LTXMAX]1 .AND. ITEST1.EQ.0) THEN
SLOPE=(Y1(-1)-Y1M)/X1(-1)-X1(MD)
PHI1=SLOPE*(XMAX1-X1(I-1))+Y1{I-1)
ITEST1=1
ENDIF
IFCG2(M.LTXMAX]1 .AND. ITEST2.EQ.0) THEN
SLOPE=(Y2(I-1)-Y2(I))/(X2(1-1)-X2(1))
PHI2=SLOPE*(XMAX1-X2(I-1)}+Y2(I-1)
ITEST2=1
ENDIF
IF X3(M.LTXMAX]1 .AND. ITEST3.EQ.0) THEN
S_OPE=(Y3(-1)-Y3MY/(X3(1-1)-X3(T))
PHIW=SLOPE*(XMAX1-X3(1-1)»+Y3(1-1)
ITEST3=1
ENDIF
IFQTEST1.EQ.1 .AND. ITEST2.EQ.1 .AND. ITEST3.EQ.1)GO TO 20
END DO
20 IF(EPS.LT.0.26) THEN
PHI=PHI2
ELSE IF(EPS.GT.0.476) THEN
PHI=PHI1
ELSE
PHI=PHI2+(PHI1-PHI2)*(EPS-.26)/.216
ENDIF
RETURN
END
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C SUBROUTINE TO CALCULATE THE POROUSITY VARIATION

C

SUBROUTINE COEFX(Y1,VOID_B.D_P.C1.POR)
IMPLICIT REAL*8(A-H,0-Z)

C2=6.0
POR=VOID_B*(1+C1*EXP(-C2*Y1/D_P))
RETURN

END

SUBROUTINE COEFI(E.EP], Y,C)
IMPLICIT REAL*8(A-H.0-Z)

CB=2

C

S1=-.16329931237*Y*EPIK1-EPI)

CBa=3

[

CB=4

C

S1=-.244048968*Y*EPI/(1-EPI)
S1= -.326598632*Y*EPI/(1-EPI)

CB=5

C

Si= -.4082482808*Y*EPI/(1-EPI)

CB=6

S1=-.489897937*Y*EPI(1-EP])

CB=8

C

C
C

S1= -.653197264*Y*EPI/(1-EPI)
E= EPI*(1.+1 4*EXP(S1))
E= EPI*(1.+C*EXP(S1))
RETURN
END

C

C THIS SUBROUTINE IS BEING CALLED BY DIFFEQ! WHICH IS ALSO BEING CALLED BY
C SUBROUTINE FUNCT TO COMPUTE THE VELOSTU AND THE PRESSURE DROP IN THE BED.
C THE EQUATIONS ARE BEING SOLVED BY NEWMAN'S METHOD. ’

o

SUBROUTINE FUNCT2(J)

IMPLICIT REAL*8(A-H,0-Z)

REAL*8 D_L{2),M_AVE

COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BND/A(14.14),B(14,14),C(14,201),1(14,29).X(14.14),

. Y(14,14),G(14).,F(14),P(14,201)

COMMON/BND2/N,NI2NJITPRTITCNT
COMMON/PR_OLD_Z/CON_Z(201,101),CON_R(201,101),CON_5(201,101),

. H_W(201,101),CP_P(201,101).H_FP(201,101),((4,201,101),
. VISC_P(201,101),D_LPP(4,201),RATE_C1(201,101)

COMMONMISC_Z/R,G_F.PLP_TOT.BC_L1.BC_L2BC_L3.BC_LA4.BC_L5BC_1
COMMON/PRIME/GN2,RA.RAV,EPSEX.RHOS,TAMB,ALPHA1
COMMON/PROP_S_Z/CP_S,RO_S,AINT.R_P.D_P,CON_S1
COMMON/PROP_D_Z/DELZ DELT , TIME.DELR1.DELR2 JZJT NCNJR,NP
DATA L1,14,L5,L6,R1,CONVA,1,2,3,555.0,51.714752314/

DATA FAC,GC.M_AVE/2.78450526316,416975040.0,28.0/

C
C THE FIRST ROW

C

ALF=(1-EPSEXYEPSEX

RATE_C=RATE_C1(J.1)

VISC_F=VISC_P(.1)

DO Mi=1.NC
D_LM1)=D_LPP(M1.J)

END DO

KK=0

D_L_AVE=0

DO M1=1.NC
F(D_L(M1).GT.0)THEN
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D_L_AVE=D_L_AVE+D_L(M1])
Kh=KK+1
ENDIF
ENL DO
RO_F=C(LS,.H/(C(L1Jy*R1)
IF(J.EQ.1)THEN
¢ equation for velociry
F(L4)=FAC*(C(L5.J)-BC_L5*CONV)/DELZ+1 /JGC*(RO_F*M_AVE*C(L4.1)*
. (C(LAJ)»-BC_L4)/DELZ+150*(1-EPSEX)**2*VISC_F*C(L4JY
. D_P/D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(L4,1)**2/
. D_P/EPSEX+RO_F*M_AVE*(C(L4.J)-P(L4.J))/DELT)
¢ equation for pressure not considering the pressure drop due to temperature
¢ change, dynamic pressure
F(LS)=(C(L5,7)-P(LS.DYDELT-D_L_AVE/DELZ**2*(BC_LS*CONYV-
. 2%CLS +C(LS J+1)C(LAT)*(C(LS,)-BC_LS*CONV)YDELZ+
. C(LS,J)*(C(AAJ)»-BC_LA4)/DELZ+R1*C(L1J*ALF*RATE_C
c total pressure
FL6)=(C(L6.J)-P(LS I WDELT-D_L_AVE/DELZ**2*(BC_LS*CONYV-
. 2¢*CL6IHC(LEJ+1)C(LATy*(C(L6.J)-BC_L5*CONVYDELZ+
. CLeN*(CLA4.T)-BC_LAY/DELZ-CL6 IYCL1IY*((C(L1.J)-
. P(L1))YDELT-D_L_AVE/DELZ**2*(C(L1.J+1)-2°C(LII+BC_L1)}+
. CAAN*C(L1J+1)-BC_L1)/(2*DELZ))+R1*C(L1JY*ALF*RATE_C

C
C
C the last grid
c
¢ equation for velocity
ELSE IF(JEQ.NI)THEN
F(LA)=FAC*(C(L5,J)-C(LS.J-1)YDELZ+1./GC*(RO_F*M_AVE*C(LA.J)*
. (C(LA.»-C(LAJ-1))/DELZ+150%(1-EPSEX**2*VISC_F*C(LA.J)/D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_P*M_AVE*C(L4,1)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(LA.J)»-P(14.J)/DELT)
c equanon for pressure not considerin the pressure drop due to temperature
¢ change, dynamic pressure
F(L5)=(C(L5.D)-P(LS.7))/DELT-D_L_AVE/DELZ**2*(C(L5,}-1)
. 22CAS (LS, J-1)+CA5 J)y*(C(LS J)-C(LS J-1)VDELZ+
. CLS.D*(CAAT)-C(L4.J-1))/DELZ+R1*C(L1,))*ALF*RATE_C
¢ total pressur
F(L6)=(C(L6,3)-P(L6.J)VDELT-D_L_AVE/DELZ**2*(C(L6,J-1)-
. 2*C(LEJHC(LS,J-1)+C(LAT)*(C(L6J)-C(L6J-1)YDELZ+
. C(L6,)*(C(LAJ)-C(LAJ-1))/DELZ-C(L6,N)/C(LL.I)*((C(L1J)
. PLIN)/MDELT-D_L_AVE/DELZ**2%(C(L1J-1)-2*CL1IH+C(L1J-1)»+
. C(L4.y*(C(L1J-1)-C(L1.J-1)/A2*DELZ))+R1*C(L1 JY*ALF*RATE_C

ann

c grids inside the column
ELSE
¢ the velocity
F(LA)=FAC*(C(LS.J)-C(L5J-1)VDELZ+1..GC*(RO_F*M_AVE*C(L4,J)*
. (C(LAT-CAAI-1))/DELZ+150%(1-EPSEX)**2* VISC_F*C(LA,7)/D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE®*C(LA4,J)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(L4.J)-P(14.0))/DELT)
¢ equation for pressure not considering the pressure drop due to temperature
¢ change, dynamic pressure
F(LS)=(C(L5.J)-P(LS.)YDELT-D_L_AVE/DELZ**2*(C(L5,J-1)-
. 2*C(LS JHC(LSJ+1)C(LAJ)Y*(C(LS,1)-C(LS J-1))/DELZ+
. CLS.H*(CLAT»C(LAJ-1)VDELZ+R1*C(L1)*ALF*RATE_C
c total pressure
F(L6)=(C(L6.1)-P(L6.J)YDELT-D_L_AVE/DELZ**2*(C(L6.J-1)-
. 2*C(L6JHC(L6,J+1)+C(LATY*(C(L6,7)-C(L6,J-1))/DELZ+
. C(L8,Jy*(C(LAJ)-C(L4J-1))DELZ-C(LS,H/C(LLTy*((C(L1.J)-
. PLID)YDELT-D_L  + VE/DELZ**2*(C(L1.J+1)-2*C(L1I+C(L1,J-1)+
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. CLAD(C(L1J+1)-C(L1I-1))(2*DELZ))+R1*C(L1,.H)*ALF*RATE_C
ENDIF
210 RETURN
END
C
C
C
c this subroutine is being called by diffeql which is also being called by
c funct subroutine. it compute the velocity profile in the radial direction
¢ it uses the Newman method.
SUBROUTINE FUNCT3())
IMPLICIT REAL*8(A-H,0-2)
REAL*8 DR(200),EPS(200),C_K1(200),C_K2(200)
COMMON/UG/U_GUESS,EPS
COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BND/A(14,14),B(14.14).C(14,201),D(14,29).X(14,14),
. Y(14,14),G(14),F(14),P(14,201)
COMMON/BND2/NNIZNIJJITPRT ITCNT
COMMON/PROP_S_Z/CP_S.RO_S,AINT.R_P.D_P,CON_S1
COMMON/PROP_B_Z/REC.VOID_B.D_I
COMMON/PROP_D_Z/DELZ DELT,TIME.DELR1,DELR2.JZJT NC NIJR.NP
COMMON/MISC_Z/R,G_F.PLP_TOT,BC_L1BC_L2BC_L3,BC_LA4BC_L5BC_1

C
IF(J.EQ.1 .AND. M1.EQ.0) THEN
c radial fraction of constant velocity
FRACi1=93
c radial fraction of variable velocity
FRAC2=.07
¢ number of grids
K1=21
K2=99
¢ dimensionless constant
FAC= (1-VOID_B)/VOID_B*12.247449
¢ dimensionless radial size
DELR11= FRAC1*D_1/2/D_P*FAC/(K1-1)
DELR22= FRAC2*D_I/2/D_P*FAC/(K2)
EC=1/VOID_B-1.
EC=14
¢ compute the porosity variation
DO I=1, NP-1
R= (DELR22*(K2)+DELR11*(K1-D)
IFT .GT. K1) THEN
R= DELR22*(NP-I)
ENDIF
CALL COEF1(POR, VOID_B, R, EC)
EPS(=POR :
¢ compute C and K constant in MOmentum equation
C_K1(M=D_P*D_P*EPS(I)*EPS(I*EPS(IY150./(1-EPS(I)Y
(1-EPS(D))
C_K2(N=1.75*(1-EPS(MVD_P/EPS(T/EPSAVEPS(T)
END DO
¢ calculate the constant coefficient in PDE's
C_Kl11=C_K1(1)
C_K2=C_K2(1)
BETA=C_K11/D_P/D_P
EPS(NP)}=EPS(1)*(1+1.4)
DELR11=DELR11/FAC
DELR22=DELR22/FAC
FR=DELR22/DELR11
F01=FR/(1+FR)
Fl1=(1.-FR)/FR
F21=1/((1.+FR)*FR)
F02=1/(1+FR)
Fl12=1/FR
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F22=1/((1 +FR)*FR)
Mi=1
ENDIF
¢ compute the radios from the center to the grid
IF(J.LE.K] .AND. I.NE.1) THEN
DELR=DELRI11
RP=(J-1)*DELR
RP=1/RP
ELSE IF(J.GT.K1)THEN
DELR=DELR22
RP=(K1-1)*DELR11+J-K1)*DELR22
RP=1/RP
ENDIF
¢ compute the velocity equation for the center grid
IF(J.EQ.1)THEN
F(1)=U_GUESS-C(1,))

C
C
¢ compute the velocity the the wall boundry
ELSE [FJ.EQ.NNTHEN
F(1)=0-C(1.J)

Nnoo

¢ compute the velocity for grids in radial directions
ELSE
IF(JNEX!1) THEN
P1=1.-C_K11/C_K1(D*C(1.J)
P2=-C_K2(N/C_K22*REC*C(1.))*C(1.])
=RP*(C(1,J+1)-C(1,J-1))/(2*DELR)
P4=(C(1,J+1)-2*C(1,J+C(1,J-1))/DELR/DELR
F(1)=P1+P2+BETA/EPS(1)*(P3+P4)
ELSE
P1=1.-C_K11/C_K1(D)y*C(1.])
P2=-C_K2AD/C_K22*REC*C(1.)*C(1.])
P3=RP*(F21*C(1J+1)-F11*C(1.)-F01*C(1,J-1))/(DELR)
P4=2*(F22*C(1,J+1)-F12*C(1 J)+F02*C(1,J-1))/DELR/DELR
F(1)=P1+P2+BETA/EPS(J)*(P3+P4)
ENDIF
ENDIF
210 RETURN
END
C
C
C This subroutine is the main routine for Newman method for solutio of PDE's.
C
C---‘ s E
C GENERALIZED CALLING PROGRAM FOR BANIXJ) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

C“-..-

CALLED BY: MAIN CALLING PROGRAM

(122 L 2 2

SUBROUTINES CALLED:

WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)

FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A YARIABLE)

‘t.t‘i-t.t‘.‘t“'.-l‘t‘-‘CO-.U.‘“‘..t".ttt".l..“.‘.““"‘....“.‘

OOQOOOOGOOQOOG

LIST 5F IMPORTANT VARIABLES:
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A A coefficient described in Newman, Appendix C
AA  firsy, AA is FOWORKC*CU). Later AAis the
value of the derivative df/dc used in Newton's e
method
B B coefficient described in Newman, Appendix C
C  variables o be solved for
CD multiplication facior used in obtaining
numerical derivatives
COLD value of C from previous iteration
Cu 20-CD
D D coefficient described in Newman, Appendix C
ERR convergence criterion
F  value of function f(C), calculated in FUNCT
G residual of f(C) calculated with updated C value
1  index used for equation number
ITCNT index for iteration number
ITPRT flag used for determining whether intermediate
calkculations are output; for [TPRT=0.0nly
converged results are output; for
ITPRT=1.sesults of each iteration are printed.
] index for node number
K  index for equation number
M  index used in working through nodes used to
calculate numerical derivatives
MM  used © determine starting node (in relation
T) for estimation of numerical derivatives
N number of equations (no. of variabies)
N]  number of node points
SAVEC saved value of C
SUM intermediate value used in calculating G
TINIER criterion used to avoid working with small numbers
TINY criterion used to avoid working with small numbers
TNIEST criterion used to avoid working with small numbers —
WORKC saved value of C; modified when C less than Tinier
X X value described in Newman, Appendix C
Y Y value described in Newman, Appendix C

nrnnnnnnnnnnnnnnnnonnnnnnonnnnnnnnnnnnn

C DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOU WANT TO.
SUBROUTINE DIFFEQ1(C1,P1.N1,NP2IND,itrat)
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 C1(14.201),P1(14,201)
COMMON/OLD/ AA(14).SUM(14),COLID(14,201)
COMMON/BND/A(14,14),B(14,14),C(14,201).1(14,29).X(14,14),
.Y(14,14),G(14),F(14),P(14.201)
COMMON/BND2/NNI2ZNJJITPRTITCNT
DATA TINY.TINIER TNIEST,ERR/1.0D-10,1.0D-15,1.0D-15,1.0D-4/
DATA CU,CD/1.0001,.9999/
C
C ITCNT INITIALIZED HERE. AND INITIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=1.
Cc
ITPRT=0
Li=N
L2=NJ
=NJ2
NI2=NP2
N=N1 .
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Ni=NP2
IF @TPRT.GT.0) CALL WRTOUT2
IF(IND.EQ.1) THEN

DO I1=1N}

DO I2=1,NP2
CA1.I12)=C1(11.12)
P(11.12)=P1(11.12)

END DO

END DO
ELSE IFAND.EQ.2) THEN
DO I1=1N1+1

DO I2=1,NP2
C(11.12)=C1{11.12)

END DO

END DO
ELSE IF(IND.EQ.3) THEN
DO 11=1.N1

DO 12=1,NP2
C1.12)=C1(11.12)
P(11.12)=P1(11.12)

END DO

END DO
ENDIF

C
C LOOP BEGUN FOR ITERATIONS
C
DO ITCNT=1ITRAT
C
C COLD ARRAY SET UP
C
DO K=1N
DO J=1NJ
COLDK.J)=C(K.J)
END DO
END DO
C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS
C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(I).
C
DO J=1,NJ
IF(IND.EQ.1)THEN
CALL FUNCT1())
ELSE IF (IND.EQ2)THEN
CALL FUNCT2(J)
ELSE IF(IND.EQ.3)THEN
CALL FUNCT3())
END IF
DOI=1N
SUM(1)=0.0
G(I)=-F(I)
END DO
C
C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (IN RELATION TO J).
C
IF (J.EQ.1) THEN
MM=0
ELSEIF (.LT.NJ) THEN
MM=-1
ELSE
MM=-2
ENDIF
DO M=MM ,MM+2
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Cc
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC
C
DOK=lN
SAVEC=C(K.J+M)
WORKC=SAVEC
C
C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)
C
IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER, WORKC)
CK.J+M)=1.2*WORKC
IF(IND.EQ.1)THEN
CALL FUNCT1(J)

ELSE IF(IND.EQ.3)THEN
CALL FUNCT3())
ENDIF
DO I=1 N
AA(D=-F(I)
END DO
C(K J+M)=1.1*WORKC
CALL FUNCT1())
ELSE IF(IND.EQ.2)THEN
CALL FUNCT2())
ELSE IF(IND.EQ3)THEN
CALL FUNCT3(J))
ENDIF
DO I=1N
AAM=AAI.0*F(T)
END DO
CEK.J+M=WORKC
CALL FUNCT1(D)
ELSE IF(IND.EQ.2)THEN
CALL FUNCT2())
ELSE IF(IND.EQ3)THEN
CALL FUNCT3(J)
ENDIF
DOI=1,N
AAMD=(AAD-3 O*F1)/0.2*WORKC)
END DO
C
C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)
C
ELSE
CKIJ+M»=WORKC*CU
CALL FUNCT1()
ELSE IF(IND.EQ.2)THEN
CALL FUNCT2(J)
ELSE IF(IND.EQ.3)THEN
CALL FUNCT3(D)
ENDIF
DO I=1,N
AAMD=F®)
END DO
C(KJ+M)=WORKC‘CD
IFAND.EQ.1)THEN
CALL FUNCT1(F)
ELSE IF(AND.EQ.2)THEN
CALL FUNCT2(J)
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ELSE IF(IND.EQ.3)THEN
CALL FUNCT3())
ENDIF
DO I=1.N
AAM=(AAD-FOY(CU-CD)*WORKC)
END DO
ENDIF
CE J+M)=SAVEC

c
C VALUES FOR A.B.D.X AND Y GIVEN. SUM IS ALSO INCREMENTED
c
DOI=1N

SUMD=SUMI+AAIY*C(K.J+M)

IF M.EQ.-2) YLK)=AA()

IF M.EQ.-1) ALK)=AA(D)

IF M.EQ.0) BLK)=AA()

IF M.EQ.1) DLK)=AA(D)

F M.EQ2) X@K)=AA(D)

C N
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX
C
CALL BAND2(D)
END DO
C
C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
C ITERATION IS BEGUN
C
DO K=1N
DO J=1.NJ
IF(DABS(C(K.D).GT.TNIEST) THEN
IF(DABS((C(K.)-COLDE.DHYCK.N).GT.ERR) GO TO 70
ENDIF
END DO
END DO
GO TO 80
70 IFQTPRT.GT.1) CALL WRTOUT2
END DO
80 CONTINUE
DO li=1,N
DO I2=1.NJ
C1(11.12)=C(11.12)
END DO
END DO
N=L1
NI=L2
NI2=1L3
RETURN
END
C
C
C This subroutine is the main routine for Newman method for solutio of PDE's.

C

C‘.“..“.“O“‘.‘l“‘ [ 2]

C GENERALIZED CALLING PROGRAM FOR BAND(J) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

C".“""l-l‘tltt‘.-‘.‘.".‘.t."“.tt.“““. L L L it L]

Cc

L L2
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CALLED BY: MAIN CALLING PROGRAM

SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)

LIST OF IMPORTANT VARIABLES:

A A coefficient described in Newman, Appendix C
AA  first, AA is FWORKC*CU). Later AA is the
value of the derivative df/dc used in Newton's
method
B B coefficient described in Newman, Appendix C
C  varisbles W be soived for
CD  multiplication factor used in obtaining
numerical derivatives
COLD value of C from previous iteration
cu 20-CD
D D coefficient described in Newmm. Appendix C
ERR convergence criterion
F  value of function f{C), calculated in FUNCI'
G  residual of f(C) calculated with updated C value
I  index used for equation number
ITCNT index for iteration number
TTPRT flag used for determining whether intermediate
calculations are outpur; for ITPRT=0,only
converged results are output; for
ITPRT=1sesults of each iteration are printed.
J  index for node number
K  index for equation number
M  index used in working through nodes used to
calculate numerical derivatives
MM  used 1o determine starting node (in relation to
J) for estimation of numerical derivatives
N  number of equations (no. of variables)
NJ]  number of node points
SAVEC saved value of C
SUM  intermediate value used in calculating G
TINIER criterion used 1o avoid working with small numbers
TINY criterion used to avoid working with small numbers
TNIEST criterion used to avoid working with small numbers
WORKC saved value of C; modified when C less than Tinier
X X value described in Newman, Appendix C
Y Y value described in Newman, Appendix C

00000 aNNANNNANNNNANNNNDNNNNNNNNNNONNNANNONQNNNNOOONOANNND

C DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N 1S THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOU WANT TO.
SUBROUTINE DIFFEQ2(C1,P1NINP2INDJITCNTO)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 C1(14,201),P1(14,201)
COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BNDY/A(14,14).B(14,14),C(14,201),D(14,29).X(14,14),
.Y(14,14),G(14),F(14),P(14,201)
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COMMON/BND2/NNI2 NIITPRT.ITCNT
COMMON/NCY/NCI1
DATA TINY, TINIER.TNIEST.ERR/1.0D-10,1.0D-15,1.0D-15,1.0D-4/
DATA CU,CD/1.0001,.9999/
C
C ITCNT INITIALIZED HERE, AND INTTIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=1.
C
ITPRT=0
ITCNT=0
Li=N
1L2=NJ
L3=NI2 .
NI2=NP2
N=N1
NI=NP2
IF ITPRT.GT.0) CALL WRTOUT2
IFAND.EQ.1) THEN
DO 1i=1,N143
DO I2=1,NP2
Cal.I2)=Ci{11,12)
P1LI2x=P1(11.12)
END DO
END DO
ELSEIF(IND.EQ.2) THEN
DO 1i=1N1
DO I2=1,NP2
Ca1.12x=C1(11.12)
P(I1.12=P1(11,12)
END DO
END DO
ENDIF

C
C LOOP BEGUN FOR ITERATIONS
Cc
DO ITCNT=1JTCNTO
C
C COLD ARRAY SET UP
C
DOK=IN
DO J=1NJ
COLD{K.J)=C(K.J)
END DO
END DO

c
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS
C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(D).
c
DO J=1,NJ
CALL FUNCT4(J)
DOI=1N
SUM{I)=0.0
G)=-F{1)
END DO
c
C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (IN RELATION TO)).
c

IF (J.EQ.1) THEN
MM=0
ELSE IF (J.LT.NJ) THEN
=1
ELSE

E-75



MM=-2
END IF
DO M=MM.MM+2

C
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKE
C
DO K=1N
SAVEC=C(K.J+M)
WORKC=SAVEC
C

C DERIVATIVES CALCULATED FOR SMALL VALUES OF € (LESS THAN TINY)

o
IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKGQ).LT.TINIER) WORKC=SIGN(TINIER, WORKC)
CK.J+M)=1.2*WORKC
CALL FUNCT4())
DO I=1N
AAM=-F(I)
END DO
CK.J+M)=1.1*WORKC
CALL FUNCT4())
DO I=1N
AAD=AAD.0*F()
END DO
C(K.J+M»=WORKC
CALL FUNCT4(D)
DOI=1N
AAM=(AAM)-3.0°F(1))/(0.2*WORKC)
END DO
C

C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)

C
ELSE
CK.J+M)=WORKC*CU
CALL FUNCT4())
DO I=1N
AA(D=F()
END DO
CK. J+M)=WORKC*CD
CALL FUNCT4(J)
DOI=1,N
AAM=(AA(D-FO¥(CULD)*WORKC)
END DO

ENDIF
c CK.I+M»SAVEC

C VALUES FOR A.B.D.X AND Y GIVEN. SUM IS ALSO INCREMENTED

C
DO I=1N
SUMM=SUMMD+AAJ)*CKJ+M)
IF (M.EQ.-2) YLK)=AA()
IF M.EQ.--1) ALK}=AAQ)
IF (M.EQ0) BLK)=AA()
IF (M.EQ.1) DILK)=AAQD)
IF (M.EQ2) X(LK)=AA®D
END DO
END DO
END DO
DOI=LN
GM=GT+SUM(D)
END DO
C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX
C
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CALL BAND2(J)
END DO
C
C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
C ITERATION IS BEGUN
C
DO K=1N
DO J=1.NJ
IF(DABS(C(K.))).GT.TNIEST) THEN
[F(DABS((C(K.J)-COLD(K.D)/C(K.J)).GT.ERR) GO TO 70
ENDIF
END DO
END DO
GO TO 80
70 IFJTPRT .GT.0) CALL WRTOUT2
END DO
80 CONTINUE
DOI1=1LN
DO 2=1.NJ]
C1(11,12)=C(11.12)
END DO
END DO
N=L1
Nl=L2
NI2=L3
RETURN
END

SUBROUTINE WRTOUT2

IMPLICIT REAL*8(A-H.O-Z)
COMMON/BND/A(14,14),B(14,14),C(14,201),D(14,29),X(14,14),
.Y(14,14),G(14),F(14),P(14,201)
COMMON/BND2/N NI2 NJITPRT.ITCNT
IF (ITCNT.NE.0) WRITE (* 9N)ITCNT
WRITE (*,100)
DO K=1.NJ22
WRITE(*, 101K (C(LK).I=1.N)
END DO
99 FORMAT( ITCNT="12)
100 FORMAT( J C1 2 C3 '
&' Ca Cs (ol.¥)]
101 FORMAT(1X.13,6(1PE16.8))
RETURN
END
C BLOCK TRIDIAGONAL MATRIX SUBROUTINE
SUBROUTINE BAND2(J)
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION E(14,14,201)
COMMON/BND/A(14,14)B(14,14),C(14,201),D(14,29),X(14.14),
.Y(14,14),G(14),F(14),P(14,201)
COMMON/BND2N,NJZNIITPRT ITCNT
101 FORMAT(CODETERM=0 AT J="14)
IF (J.EQ.1) THEN
NP1=N+1
DO I=1N
D(1.2*N+1)=G(D)
DO L=1.N
D(LL+N=X1L)
END DO
END DC

CALL MATINV2(N.2*N+1.DETERM)
C  IF(DETERM.EQ.0) WRITE (2.101) ]
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C
C

DO K=1.N
E(K.NP1,1)=D(K.2*N+1)

DO L=1.N
EXK.L.1)=-D(K.L)
XK. L)=-DEK.L+N)
END DO
END DO
RETURN
ELSE IF(J.EQ.2)THEN
DO I=1,N
DOK=1N
DO L=IN
DA.K=DLK+ALLY*X(L.K)
END DO
END DO
END DO
ELSE IF(J.EQ.NNJ2) THEN
DO I=1,N
DO L=1.N
G=G(M-Y(LLY*E(LNP1,]J-2)
DO M=1,N
ALL=ALLHYIM)*EM.LIJ-2)
END DO
END DO
END DO
ENDIF
DO I=1 N

DXLNP1)=-G{I)

DO L=l N
D(LNP1)=D(LNP1)+A(LL)*E(L.NP1,J-1)
DO K=1.N

B(LK)=B(IK)+AQLy*E(LK]J-1)
END DO
END DO
END DO
CALL MATINV2(N,NP1.DETERM)
IF(DETERM.EQ.0) WRITE(2,101) J
DO K=1.N

DO M=1,NP1
E(KM.D=-D(K.M)

END DO

END DO
IF(J EQNIJ2)THEN

DO K=1N
CK=E(K.NPLJ)

END DO

DO M=NJ2-1,1,-1
DO K=1IN

CKM)x=E(K.NP1 M)

DO L=IN
CK.M)=CKMHEK.LM)*C(LM+1)

END DO

END DO
END DO
DO L=1N
DO K=1N
CK.1)=CK.1+X(K.L)*C(L3)
END DO

END DO
ENDIF
RETURN
END

MATRIX INVERSION SUBROUTINE
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SUBROUTINE MATINV2(N.M.DETERM)
IMPLICIT REAL*8(A-H,0-Z)
— DIMENSION ID(14)
COMMON/BND/A(14,14)B(14,14),C(14,201),D(14,29)
DETERM=1.0
DO I=1,N
IDA)=0
END DO
DO NN=LN
BMAX=0.0
DO I=1N
IF(ID().EQ.0)THEN
DO J=1IN
IFID(N.EQ.0)THEN
IF(DABS(B(L))).GT.BMAX) THEN
BMAX=DABS(B(L]))
TROW=]
JCOL=J
ENDIF
ENDIF
END DO
ENDIF
END DO
IF(BMAX.EQ.0.0)THEN
DETERM=0.0
RETURN
ENDIF
ID(JCOL)=1
IFJCOLNE.JROW) THEN
9 DO J=1lN
SAVE=B(IROW.J)
B(IROW . J)=B(JCOL.T)
B(JCOLJ)=SAVE
END DO
DO K=1M
SAVE=DJIROW K)
DAROW, K)=D(JCOL.K)
D{JCOLK)=SAVE
END DO
ENDIF
FF = 1.0/B(JCOL,JCOL)
DO J=1N
B(JCOL.)=B(JCOL.D*FF
END DO
DO K=1M
D(JCOLK)=D(JCOL.K)*FF
END DO
DO I=LN
IF(ANE.JCOL)THEN
15 FF =B@1.JCOL)
DO J=1N
B@J) = B(LJ) -FF*B{JCOL.J)
END DO
DO K=1M
D(.K) = DA.KX) -FF*D(JCOL.K)
END DO
ENDIF
END DO
END DO
RETURN
END

o
C
R o
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SUBROUTINE CUBSPL(X,Y N.IEND.SUM1)
IMPLICIT REAL*8(A-H,0-Z)

C
C
C THIS SUBROUTINE COMPUTE THE MATRIX FOR FINDING THE COEFFICIENTS OF A
C CUBIC SPLINE THROUGH A SET OF DATA. THE SYSTEM THEN IS SOLVED THE
C SECOND DERIVITIVE VALUE.
Cc
C
C
CXY ARRAYOFX ANDY VALUES TO BE FITTED
CS ARRAY OF SECOND DERIVITIVE VALUSES AT THE POINTS
CN NUMBER OF POINTS
CIEND TYPE OF END CONDITION TO BE USED
IEND=1, LINEAR ENDS, S(1)=S(N)=0.
TEND=2, PARABOLIC ENDS, S(1)=S(2)=, S(N)=S(N-1)
IEND=3, CUBIC ENDS, S(1).S(N) ARE EXTRAPOLATED
AUGMENTED MATRIX OF COEFFICIENTS AND R.H.S FOR FINDING §

naanNnnnon
n

REAL*4 SUM!
REAL*8 X(N),Y(N),S(101),F(101,4),A(100).B(100),C(100),D(100),
1 DX1,DY1.DX2,DY2.DXN1,DXN2
INTEGER N,JJEND,NM1.NM2.LJ

COMPUTE FOR THE N-2 ROWES

oo n

NM2=N-2
* NMi=N-1

DX1=X(2)-X(1)

DY1=(Y(2)-Y(1)¥DX1*6.0

DO I=1 NM2
DX2=X{1+2)-X{+1)
DY2=(Y(1+2)-Y(I+1)YDX2*6.0
F(1,1)>=DX1
F(1.2)=2.0*(DX1+DX2)
F(1.3)=DX2
F1.4)=DY2-DY1
DX1=DX2
DYi=DY2

END DO

(o

g ADJUST FIRST AND LAST ROWS APPROPRIATE TO END CONDITION.
¢ GO TO (20,50,80), IEND

g FOR IEND=1, NO CHANGE IS NEEDED

C20 GO TO 100

C

C FOR IEND=2

C

50 F(1.2)=F(1.2)+X(2)-X(1)
F(NM2,2)=FONM2.2)+X(N)-X(NM1)
GO TO 100

C

C FOR IEND=3

C

80 DX1=X(2)-X(1)

DX2=X(3)-X(2)
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F(1.2)=(DX1+DX2)*(DX1+2*DX2)/DX2

F(13)=(DX2*DX2-DX1*DX1)/DX2

DXN2=X(NM1)}-X(NM2)

DXNi=X(N)-X(NM1)

FOINMZ1)= (DXN2*DXN2-DXN1*DXN1Y¥DXN2

FONM2.2=(DXN1+DXN2)*(DXN1+2.*DXN2)/DXN2
GO TO 100

C
C
C
100 DO I=2NM2
F(L2)=F(L2)-F(1,1)/F(1-1,2)*F(1-13)
F.4)=F(1.4)-F(L1)/F(1-1.2)*F(-1,4)
END DO
C
C BACK SUBSTITUTION
C
FINM2.4)=F(NM2,4¥F(NM2.2)
DO [=2NM2
J=NM1-I
F(1.4¥=(F(J.4)-F(J3)*F(J+1.4)VF(].2)
END DO
Cc
Cc
C
C NOW PUT THE VALUES INTO THE S VECTORS
DO I=1.NM2
SA+1)x=F(1.4)
END DO
C
C
C
C GET $(1) AND S(N)
C
GO TO (150,160,170),IEND
C
C
C
150 S(1)=0.
S(N)=0.
GO TO 200
C
C
C
160 S(1)=5(2)
S(N)=S(N-1)
GO TO 200
C
C
Cc
170 S(1)=((DX1+DX2)*S(2)-DX1*5(3))/DX2
SN)=((DXNz+DXN1)*S(NM1)-DXN1*S(NM2))y/DXN2
C
C
C
C FIND THE INTEGRATION
C
C FIND THE COEFFICIENTS
C
200 CONTINUE
DO I=1.N-1
AQ=(SA+1)-SMH(6* X (I+1)-XD))
BI=S(D12

CO=(YA+1)- YO XA+1)-XA)-
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1 2*XA+1)-XD))*SMHXA+1)-X(X))*ST+1))/6
DI=Y()
END DO
SUM=d.
DO I=1.N-1
PART1=AM4*X[+1)-XT)**4
PART2=B(I)/3*(X(I+1)-X(T))**3
PART3=C)/2*(X(+1)-X(D))**2
/ PART4=D()*(X(+1)-X(D))
SUM=SUM+PART1+PART2+PART3+PART4
END DO
SUM1=SUM
RETURN
END
c
C INTEGRATION BY CUBIC SPLINE
c
SUBROUTINE SIMPS(F.N,HLRESULT)
IMPLICIT REAL*8(A-H.0-2)

SUBROUTINE SIMPS:
OF A FUNCTION DEFINED BY A TABLE OF EQUISPACED VALUES.

PARAMETERS ARE:
F -ARRAY OF VALUES OF THE FUNCTION
N -NUMER OF PONTS
H -THE UNIFORM SPACING BETWEEN X VALUES
RESULT -ESTIMATE OF THE INTEGRAL

00NN 0ONON0ONON

REAL*8 FIN).H.RESULT
INTEGER N.NPANNEL.NHALF NBEGIN,NEND

CHECK TO SEE IF NUMBER OF PANELS IS EVEN. NUMBER OF PANELS IS N-1.

e XeXeXe]

NPANEL=N-1
NHALF=NPANEL/2.
NBEGIN=1
RESULT=0.
c IF((NPANEL-2*NHALF) NE. 0) THEN
C NUMBER OF PANEL IS ODD. USE 3/8 RULE ON FIRST THREE, 1/3 RULE ON REST.
C
RESULT=3.0*H/8.*(F(1)+3.*F(2)+3.*F(3)+F(4))
NBEGIN=4
IF(N.EQ4)RETURN
END IF

APPLY 1/3 RULE- ADD IN FIRST, SECOND AND LAST VALUES.

Nnanan

RESULT=RESULT+H/3.0*(F(NBEGIN)+4.0*F(NBEGIN+1 +F(N))
NBEGIN=NBEGIN+2
TF(NBEGIN.EQN)RETURN

THE PATTERN AFTER NBEGIN+2 IS REPETITIVE. GET NEND, THE PLACE TO STOP

NnanOoOn
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NEND=N-2
DO 10 I=NBEGINNEND,2
10 RESULT=RESULT+H/3.0*(2.0*F(I)+4 *F(I+1))
RETURN
END

REAL*8 FUNCTION TEMPIN(TIME)
IMPLICIT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES CURRENT INLET TEMPERATURE
C BASED ON THE TIME FOR A TEMPERATURE CHARACTERIZATION
C COMPARSION RUN
IF(TIME.LT.0.2) THEN
TO = 74.713
T1=33.11
T2=-775.68
T3 =50272
T4=0.0
T5=00
ELSE
TO = 25.789
T1=1396.87
T2 = 403.93
‘T3=251.85
T4 = -85.612
T5=11.979
ENDIF
X =TIME
TEMPIN = TO+T1*X+T2*X**2.+T3*X**3 +T4*X**4 +T5*X**5.
TEMPIN = TEMPIN+460.
RETURN
END
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APPENDIX F
VACMOL FORTRAN CODE

C
C RELAXATION METHOD
C
C PROGRAM COND
C DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 201 NODE POINTS; IF
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 201 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOU WANT.
C
IMPLICIT REAL *8(A-H,0-Z)
REAL*4 PL(11,201),QP(14,201),PL_TIME.T_TIME
COMMON/BND/A(14,14),B(14.14),C(14,201),D(14,29),X(14,14),

. Y(14,14),G(14),NNJITPRT ITCNT.F(14),P(14,201).Z U_F1
COMMON/PROP_D_Z/DELZ1,DELT1.DELT,DELZNCILLLITESTLK_F
COMMON/INDIC/L112.L3,LA.L5.L6
COMMON/PR_OLD_Z/VISC_P(201),RO_P(201),CP_P(201),CON_FPP(201),

. CON_LPP(201).D_LPP(4,201).H_FP(201)H_TTP(201).H_IIP(201).

. H_OWPP(201),H_FWPP(201).Q(4,201).RATE_C1(201),AMOL_W(201)
COMMONX)_SOURCE/DELH
COMMON/BC_PRE/BC_LS5,TIME
DATA DELH0/270.0/

OPEN (50,FILE='ASCILDAT ,STATUS='NEW',RECL=32766)
OPEN (66,FILE='CON_CO2.DAT .STATUS=NEW)
OPEN (88, FILE='CON_H20.DAT ,STATUS=NEW')
OPEN (99, FILE=TEM.DAT .STATUS=NEW')
C WRITE HEADER DATA TO ACSII FILE
WEITE(50,42)
C

C  INITIALIZE THE C ARRAY WITH THE INITIAL GUESSES OF THE SOLUTION
c
CALL INITIAL_Z
ICOT=1
T_TIME=0
DO 301 LL=1,20000
IF(C(L1.1).LT.(400.+460.))THEN
DELH=DELH0
ELSE
DELH=0.
ENDIF
CALL DIFFEQ
ITEST1=0
T_TIME=T_TIME+DELT*Z/U_F1*60.
TIME=T_TIME
IF(LL.EQ.200)THEN
DELT1=DELT1%2
DELT=DELT*2
ENDIF
IF(LL.EQ.400)THEN
DELT1=DELT1%2
DELT=DELT*2
ENDIF
TF(LL.EQ.600)THEN
DELT1=DELT1*2
DELT=DELT*2
END IF
IF(LL.EQ.800)THEN
DELT1=DELT1*2
DELT=DELT*2



ENDIF
IF(LL.EQ.1000)THEN
DELT1=.0001
DELT=U_F1*DELT1/Z
END IF
DO 74 M2=1NJ
QP(1.M2)=C(1 M2y*C(L5.M2)
QP2.M2)=C(2.M2y*C(L3,M2)
QP(3.M2)=C(L1.M2)-460.
QP(4.M2)=C(L2.M2)-460.
QP(5.M2)=C(13,M2)-460.
QP(6,M2)=C(L4.M2)
QP(7.M2)=C(L5.M2)
QP(8.M2)=C(3,.M2)
QP(9.M2)=C(4,M2)
CONTINUE

WRITE(*,*)LLILT_TIME
WRITE(*,*)QP(1.1).QP(1,42),QP(1.84),QP(1,126),QP(1,168)
WRITE(*,*)QP(2,1),QP(2.42).QP(2,84),QP(2,126).QP(2,168)
WRITE(*,*)QP(3,1).QP(3,42).QP(3,84),QP(3.126),QP(3,168)
WRITE(*,*YQP(4.1),QP(4,42).QP(4,84).QP(4,126),QP(4,168)
WRITE(",*)QP(5,1).QP(5,42).QP(5.,84),QP(5,126).QP(5,168)
WRITE(®, *)QP(6.1).QP(6.42).QP(6,84),QP(6,126).QP(6,168)
WRITE(*,*)QP(7,1).QP(7.42).QP(7,84).QP(7.126).QP(7,168)
WRITE(*,*)QP(8.1).QP(8,42),QP(8,84),QP(8,126),QP(8,168)
WRITE(*,*)QP(9.1).QP(9.42).QP(9,84).QP(9,126).QP(9,168)
DO 520 J=1,151

74

PLGEJ=QP(4.J)
PL@D=QP(6.])
520  PL(S.=QP(7.J)
PL_TIME=T_TIME
print*,pl_time
ISAMP=25
IF((LL/ISAMP)*ISAMP.EQ.LL) THEN
WRITE(50,43)PL_TIME.PL(1,1),PL(1,42),PL(1,84),PL(1,126),PL(1,168)
& JPL(2.1),PL(2,42),PL(2,84),PL(2,126),PL(2.168)

& -PL(3.1),PL(3,42),PL(3,84),PL(3,126).PL(3,168)
& .PL(4,1),PL(4.42),PL(4.84),PL(4,126).PL(4,168)
& JPL(5,1),PL(5,42),PL(5.84).PL(5,126).PL(5.,168)
ENDIF
DO781i=1N
DO 78 2=1.NJ
P1.12)=C(11.12)
78 CONTINUE
200 CONTINUE
301 CONTINUE
42 FORMAT(1X, TIME,ppCO2@1,ppC02@2.ppC02@3,ppCO2@4.ppCO2@5",
& ppH20@1,ppH20@2,ppH20@3,ppH20@4 ppH20@S',
& "T gas@1,T gas@2.T gas@3.T gas@4.T gas@5',
& T bed@1.T bed@2.T bed@3,T bed@4,T bed@5',
& Twall@1, Twall@2,Twall@3, Twalk@4. Twall@5’)

43 FORMAT(1X,26(E155,".))
44 FORMAT(/SX.5(E155,3X))
45 FORMAT(SX.5(E15.5.3X))
46 FORMAT(/SX,5(E153,3X))
STOP
END

an

SUBROUTINE INITIAL_Z
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4)M_AVEM_W(&).C_FO(4)IN_LIIN_LIIN_L3IN_LA,
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. IN_LSJIN_L6,Q2(4)
REAL*8 C1(14,201),P1(14,201)
COMMON/BND/A(14,14),B(14,14).C(14,201).D(14,29).X(14,14),
. Y(14,14),G(14),N,NIITPRT.ITCNT.F(14),P(14,201),Z.U_F1
COMMON/PROP_B_Z/D_LD_E.S_B.CON_WA,CON_WI_Q.CON_WI_K,
. CP_WA.CP_WI_Q.CP_WI_K.RO_WA.RO_WI_Q.RO_WI_KJ(_WA.X_WI_Q.
. X_WI_K.D_LMLD_LMA
COMMON/PROP_S_Z/CP_S,RO_S,AINT ,R_P,D_P,CON_S.G_F,HEAT@)M_W
COMMON/PROP_D_Z/DELZ1,DELT1.DELT,DELZNC,ILLLITEST1 JK_F
COMMON/BOUN_CONIBC_LI.BC_L?..BC_L’S.BC_LA.BC_LS.BC_L6.BC_C(4),’I‘O
COMMON/PR_OLD_Z/ VISC_P(201)
COMMON/INDIC/L.1.L.2,L3,L4,L5,L6
COMMON/NCY/NC1
COMMON/BC_PRE/BC_LSS5,TIME
COMMON/GAS/INERT ,NCOMP
COMMON/PRIME/GN2,RA . RAV,EPSEX, . EPSIN.ALF.RHOS,ALPHA1
DATA INERT.NCOMP/1.3/
C
C INITIALIZATION
C
DATA Z.D_I.D_E.S_B.CON_WA.CON_WT_Q.CON_WI_K.CP_WA,
. CP_WI_Q,CP_WI_K.RO_WA.RO_WI_Q.RO_WI_K.X_WA.X_WI_Q.X_WI_K
. /1.4,0.5412D0,0.5620D0,0.46D0,32.875D0,
. 29D0,.19D0..109848D¢0,.21 D0,.21D0,489.0D0,3.5D0,16.0D0,
. 5.41666667D-3,4.1666667D-2,2.083333D-2/
DATA PT.RA RAV,EPSEX.EPSIN.RHOS, ALPHAI
. [790.2014.4.72441E-3,4.72441E-3,.373,.317,43..575/
DATA AINT,.CP_S.RO_S.R_P.D_P,CON_S, HEAT
. /635.D0,0.2D0,70.0.4.724410D-3,9.44882D-3,.1,-19000.D0,
. -28000.D0,-8988.0D0,-8988./
DATA G_F,P_TOT.TO
. /58.6,15.28,538.0D0/
DATA BC_C/.17,03,14.81,0.0/
DATA BC_L1,BC_L2BC_L3,BC_LS5.BC_L6
. /538.538.538.25.25./
DATA IN_LLIN_L2JIN_L3IN_L4JIN_LSIN_L6
. /538..538..538..0.0,790.20415,790.20415/
DATA M_W/44,,18.28,3%/
DATA NCNI.DELZ1.DELT1/4,169,.00833333,1.0E-5/
o DATA NCNIJ,DELZ1,DELT1/4,51,.01666667,.001/
DATA R,PI/555.0,3.141593D0/
DATA K_F/.017,.0035,.05,.05/
NC1=NC
N1=NC*2+5
ALF=(1.0D0-EPSEX/EPSEX
PT=P_TOT
SUM_Y=0
DO 101=1 NC
Y_F=BC_CM/P_TOT
SUM_Y=SUM_Y+Y_F
BC_C()=Y_F
C_FO(I)=BC_CI)
CONTINUE
L1=2*NC+1
L2=L1+1
I_3=l_2+1
14=13+1
L5=14+1
Lo=L5+1
BC_L55=BC_LS
VISC_F=VIS(IN_L1)*60
R_CRT=BC_LS/IN_LS
IF(R_CRT.LT.053) THEN
BC_L5=53*IN_LS

o
k]



ENDIF
DO 413 2=1,N]
C1(1.12)=0.0
P1(112)=0.0
C1(2I2)=BC_LS
PI(22)=IN_LS
C1(3.2)=IN_L1
P1(3.12)=IN_L1
VISC_P(I2)=VISC_F
413 CONTINUE
CALL DIFFEQ1(C1,P1,N],2)
N=N1
DO 423 R=1.NJ
CILAI2)=C1(1.12)
C(L5J12)=C1(2.12)
423 CONTINUE
U_F1=C(14,1)
DELZ=DELZ1/Z
DELT=U_F1*DELT1/Z
DO 211=1,NC
C(11.1)=C_FO(1)
22 CONTINUE
DO 2411=1.NC
DO 24 I2=1,NJ
C11.2=C_FO(11)
P(1112)=C_FO(I1)
24 CONTINUE
DO 301=1,NJ
P(L1.I=IN_L1
P(L2]=IN_L2
PL3D=IN_L3
PAAD=IN_L4
P(LSJ)=IN_LS
P(Ls])=IN_L5
C(L1.I=BC_L1
C(L2I=BC_L2
C(L3.Jy=BC_L3
C(L6.)=BC_L6
30 CONTINUE
CALL IST_Z(1.C(L2,1),K(L5,1),C(1,1),.C(2,1),C(3.1).C(4,1).Q2)
DO 40 I=NC+1 ,NC+NC
DO 4011=1,NJ
C(LI1=Q2(I-NC)*RO_S
P(LIN=C(LI1)
40 CONTINUE
RETURN
END
C
c
SUBROUTINE FUNCT(J)
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 K_F(4).M_AVEM_W(5)KGASK_FP(4,201),C1(14,201),
. P1(14,201),REY_P(201).KEFF.D_L(4),YO(4)
DIMENSION Q2(4),C2(14,201),PE_N_M(4)
COMMON/PR_OLD_Z/ VISC_P(201),RO_P(201),CP_P(201),CON_FPP(201),
. CON_LPP(201),D_LPP(4.201),H_FP(201).H_TTP(201),H_IIP(201),
. H_OWPP(201),H_FWPP(201),Q(4,201),RATE_C1(201),AMOL_W(201),
. D_LAV(201)
COMMON/BND/A(14,14),B(14,14),C(14,201).1X14.29).X(14,14),
. Y(14,14),G(14),N.NJITPRT.ITCNT,F(14).P(14,201).Z U_F1
COMMON/PROP_B_Z/D_LD_E.S_B,CON_WA,CON_WI_Q,CON_WI_K,CP_WA,
. CP_WI_Q,CP_WI_K.RO_WA.RO_WI_QRO_WI_KX_WAX_WI_QX_WIK,
. D_LMLD_LMA
COMMON/PROP_S_Z/CP_S.RO_S,AINT,R_P.D_P,CON_S,G_F,HEAT(4))M_W
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COMMON/PROP_D_Z/DELZ1.DELT1,DELT DELZNC,I.LLITESTLK_F
COMMON/NDICAL1,L2,L3,14.L5,L6
COMMON/BOUN_CON/BC_L1.BC_L2,BC_L3,BC_L4,BC_L5BC_L6,BC_C(4).TO
COMMON/Q_SOURCE/DELH

COMMON/GAS/INERT,NCOMP

COMMON/BC_PRE/BC_LSS5,TIME

COMMON/NCY/NC1

COMMON/PRIME/GN2,RA.RAV,EPSEX EPSIN,ALF,RHOS, ALPHA1
DATA R,P1/555.03.141593D0/

DATA R1,CONV/555.0.1/

DATA FAC,GC/2.78450526316,416975040.0/

C
C
C MASS TRANSFER FROM THE BULK OF GAS SRTEAM TO THE SURFACE OF ABSORBENT
C
C ESTABLISHED COEFFICTENT MATRIX
TF(TIME.GE.6.0)GO TO 501
IFQTEST.EQ.0)THEN
D_T=D_E+D_I
X_W=D_E-D_1
A_C=2*D_I((D_I+D_E)y*X_W)
A_INS=2*D_E/(D_I+D_E)*X_W)
ITEST=1
U_F1=C(LA,1)
H_FW=6.0
H_OW=(.1
ENDIF
IF(J.EQ.1 .AND. ITEST1 NEITCNT)THEN
RO_F=C(L5,1)AC(L1.1y*R)
DO 101=1NJ
DOIi=1NC
YO(I1)=CILD
END DO
M_AVE=0.
DO 11=1.NC
M_AVE=M_AVE+M_W(11)*YO(I1)
END DO
AMOL_W(I)=M_AVE
RO_F=C(LS5.DAC(L1.D)*R)
TEMP=C(L1.])
GN=C(L4,I)*RO_F/60.
VISC_P(I)=VIS(TEMP)*60
REY=RE(GN.TEMP,AMOL_W({I))
IF(REYLT.1.0) GO TO 10
CP_P(I)=CPGAS(TEMP,YO)
H_FP(D=HFILM(AMOL_W ,TEMP,REY,CP_P(I))*60.
PP=C(LS.)
CON_LPP(I)=EFFK(GN,TEMP.CP_P(J),RO_F,PP,YO)*60.
DO1I1=1NC
D_LPP(1.D=EFFD(11,GN,TEMP,RO_F,PP,YO)*60.
IF(D_LPPA1.D.LT.0) THEN
D_LPP11.D=D_LPP{il-1)
END IF
END DO
10 CONTINUE
ITEST1=ITCNT
ENDIF
GO TO 502
501 DO I1=1NC
YO(I1)=C(11.D)
END DO
M_AVE=0.
DO N1=1NC



M_AVE=M_AVE+M_W(1)*YO(I1)
END DO
AMOL_W({)=M_AVE
502 R_CRT=BC_LS5/C(L5.NJ)
IF(R_CRT.LT.0.53) THEN
BC_L5=.53*C(L5.NJ)
ELSE

BC_L5=BC_LS5S
ENDIF
RO_E=C(LS H/ACL1I)*R)
CP_F=CP_P())
H_FS=H_FP(J}
CON_L=CON_LPP(])
D_L_AVE={.
SUM=0
DO 11=1 NC
D_L{d1)=D_LPP(11,D)
IF(D_L{1).NE.O)THEN
SUM=SUM+1
D_L_AVE=D_L_AVE+D_L{1)
ENDIF
END DO
D_L_AVE=D_L_AVE/SUM
D_LAV(N=D_L_AVE
VISC_F=VISC_PKD)
PE_N_S=U_F1*RO_S*CP_S*Z/CON_S
PE_N_H=U_F1*RO_F*CP_F*Z/CON_L
F3=ALF*H_FS*Z*AINT/RO_F*CP_F*U_F1)
Fa=H_FW+*Z*4/(U_F1*D_I*EPSEX*RO_F*CP_F)
FS=H_FS*AINT*Z/(U_F1*RO_S*CP_S)
F6=AINT*Z/(RO_S*CP_S*U_F1)
Fi=Z*H_FW*A_C/U_F1/RO_WA/CP_WA
F8=Z*H_OW®*A_INS/U_F1/RO_WA/CP_WA
F9=Z/((1-EPSEX)*RO_S*CP_S*U_F1*PI*D_l2*D_1/2*2)
CALL IST_7(1,C(1.2.J),C(LS,H.C(1.7).C(2.1).C(3.1).C(4.1).Q2)
DO 201=1 NC )
QLI=Q2(I)*RO_S
20 CONTINUE
C_K=2.7845/(150*(1-EPSEX)**2*VISC_P(J)/D_P/D_P/
EPSEX/EPSEX/GC)
IF(J.EQ.1)THEN
DO 50 M1=1 NC
F1=K_FM1)*AINT*Z/U_F1
FINC+M1)=F1*(Q(M1.J)-CINC+M1 N)<{CINC+M1,D-P(NC+M1.1))/DELT
CONTINUE

FLUX1=0
FLUX2x0
DO 60 M1=1NC
FLUX1=FLUX1+HEATM1)*(K_F(M1)*(Q(M1.J)-C(NC+M1.D)))
FLUX2=FLUX2+AINT*K_F(M1)*(Q(M1,)-C(NC+M1,D))
60 CONTINUE
RATE_C1(J»=FLUX2
TOT_C=0.
DO 40 M1=1NC-1
FM1)=(-D_L(M1)/DELZ**2*(C(M1,J+1)-2*C(M1J+CM1,J+1)1+
. CAAJ/(2.0*DELZY*(C(M1,J+1)-C(M1,J+1))}+1.0/DELT*C(M1.])-
. PM1D)N-ALF/RO_F*(C(M1,J)*RATE_C1())-AINT*K_F(M1)*(Q(M1,7)-
. CINC+MLD))
TOT_C=TOT_C+C(M1.J)
40 CONTINUE
FINC)=1.-TOT_C-C(NC.J)

F(L1)=1.0DO/PE_N_H/DELZ**2*(C(L1,J+1)-2*C(L1.+C(L1,J+1))-
. 1.ODOADELZ*U_F1)*(C(L1J)>-C(L1.D)*CAAJ-F3*(C(.i T

50
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. C(L2.0))-F4*(C(L1.))}-CA3.I)CL1.D)-PLINVDELT

F(L2)=1.0DO/PE_N_S/DELZ**2*(C(L2.J+1)-2*CL2IHC(L2.J+ 1)1+
FS*(C(L1.D-C(L2.D))-F6*FLUX1+DELH*F9-(C(L2.J)-

. P(L2J)VDELT

F(L3)=F7%(C(L1J)-C(L3.)))-F8*(C(L3.7)-TOC(L3J)-

. P(L3.DYDELT

F(L4)=(C(LS,J+1)-C(LS.))/DELZ1+1 /GC*(RO_F*M_AVE*C(LA.J)*

. (C(LAD-C(LA)/DELZ1+150*(1-EPSEX)**2*VISC_F*C(14.J)/D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEXy*RO_P*M_AVE*C(L4.J)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(L4.])-P(L4,1))/DELT1)

F(LS)=(C(LS.))-P(LS.DYDELT1-D_L_AVE/DELZ1**2*(C(LS J+1)-

. 2*C(LSI+C(LSJ+1)+C(LAC(LS.J+1)-C(LS,HVDELZ1+

CLS5.J)*(C(A4.))-CALADYDELZ]-CLSJYCLLI*(CLLT)-

. P(L1.))/DELT1-D_L_AVE/DELZ1**2*(C(L1J+1)-2*C(L1LI+C(L1J+1)}+
. CLAJY*(C(L1J+1)-C(L1J+1))/(2*DELZ1)}+R1*C(L1Jy*ALF*
. RATE_C1())

C

C

" C THE LAST ROW

C

90

ELSE TF(J .EQ. NJ) THEN

DO 90 Mi=1.NC
F1=K_F(M1)*AINT*Z/U_F1
FINC+M1)=F1*(Q(M1J)-C(NC+M1.J){CINC+M1.D)-P(NC+M1.)/DELT
CONTINUE

FLUX1=0

FLUX2=0

DO 100 M1=1,NC
FLUX1=FLUX1+HEAT(M1)*(K_F(M1)*(Q(M1.))-C(NC+M1,D)))
FLUX2=FLUX2+AINT*K_FM1)*(Q(M1J)-C(NC+M1.D))

100 CONTINUE

RATE_C1(I)=FLUX2
TOT_C=0.

DO 80 M1=1.NC
FM1)=(-D_L(M1)/DELZ**2*(C(M1J-1)-2*CM1.I+C(M1.J- )+

. CLAD/(2.0*DELZ)Y*(C(M1J-1)-C(M1,J-1))+1.0/DELT*(C(ML.D)-

80

. P(M1.D))-ALFRO_F*(C(M1.J)*RATE_C1(J)}-AINT*K_FM1)*(QMLJ)-
. CINC+M1.D)))
TOT_C=TOT_C+C(ML.J)
CONTINUE
FNCx=1.-TOT_C-C(NC.)

F(L1)=1.0DO/PE_N_H/DELZ**2*(C(L1J-1)}-2*C(L1J#C(L1J-1)}>
. 1.ODOADELZ*U_F1)*(C(L1J)-C(L1J-1))*C(LAJ)-F3*(C(L1J)
. C(L2J))-Fa*(C(L1.J)-CAL3NHCL1.N)-PLLNYDELT

F(L2)=1.0D0/PE_N_S/DELZ**2*(C(L2,]-1)-2*C(L2IHC(L2.J-DH+
. F5*(C(L1.J)-C(L2,)))-F6*FLUX1+DELH*F5-(C(L2,J)-
. PA2.D)VDELT

F(L3)=F7*(C(L1.J)}-C(L3.J))-F8*(C(L3.J)-TOC(A3.J)-
. P(L3.DYDELT

FLO=R"_LS-COSNYDELZL+1/GC*(RO_F*M_AVE*C(L4 )
. (C(LAJ)-C(LAJ-1))/DELZ1+150*(1-EPSEX)**2*VISC_F*C(LAJVD_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(L4.))**2/D_P/
. EPSEX+RO_P*M_AVE*(CQAJ-P(LA4.T))/DELT])
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F(LS5)=(C(LS.J)-P(LS.)¥DELT1-D_L_AVE/DELZ]1**2*(BC_LS-

. 2*CLSTHC(LS,J-1))+CAAIY*(BC_LS5-C(LSN)/DELZ1+

. C(LS.JY*(C(LA4J)-C(LAJ-1)VDELZ1-CLS JYCL1N*((C(LL,D-

. P(L1.D)W/DELT1-D_L_AVE/DELZ1**2*(C(L1,J-1}-2*C(L1,]+C(L1,J- 1))+
. C(I’Jli_.EJ)'(C(LlJ-lyC(LlJ-l))/(2‘DELZI))+R1‘C(L1,D"AI.P

. RATE_C1())

2XeXoXeXe)

INTERIOR ROWS

ELSE
DO 130 Mi=1NC
Fl=K_F(MI1)*AINT*Z/U_F1
F(NC+M1)=F1'(Q(M1J)-C(NC+M1J))-(C(NC+M1J)-P(NC+M1J))/DELT

130 CONTINUE

FLUX1=0

FLUX2=0

DO 140 M1=1NC
FLUX1=FLUX1+HEATM1)*(K_FM1y*(Q(M1,J)-C(NC+ML1.J)))
FLUX2=FLUX2+AINT*K_F(M1)*(Q(M1.J)-CINC+ML1.0))

140 CONTINUE

RATE_C1()=FLUX2

TOT_C=0.

DO 120 Mi=1,NC
F(M1)=(-D_L(M1)/DELZ**2*(C(M1.J+1)-2*C(M1JH+C(M1,J-1)}+
C(LAJY(2.0*°DELZ)*(C(M1J+1)-C(M1,J-1)+1.0/DELT*(C(M1,J)-

: P(M1.J)))-ALF/RO_F*(C(M1,J)*RATE_C1(J)-AINT*K_F(M1)*(QM1.,])-
. C(NC+M1.D)))

TOT_C=TOT_C+C(M1.))

120 CONTINUE

C

F(NC)=1.-TOT_C-C(NC.J)
F(L1)=1.0D0/PE_N_H/DELZ**2*(C(L1,J+1)-2*C(L1J#+C(L1J-1))-

. 1.0DOADELZ*U_F1)*(C(L1J)-C(L1J-1)y*C(LAJ)-F3%(C(L1J)
. C(L2D)-F4*(CL1J)»-CA3NHCL1.D)-PALITVDELT

F(L2)=1.0D0/PE_N_S/DELZ**2*(C(L2.J+1)-2*CAL2IHC(L2J-1))}+
. F5%(C(L1,7)-C(L2.J))-F6*FLUX1+DELH*F9-(C(L2.])-
. P(LZDHVDELT

F(L3)=F7*(C(L1.J)-C(L3.J))-F8*(C(L3.J)-TOHC(L3J)-
. P(L3.)YDELT

F(LA)=(C(LS J+1)-C(LS.J)YDELZ1+1 JGC*(RO_F*M_AVE*C(LAJ)*
. (C(LA.J)-C(LA4J-1))/DELZ1+150*(1-EPSEX)**2*VISC_F*C(L4.J)D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEXY*RO_P*M_AVE*C(L4.J)**2/D_P/
. EPSEX+RO_F*M_AVE*(C(L4J)-P(LA.J))/DELT1)

F(LS)=(C(LS.J)-P(LS.J)VDELT1-D_L_AVE/DELZ1**2%(C(L5.J+1)-
. 2*CLS JHC(LS,J-)HCAATY*(C(LS J+1)-CALS D)/DELZ1+
. CL5.J)*(CAAT)-C(LAJ-1)VDELZ1-CASIYCL1J*(CLLI)-
. P(LLY)YDELT1-D_L_AVE/DELZ1°*2*(C(L1J-1)-2*C(L1)+CLLIH1))+
. %DE(C(J}).IJH)-C(LlJ-l))/(Z‘DEIZl))+R1‘C(L1J)‘ALF‘
. _CI(

ENDIF
RETURN
END

SUBROUTINE DIFFEQ

F-8



IMPLICIT REAL*8(A-H.0-Z)
C““--"..-"-“‘l"“".“"-I‘t‘-‘.“"“....‘...".‘l‘.‘-“‘.-‘...“
C GENERALIZED CALLING PROGRAM FOR BAND(J) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

ssEs FPEEBRBEREBBBEEERATEEES L2 2 DL L)

0

CALLED BY: MAIN CALLING PROGRAM

SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)

LIST OF IMPORTANT VARIABLES:

C

C

c

C

C

Cc

C

C

C

C

o

C

C

C

c

C A A coefficient described in Newman, Appendix C
C AA first, AA is FWORKC*CU). Later AAis the
Cc value of the derivative df/dc used in Newton's
C method

Cc B B coefficient described in Newman, Appendix C
C C  variables to be solved for
C CD multiplication factor used in obtaining
C mumerical derivatives

c COLD value of C from previous iteration
C Cu 20-CD

C D D coefficient described in Newman, Appendix C

C . ERR  convergence criterion

C F  value of function f(C), calculated in FUNCT

C G residual of f(C) calculated with updated C value

C 1  index used for equation number

C ITCNT index for iteration number

C ITPRT flag used for determining whether intermediate

C calculations are output; for ITPRT=0,only

C converged results are output; for

C ITPRT=1.results of each iteration are printed.

C J  index for node number

C K  index for equation number

C M  index used in working through nodes used to

C calculate numerical denivatives

C MM  used 1 determine sarting node (in relation to

o J) for estimation of numerical derivatives

C N number of equations (no. of variables)

C NI  number of node points

C SAVEC saved value of C

C SUM intermediate value used in calculating G

C TINIER criterion used to avoid working with small numbers
C TINY criterion used 1o avoid working with small numbers

C TNIEST criterion used to avoid working with small numbers
C WORKC saved value of C; modified when C less than Tinier
C X X value described in Newman, Appendix C

o Y Y value described in Newman, Appendix C

C

C

C

Ry

t 1] [ 2 ]

DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
¢ IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
¢ DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
¢ NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOOppp
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COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BND/A(14,14),B(14.14),C(14,201).D(14,29).X(14,14),
.Y(14,14),G(14).N.NJLITPRT.JTCNT,F(14),P(14,201)
DATA TINY,TINIER, TNIEST.ERR/1.0D-10,1.0D-15,1.0D-20,1.0D-4/
DATA CU,CD/1.0001,.9999/
c
C ITCNT INITIALIZED HERE, AND INITIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=l.
C
ITPRT=0
IF (ITPRT.GT.0) CALL WRTOUT2
c
C LOOP BEGUN FOR ITERATIONS
C
DO 75 ITCNT=1,10 *
C
C COLD ARRAY SET UP
c
DO 10K=1,N
DO 10 J=1,NJ
COLIXK, N=C(K.J)
10 CONTINUE
C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS
C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(I).
C
DO 60 3=1.NJ
CALL FUNCT(D)
DO 15i=1N
SUM(I»=0.0
G{I=-F(D)
15 CONTINUE
C
C THIS 1S THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (INRELATIONTO J).

C
IF (J.EQ.1) THEN
MM=0
ELSE IF (J.LT.NJ) THEN
MM=-1
ELSE
MM=-2
ENDIF
DO 50 M=MM MM+2
C
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC
C
DO 50 K=1.N
SAVECaC(K.J+M)
WORKC=SAVEC
C
C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)

C
IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER,WORKC)
C(K.J+M)=1.2*WORKC
CALL FUNCT(J)
DO 20I=1N
AA(D=-F()
20 CONTINUE
CK.J+M)=1.1*WORKC
CALL FUNCT()
DO 251=1N
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AAM=AATy4.0*F()

25 CONTINUE
CKJ+M)»=WORKC
CALL FUNCT()
DO 301=1N
AAM=(AA()-3.0*F())/(0.2*WORKC)
30 CONTINUE
C

C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)
C
ELSE

CK.J+M)=WORKC*CU

CALL FUNCT(J)

DO351=1.N

AAM=F(Q)

35 CONTINUE
C_J+M)=WORKC*CD

CALL FUNCT(J)

DO 40 I=1.N

AAMD=(AAD-FDOY(CU-CDY*WORKC)
40 CONTINUE
ENDIF
CK.J+M)=SAVEC
C
C VALUES FOR A.B,D,X AND Y GIVEN. SUM IS ALSO INCREMENTED
c .
DO 451=1.N

SUMI=SUMI+AA()*C(KJ+M)

IF M.EQ.-2) YALK=AAQ)

IF M.EQ.-1) A(LK)=AA(D)

IF M.EQ.0) BAK)}=AAQ)

IF M.EQ.1) DLK)=AA)

IF M.EQ2) X(LK)=AA()

45 CONTINUE
50 CONTINUE

DO 551=1N

GM=GO+SUMQ

55 CONTINUE
C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX
C

CALL BAND2(J)
60 CONTINUE
C

C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
C ITERATION IS BEGUN
C
DO 65 K=1,4,2
DO 65 J=1,NJ
IF(DABS(C(K.J)).GT.TNIEST) THEN
IF(DABS((C(K.J)-COLDK.J)¥C(K.J)).GT.ERR) GO TO 70
ENDIF
65 CONTINUE
GO TO 80
70 TFITPRT .GT.0) CALL WRTOUT2
75 CONTINUE
80 CONTINUE
RETURN
END

SUBROUTINE FUNCT1(J)
IMPLICIT REAL*8(A-H,0-2)
REAL*8 D_L(2),M_AVE



COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BND/A(14,14),B(14,14),C(14,201),D(14,29),X(14,14),

. Y(14,14).G(14),N.NJITPRT.ITCNT,F(14),P(14,201)

COMMON/PR_OLD_Z/ VISC_P(201),RO_P(201),CP_P(201),CON_FPP(201),

. CON_LPP(201),D_LPP(4,201),H_FP(201),H_TTP(201),H_IIP(201),

. H_OWPP(201),H_FWPP(201),Q(4.201),RATE_C1(201),AMOL_W(201),

. D_LAV(Q01)
COMMON/BOUN_CON/BC_L1,BC_L2,BC_L3,BC_L4,BC_LS.BC_L6,BC_C(4)
COMMON/PRIME/GN2,RA.RAV,.EPSEX.EPSIN,ALF RHOS.ALPHA1
COMMON/PROP_S_Z/CP_S.RO_S,AINT,R_P,D_P,CON_S,G_F.HEAT(4)
COMMON/PROP_D_Z/DELZ1,DELT1
DATA L1,14,L5,R1,CONV/3,1,2.555.0,1/

DATA FAC,GC/2.78450526316,416975040.0/
C

C
C MASS TRANSFER FROM THE BULK OF GAS SRTEAM TO THE SURFACE OF ABSORBENT
c
C ESTABLISHED COEFFICIENT MATRIX
C
C THE FIRST ROW
o
RATE_C=RATE_C1(J)
VISC_F=VISC_P())
C_K=2.7845/(150*(1-EPSEX)**2*VISC_F/D_P/D_P/
EPSEX/EPSEX/GC)
D_L_AVE=D_LAV()

IF(J.EQ.1)THEN
F(LS)»=(C(L5.7)-P(L5.7)YDELT1-D_L_AVE/DELZ1**2%(C(LS5 J+1)-

. 2*C(LS+C(LS.J+1))-C_K*(C(L5 J+1)-C(L5 J))**2/DELZ1/DELZ1-

. C_K*C(LS5.J)y*(C(L5 J+1)-2*C(L5 J+C(LS J+1)YDELZ1/DELZ1-

. CLS.HCLLN*(C(L1D)-P(LLY)VDELT1-D_L_AVE/DELZ1**2*

. (C(L1J+1)2*CL1I+CLLI+DRHCAAIHCL1I+1)-CL1J+1))/

. (2*DELZ1)+R1*C(L1.Jy*ALF*RATE_C

F(LA)=(C(L5,J+1)-C(LS,]) VDELZ1+(150*(1-EPSEX)**2*VISC_F*
. C(LA.JyD_P/D_P/EPSEX/EPSEX/GC/2.7845)

noon

ELSE IFJ.EQ.N)HTHEN

F(LS)=(C(LSJ)-P(LS.J)YDELT1-D_L_AVE/DELZ]1**2*(C(L5J-1)-
. 2*C(LSJ+BC_L5*CONV)-C_K*(BC_LS*CONV-C(L5,J))**2/DELZ1/DELZ]-
. C_K*C(LSJy*(C(LS5J-1)-2*C(LS5.J)+BC_LS*CONV)/DELZ1/DELZ1-
. CASDH/ICLLD*(CL1D-P(LLDVDELTI-D_L_AVE/DELZ]1**2*
. (C(L1J-1)-2*CL1LI+C(L1I-1)CAAT*(C(L1 J-1)-
. CL1.J-1)¥(2*DELZ1)+R1*C(L1.J)*ALF*RATE_C

F(L4)=(BC_L5*CONV-C(LS,J))YDELZ1+(150*(1-EPSEX)**2* VISC_F*
. C(LAJ)/D_P/D_P/EPSEX/EPSEX/GC/2.7845)

0ann

ELSE

F(L5)=(C(L5.D)-P(LS,)VDELT1-D_L_AVE/DELZ1**2*(C(L5J+1)-
. 2*C(L5)+C(L5,J-1))-C_K*(C(L5,J+1)-C(LS, )y**2/DELZ1/DELZ] -
. C_K*C(LSJ)*(C(L5J+1)-2*C(LS.J)+C(L5J-1)VDELZ1/DELZ]-
. CLS.H/CLLN*(CL1N-P(LLNYDELT1-D_L_AVE/DELZ1**2*
. (C(L1J+1)-2°C(L1IHCLLI-HHCAAD*(CLLI+1)-
. C(L1J-1))/(2*DELZ1)+R1*C(L1J)*ALF*RATE_C
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F(L4)=(C(LS5.J+1)-C(LS.J)YDELZ1+(150*(1-EPSEX)**2*VISC_F*
. CLA.D/D_P/D_P/EPSEX/EPSEX/GC/2.7845)
ENDIF

C
210 RETURN
END

SUBROUTINE DIFFEQI(C1,P1,NJ1N1)

IMPLICIT REAL*8(A-H,0-Z)
C El L] EL I LS L L senw "k
C GENERALIZED CALLING PROGRAM FOR BANIX)) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

C P seannane P T I
C
C CALLEDBY: MAIN CALLING PROGRAM
c
Ca.--_ sen SR AEESERE
SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)

BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)

PT T

SESBRSHaN [ 2 L1 4

LIST OF IMPORTANT VARIABLES:

A A coefficient described in Newman, Appendix C
AA  first, AA is FWORKC*CU). Later AA is the
value of the derivative df/dc used in Newton's
method
B B coefficient described in Newman, Appendix C
C  variables to be solved for
CD  multiplication factor used in obtaming
numerical derivatives
COLD value of C from previous iteration
CU 20-CD
D D coefficient described in Newman, Appendix C
ERR convergence criterion
F  value of function f(C), calculated in FUNCT
G  residual of f(C) calculated with updated C value
I  index used for equation number
ITCNT index for iteration number
ITPRT flag used for determining whether intermediate
calculations are output; for ITPRT=0,0nly
converged results are output; for
ITPRT=1.results of each iteration are printed.
J  index for node number
K  index for equation number
M  index used in working through nodes used to
calculate numerical derivatives
MM  used to determine starting node (in relation to
1) for estimation of numerical derivatives
N  number of equations (no. of variables)
NI  number of node points
SAVEC saved value of C
SUM intermediate value used in calculating G
TINIER criterion used to avoid working with small numbers
TINY criterion used to avoid working with small numbers
TNIEST criterion used to avoid working with small numbers
WORKC saved value of C; modified when C less than Tinier
X X value described in Newmar. Appendix C

onNoOOOnNNOONOONO0OOO0ON0ONO0ONNNOOOOOOO0ONONOANNNONO0ONONn
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Y Y value described in Newman, Appendix C

anon

C DIMENSIONS HA VE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF e
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOO;ppp
REAL®*8 C1(14,201),P1(14,201)
COMMON/OLD/ AA(14).SUM(14),COLD(14,201)
COMMON/BND/A(14,14),B(14,14),C(14,201),1(14,29),X(14,14),
.Y(14,14),G(14),N NIITPRT.JTCNT,F(14),P(14,201)
DATA TINY.TINIER.TNIEST.ERR/1.0D-10,1.0D-15,1.0D-20,1.0D-8/
DATA CU,CD/1.0001,.9999/
C
C ITCNT INITIALIZED HERE, AND INITIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=1.
C
ITPRT=0
ITCNT=0
NJ=NIJ1
N=N1
IF @TPRT.GT.0) CALL WRTOUT2
DO 511=1,N1+1
DO 512=1.NJ1
C1,12=C1(11.12)
: PA1.I2)=P1(11,I12)
5 CONTINUE
C
C LOOP BEGUN FOR ITERATIONS
C .
DO 75 ITCNT=1,10
C
C COLD ARRAY SET UP
C
DO 10K=1N
DO 10 J=1,NJ
COLIXK.=C(K.J)
10 CONTINUE
C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS
C PERFORMED AT EACH NODE POINT. G YALUES ALSO SET AT -F(I).

C
DO 60 I=1,NJ
CALL FUNCT1())
DO 151=1,N
SUM@I)=0.0
G(D=-F(I)
15 CONTINUE
o

C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET

C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (IN RELATION TO D).

C

IF (J.EQ.1) THEN
MM=0

ELSE IF (J.LT.NJ) THEN
MM=-1

ELSE
MM=-2

ENDIF

DO 50 M=MMMM+2
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A

C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC

C
DO 50K=1.N
SAVEC=C(K.J+M,
WORKC=SAVEC
C

C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)
C
IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER, WORKC)
CK.J+M)=1.2*WORKC
CALL FUNCT1(J)
DO 20I=1.N
AA(D=-F(D
20 CONTINUE
CK.J+M)=1.1*WORKC
CALL FUNCT1(D)
DO251=1.N
AAD=AAI)+4.0*F(T)
25 CONTINUE
C(K.J+M=WORKC
CALL FUNCT1(J)
DO 30I=1N
AAMD=(AAD-3.0*F(1))/(0.2*WORKC)
30 CONTINUE
C
C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)
C
ELSE
C(K.J+M)=WORKC*CU
CALL FUNCT1(J)
DO35i=lN
AA(I=F()
35 CONTINUE
C(K.J+M)=WORKC*CD
CALL FUNCTI())
DO40I=1N
AAD=(AAMD-FOY(CU-CD)*WORKC)
40 CONTINUE
ENDIF
CEK.J+M)=SAVEC
C
C VALUES FOR A.B.D.X AND Y GIVEN. SUM IS ALSO INCREMENTED
C
DO 451=1.N
SUMI=SUMI+AAIY*C(K.J+M)
IF M.EQ.-2) YLK)=AA()
IF M.EQ.-1) ALK)=AA()
IF M.EQ.0) BL.K)=AA()
IF M.EQ.1) DAK)=AA(D)
IF M.EQ.2) X(L.K)=AA()
45 CONTINUE
50 CONTINUE
DO 551=1.N
GI=G{D+SUM®O)
55 CONTINUE

C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX
Cc
CALL BAND2(J)
60 CONTINUE
C

C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE

C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
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C ITERATION IS BEGUN
C
DO 65 K=l N
DO 65 J=1,NJ
IF(DABS(C(K.J)).GT.TNIEST) THEN
E}E’FD(DABS«C(KJ)-COW K.)YCK.J).GT.ERR) GO TO 70
IF
65 CONTINUE
GO TO 80
70 IFQITPRT .GT.0) CALL WRTOUT2
75 CONTINUE
80 CONTINUE
DO 9511=1.N1
DO 95 2=1,NJ1
C1(1.2)=C(11.I2)
95 CONTINUE
RETURN
END

SUBROUTINE WRTOUT2

IMPLICIT REAL*8(A-H.0-Z)
COMMON/BND/A(14,14).B(14,14),C(14,201),D(14,29).X(14,14),
.Y(14,14),G(14) NNIITPRT JTCNT.F(14)
IF (ITCNT.NE.0) WRITE (*99ITCNT
WRITE (*,100)
DO 1 K=1,NJ.2
WRITE(*,101)K,(CLK).J=1.N)
1 CONTINUE
99 FORMAT( ITCNT='12)
100 FORMAT( J Cl c2 C3
&'C4 Cs ce'/)
101 FORMAT(1X,13,6(1PE16.8))
RETURN
END
C BLOCK TRIDIAGONAL MATRIX SUBROUTINE
SUBROUTINE BAND2(J)
IMPLICIT REAL*8(A-H.O-Z)
DIMENSION E(14,14,201)
COMMON/BND/A(14,14)B(14,14),C(14.201).1(14,29),X(14,14),Y(14,14),
.G(14) N NJITPRT,ITCNT.F(14)
101 FORMAT(CODETERM=0 AT J="14)
IF (J.EQ.1) THEN
NP1=N+1
DO 21=IN
DA2*N+1)=G()
DO2L=1N
D(LL+N)=X(LL)
2 CONTINUE
CALL MATINV2(N,2*N+1,DETERM)
IF(DETERM.EQ.0) WRITE (2,101) J
DO 5 K=1.N
E(K.NP1,1)=D(K.2*N+1)
DOS5SL=IN
E(K.L.1)=-D(K.L)
XK. Ly=-D(K.L+N)
5 CONTINUE
RETURN
ELSE IF(J.EQ2)THEN
DO 71=1N
DO 7K=1IN
DO7L=1N
DA.K)=DIK+ALL*X(LK)
7 CONTINUE
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ELSE IF(J.EQ.NJ) THEN
DO 101=1,N
DO 10L=1IN
GO=GM)-Y(LLY*E(L.NP1,]J-2)
DO 10 M=1,N
ALL=AQLHYAIM)*EM,LJ-2)
10 CONTINUE
ENDIF
DO 12]=1lN
D(ANP1=-G()
DO 12L=1lN
D(INP1)=D(LNP1+A(LL)*E(LNP1,J-1)
DO 12K=1N
BA.K)=BLK+ALL)*E(LKJ-1)
12 CONTINUE
CALL MATINV2(NNP1,DETERM)
IF(DETERM.EQ.0) WRITE(2,101) J
DO 15K=1N
DO 15 M=1 NP1
E(KM.N=-D(K.M)
15 CONTINUE
IF(J.EQN))THEN
DO 17 K=1N
CKD=E(X.NPL.))
17 CONTINUE
DO 18 M=NJ-1,1,-1
DO 18 K=1N
CK.M)=E(K.NP1.M)
DO 18 L=1I N
CK.M)=C(KMHEK.LM)*C(L.M+1)
18 CONTINUE
DO 19L=IN
DO 19K=1N
CEK.D=CK., I +XEK.L)*C(L3)
19 CONTINUE
ENDIJF
RETURN
END

C MATRIX INVERSION SUBROUTINE
SUBROUTINE MATINV2(N,M.DETERM)
IMPLICTT REAL*8(A-H.0-Z)
DIMENSION ID(14)
COMMON/BND/A(14,14).B(14,14),C(14,201),D(14,29)
DETERM=1.0
DO 1I=1N

1 IDM=0
DO 18 NN=1.N
BMAX=0.0
DO 6 I=1.N
IF(ID().EQ.0)THEN
DO5J=IN
IF(ID()).EQ.0)THEN
IF(DABS(B(L))).GT.BMAX) THEN
BMAX=DABS(B(LI))
IROW=]
JCOL=J
ENDIF
ENDIF
5 CONTINUE
ENDIF
6 CONTINUE
IF(BMAX.EQ.0.0)THEN
DETERM=0.0
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RETURN
ENDIF
IDUJCOL)=1
IF(JCOL.NE.IROW) THEN
9 DO 10 J=1 N
SAVE=B(IROW.])
BIROW, J)=B(JCOLJ)
B(JCOLJ)=SAVE
10 CONTINUE
DO 11 K=1M
SAVE=D(IROW K)
DIROW,K»=D(JCOLK)
D(ICOLK)=SAVE
11 CONTINUE
ENDIF
FF = 1.0/B(JCOL,JCOL)
DO 13 J=1.N
13 B(ICOL,N=B(JCOLJy*FF
DO 14 K=l M
14 D(JCOL.K)=D(JCOL.K)*FF
DO 18I=1N
IFANE.JCOL)THEN
15 FF = BAJCOL)
DO 16 J=1.N
16 B = B(L)) -FF*B(JCOL.])
DO 17 K=1.M
17 DAX) = DA.K) -FF*D(JCOL.K)
ENDIF
18 CONTINUE
RETURN
END

FUNCTION RE (G,TEMP.MW)
C TNIS FUNCTION CALCULATES THE PARICLE REYNOLDS NUMBER ASSUMINC THAT
C THE MOLECULAR WEIGHT OF TNE GAS IS EQUAL TO THAT OF CARRIER GAS.
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN MW
COMMON/PRIME/GN2.RA.RAV EPSEX,EPSIN.ALF,RHOS , ALPHA1
COMMON/GAS/INERT,NCOMP
DATA IFLAGAY/
IF IFLAG EQ.0)THEN
CONST=2.*RA
IFLAG=!
ENDIF
RE=CONST*MW*ABS(G)/VIS(TEMP)
RETURN
END
SUBROUTINE IST_Z(METHOD.T.PTOT,Y11,Y12,Y13,Y14,Q1)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4),B(4),V(4).PO(4),P1(4).X1(4).X1(4). Y1(4)
COMMON/NCY/NC1
REAL*8 Q1(4)
INTEGER LNLIM
EXTERNAL FCN,FDER
DATA XTOL FTOL.ILNLIM/1.0E-12,1.0E-10,0,50/
DATA PO/1.1.1.1J
DATA R/S55/
T_G=T
NC=NC1
Y1(1)=Y11
Y1(2)=Y12
Y1(3)=Y13
Yi(4)=Y14
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DO I=1.NC
PP(=Y1(I)*PTOT
END DO
Z=1.0E-32
IF(PP(1).LEZ.AND.PP(2).LE Z AND.PP(3).LE.Z AND.PP(4).LEZ)THEN
DO I=1.NC
Q1(I)=0.
END DO
RETURN
END IF
V(1)=(812983138-.21118560043*T+1.587732293D-4*T*T)/44/100
V(2)=1./69.035
V(3)=-1.637879912E-5*T+.00961297026
V(4)=V(3)
B(1)=6864.9000131*EXP(-.019625791466°T)
IF(T.LT.610.) THEN
B(2)=4.5597278759E-7*EXP(9628.9655743/T)
ELSE
B(2)=5.8089066684E-7*EXP(9115.734593/T)
ENDIF
IF(T.LE.S32)THEN
B(3)=3.2694515539E-7*T+4.59988799E4
ELSE
B(3)=7.90864008E-5*T-4.14400420E-2
ENDIF
B(4)=B(3)
TERM1=0.
DO I=1 NC
IF(PP().GT.0)THEN
TERM1=B(M)*PP(1)**POIH+TERMI1
END IF

SUM=0.
DO I=1NC

IF(PP(1).LE.0.) THEN
Q1@)=0.

ELSE
Q1(M=V{)*B()*PP{)**POM)/(1+TERMI)
SUM=SUM+Q1{)

END IF

END DO
IF(METHOD.EQ.1)THEN
RETURN

ENDIF
DO1=1.NC
XIM=Q1MD/SUM
IF(X1(1).GT.0) THEN
PI(=PPIYXI()
ELSE
PI(Dy=0.
ENDIF
END DO
DOI=1NC
IF(PP().LE.0.) THEN
a0
ELSE
X1{D=VAVPOMD*LOG(+BM*PID)**POM)
ENDIF
END DO
X=X1(1)
DO I=2NC
IFX1(D).LTX)THEN
X=X1(D
ENDIF
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80

END DO

IFCX LE. 1.0E-17) GO TO 80

CALL NEWTN(FCN.FDER X, XTOL.FTOLNLIM.I)
DO I=1.NC

IF(PP(I).LE.0) THEN
XI(D=0.

ELSE
PART1=PO1)*X/V(l)
IF(PART1.GT.73)PART1=73
PIM=(EXP(PART1)-1)/B()
XIM=PPAVPID)

ENDF

END DO
TOT_Qud
DO I=1.NC

TF(PP(1).LE.0) THEN
Q1(Ty=0.

ELSE
Q1(@M=VAy*BA)*PITN**POM/1+BA)*PIT)**POM)
TOT_Q=TOT_Q+XIMQI(D

END IF

END DO
DO I=1.NC
Q1(M)=1/TOT_Q*XI(N
END DO
RETURN
END

REAL FUNCTION FCN(X)

IMPLICIT REAL*8(A-H.0-Z)

COMMON/EQLIB/PP(4).B(4),V(4),PO(4)

COMMON/NCY/NC1

NC=NC1

SUM=D.

DO I=1,NC

IF(PP(1).GT.0) THEN

PART1=POIy*X/V(I)
IF(PART1.GT.73)PART1=73
SUM=SUM+PP)/((EXP(PART!)-1)/BD)y**(1/POD)

REAL FUNCTION FDER(X)
IMPLICIT REAL*8(A-H.0-Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO I=1.NC
IF(PP().GT.0) THEN

PART3=PO()*X/V()

IF(PART3 LT 32)THEN
PART1=-PPQY/B(IVV(1)*EXP(PART3)
PART2=((EXP(PART3)-1)/B()y**((1+POMYPO())
SUM=SUM+PART1/PART2

ENDIF

ENDIF
END DO
FDER=SUM
RETURN
END
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SUBROUTINE NEWTN(FCN,FDER X XTOL ,FTOL NLIM,])
IMPLICIT REAL*8(A-H,0-Z)
INTEGER NLIM,LJ
FX=FCNX)
DO J=1.NLIM
DELX=FX/FDER(X)
=X-DELX
FX=FCN(X)
IF (ABS(DELX).LEXTOL)THEN
RETURN
ENDIF
IF(ABS(FX).LE.FTOL) THEN
RETURN
ENDIF
END DO
I=-1
PRINT 200, NLIM.X,FX
200 FORMAT(/TOLERANCE NOT MET 'I4,' TTERATIONS X=",
2E12.5, FX)="E125)
RETURN
END

FUNCTION CPGAS(TEM,Y)
C THIS FUNCTION CALCULATES THE HEAT CAPACITIES OF CMRIER GAS IN BTU#MOLE/R
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 A(4),B(4).C(4).D(4).Y4)
COMMON/GAS/INERT NCOMP
COMMON/NCY/NC1
CcCcO2
DATA A/36.11.33.46,29..29.1/
CH20
DATA B/4233E-2,.6880E-2,.2199E-2,1.158E-2/
CN2
DATA C/-2.887E-5,.7604E-5,.5T23E-5,-.6076E-5/
co?
DATA D/7.464E-9,-3.593E-9,-2.871E-9,1 311E-9/
NC=NC1
T=TEM/1.8-273.15
IF INERT.EQ.1) THEN

CPGAS=0.

DO I=1.NC
CP=AQBI)*T+CA)*T*T+DJ)*T*T*T
CPGAS=CP*Y(1)/4.18669+CPGAS

END DO

ELSE

CPGAS=497

ENDIF
RETURN
END

FUNCTION CPS(TEMP)

IMPLICTT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES TNE HEAT CAPACITY
CBTU/LBR.

CPS=02

RETURN

END

REAL FUNCTION KGAS (TEMP)
C THIS FUNCTION CALCULATES THE THERMAL CONDUCTIVITY OF CARRIER GAS ASSUMING

C A LINEAR FUNCTION OF TEMPERATURE AND BASED ON VALUES AT 492 AND 672 R.

C BTU/MIN/FTRR
IMPLICIT REAL*8(A-E.” 2)
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COMMON/GAS/INERT,NCOMP

IF (INERT.EQ.1) THEN
KGAS=3.88E-7*TEMP+0.4052E4

ELSE
KGAS=1.667E-6*TEMP+6.1E-4

ENDIF

RETURN

END

FUNCTION VIS(TEMP)
IMPLICIT REAL*8(A-H,0-Z)
C THIS FUNCTION CALCULATES THE VISCOSITY OF CARRIER GAS AS A LINEAR FUNCTION
C OF TEMPERATURE (LB/MIN/FT).
COMMON/GAS/INERT.NCOMP
IF INERT.EQ.1) THEN
C  VIS=1.0E-6*TEMP+1.65E-4
V1S=-.0102007812+5.384663937E-5*TEMP-8.7973727E-8*TEMP*TEMP+
2 4.811387495E-11*TEMP*TEMP*TEMP
ELSE
VIS=0.9444E-6*TEMP+2.863E-4
ENDIF
RETURN
END

FUNCTION RHOG(TR.P)

IMPLICIT REAL*8(A-H,0-Z)

REAL*8 LEN
C THIS FUNCTION CALCULATES THE MOLAR DENSITY OF AN IDEAL GAS IN
C LBMOLES/CYV FS.

COMMON/PRIME/GN2.RA.RAV EPSEX.EPSIN, ALF RHOS, ALPHA1

DATA R/555./

RHOG=P/R/TR

RETURN

END

FUNCTION EFFD(ICOMP.G.TEMP,RHO.PT,YO)
C THIS FUNCTION CALCVLATES TNE EFFECTIVE AXIAL DIFFUSIVITIES IN A PACXED BED
C USING THE EDWARDS AND RICHARDSON CORROLATION. (FT*FT/MIN)
IMPLICIT REAL*8(A-H,0-2)
REAL*8 LAMBDA1,LAMBDA2LEN,YO(4)
COMMON/PRIME/GN2,RA.RAV EPSEX,EPSIN,ALF,RHOS , ALPHAL1
DATA IFLAG/U/.LAMBDA1/0.73/
IFAFLAG.EQ.0)THEN
CONST=2.*RA/EPSEX
IFLAG=1
ENDIF
DIF=DIFF(ICOMP,TEMP.PT,YO)
EFFD=LAMBDA 1*DIF+CONST*ABS(G)*LAMBDA(G,DIF.RHO)/RHO
RETURN
END

FUNCTION EFFK(G,T,CP,RHO,P,YO)
IMPLICIT REAL*8(A-H.0-Z)
C THIS FUNCTION CALCULATES THE EFFECTIVE AXIAL THERMAL CONDUCTIVITY OF A
C PACKED BED IN BTU/FT/MIN/F.
COMMON/NCY/NC1
REAL*8 YO(4)
NC=NC1
EFFK=0.
KK=0
DO 11=1NC
SUM=CP*RHO*EFFD(11,G.T.RHO.P,YO)
IF(SUM.GT.0)KK=KK+1
EFFK=SUM+EFFK
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END DO
EFFK=EFFK/KK

RETURN

END

REAL FUNCTION LAMBDA2(G,DIF,RHO)
C THIS FUNCTION CALCULATES THE DIMENSTONLESS PARAMETER OF THE EDWARDS AND
C RICHARDS CORROLATION MODIFIED FOR SMALL DIAMETER PARTICLES.
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN
DATA IFLAG/Y/
COMMON/PRIME/GN2.RA,RAV EPSEX, EPSIN,ALF,RHOS, ALPHAL
IF(IFLAG.EQ.0)THEN
IF(RA.GT.0.00492)THEN
PE=2.
ELSE
PE=406.4*RA
ENDIF
CONST=2.*RA/EPSEX
IFLAG=1
ENDIF

LAMBDA2=1./PE/(1.49 5*DIF/CONST/ABS(G)*RHO)
RETURN
END

FUNCTION DIFFICOMP,TEM,P1,YO)
C THIS FUNCTION CALCULATES THE MOLECULAR DIFFUSION COEFFICIENTS BY CORRECTING
C FOR PRESSURE AND TEMPERATURE (FT*FT/MIN).
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN,YO(4),V(4),MW(4),DIF(4)
COMMON/GAS/INERT.NCOMP
COMMON/NCY/NC1
COMMON/PRIME/GN2.RA RAV EPSEX,EPSIN,ALF,RHOS ., ALPHA1
DATA ¥/26.9,12.7,17.9,16.6/
DATA MW/44.01,18.016,28.013,31.999/
NC=NC1
K=ICOMP
P=P1/760.
T=TEM/1.8
DO I=1.NC
PART1=(MW(K+MWD)YMWEK)MW[))**.5
PART2=(V(K)y**(1 B3 V(I)**(1.3)y**2
DIF(I=PART1/PART2*T**1.75/P*1.0E-3
END DO
SUM=0.
DO I=1,NC
IF(I.NE.K)THEN
SUM=SUM+YOQVDIF()
ENDIF
END DO
DIFF=(1-YO(K)/SUM*Z 8745/60.
RETURN
END

FUNCTION HFILM(MW TEMP.REY,CP)
C THIS FUNCTION CALCULATES THE FLUID FILM HEAT TRANSFER COEFFICIENT
C IN BTU/SQ FT/MIN/R USING THE CORRELATION OF PETROY AND THODOS.
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 ID,KGAS KG,LENMW
COMMON/PRIME/GN2.RA .RAV EPSEX,EPSIN.ALF,RHOS, ALPHAI
COMMON/GAS/INERT.NCOMP
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KG=KGAS(TEMP)

PR=CPMW*VIS(TEMPYKG
HFILM=0357/EPSEX*REY**0.64*PR**0.33*KG*0.5/RA
RETURN '

END

C FUNCTION DHCAR(TEMP,P)

C THIS SUBROUTINE CALCULATES HEAT OF ADSORPTION OF CARRIER GAS ONTO THE
C ACTIVATED CARBON TIMES THE TEMPERATURE DERIVATIVE OF THE SOLID PHASE
C CARRIER GAS CONCENTRATION AT THE BED PRESSURE (BTU/# SOLID/R).

IMPLICIT REAL*8(A-H,0-Z)

REAL*8 LEN

COMMON/GAS/INERTNCOMP

COMMON/PRIME/GN2,RA.RAV EPSEX_ALF,RHOS . ALPHAI

DATA R/1.9872/,A/1.28E-9/B/3151/

IF(INERT.EQ.1) THEN
DH=R*B
DHN2=-DH* A*B*EXP(B/TEMP)*P/TEMP/TEMP
ELSE
DHN2=0.
ENDIF
RETURN
END

NNNONOANNOONONONNN0O

FUNCTION DHADS(ICOMP,T)
C THIS FUNCTION CALCULATES THE ISOTERIC HEAT OF ADSORPTION. (BTU#MOLE)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN
COMMON/PRIME/GN2,RA.RAV EPSEX,EPSIN,ALF,RHOS ALPHA1
IFICOMP EQ.2) THEN
DHADS=20400.0
ELSE
DHADS=20000.0
END IF
RETURN
END



APPENDIX G
FLOW3MOL FORTRAN CODE

c .
¢ A BED WITH THREE DIFFERENT MATERIALS. IN THIS CASE, 13X,SILICA GEL, AND 13X
¢
C this is the main routin. the initial values of matix C and parameters are
C called by "INTTIAL_Z" subroutine. the main routine then calls the "FUNCT2_Z"
C subroutine to solve the discretized partial diffential equations (pde's).
C after convergance, the routine calls the "DIFFEQ1" subroutine, which is
C the maine routine for solving the momentumn and the pressure equations,
C if it is desire o solve these two equations as the time progresses.C
IMPLICIT REAL*8(A-H,0-Z)
REAL*4 PL(11,201).QP(14,201).PL_TIME.T_TIME
COMMON/BND_Z/P(14,201),C(14,201),U_F1.Z
COMMON/PROP_D_Z/DELZ1 DELT1.DELT,DELZNCNNIILLL
COMMON/INDIC/L1,L2,1.3,14,L5.L6
COMMON/INDI/IND{4)
OPEN (50,FILE='ASCILDAT .STATUS=NEW',RECL=32766)
OPEN (66, FILE='CON_CO2.DAT ,STATUS=NEW")
OPEN (88,FILE='CON_H20.DAT STATUS=NEW')
OPEN (99,FILE=TEM.DAT ,STATUS=NEW")
C WRITE HEADER DATA TO ACSII FILE
WRITE(50.42)

C
C INITIALIZE THE C ARRAY WITH THE INITIAL GUESSES OF THE SOLUTION
o

CALLINITIAL_Z

ICOT=1

T_TIME=0

¢ start marching through time
DO 301 LL=1,9000
¢ call funct2_z subroutine to solve the PDE's by numerial method
CALL FUNCT2_Z
¢ accumulate the time steps
T_TIME=T_TIME+DELT*Z/U_F1*60.

DO 74 M2=1N]
QP(1,.M2)=C(1,M2)*10.73D0*C(L1,M2)*760/14.696
QP(2M2)=C(2,M2)*10.73D0*C(L1.M2)*760/14.696
QP(3.M2)=C(L1,.M2)460.

QP(4.M2)=C(L2.M2)-460.
QP(5.M2)=C(L3.M2)-460.
74 CONTINUE
WRITE(*,*)WO,LLILT_TIME
WRITE(*,*)YQP(1.6),QP(1.25),QP(1,50),QP(1,75),QP(1,101)
WRITE(*,*)QP(2.10),QP(2.25).QP(2.50).QP(2,75)QP(2,101)
WRITE(*,*)QP(3,10),QP(3,25).QP(3.50).QP(3,75),.QP(3,101)
WRITE(*,*)QP(4.10).QP(4.25),QP(4.50).QP(4,75).QP(4,101)
WRITE(*,*)WO,LLILT_TIME
WRITE(*,*)II.T_TIME
WRITE(*,*)QP(1.3).QP(1,37),QP(1,75),QP(1,112),QP(1,150)
WRITE(*,*)QP(2.3).QP(2,37),QP(2,75),QP(2.112),QP(2.150)
WRITE(*,*)QPG.3).QP(3.37).QP(3,75).QP(3,112),QP(3,150)
DO 520 J=1,151
PL(1.7)=QP(1.D)
PL(2D=QP(2.3)
PL(31=QP(3.J)
PL(4.7)=QP(4,])
520 PL(SI=QP(5.J)
PL_TIME=T_TIME
ISAMP=25
IF((LL/ISAMP)*ISAMP.EQ.LL) THEN

nano
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WRITE(50.43)PL_TIME.PL(1,6),PL(1,25),PL(1,50).PL(1.75),PL(1,101)

& PL(2.6).PL(2,25).PL(2.50),PL(2,75),PL(2.101)

& ,PL(3.6).PL(3,25).PL(3,50),PL(3,75).PL(3,101)

& ,PL{(4,6).PL(4.25).PL(4,50),PL(4,75),PL(4,101)

& .PL(5,6).PL(5.25).PL(5,50),PL{(5,75),PL(5.101)

ENDIF

DO 78 11=1.N
DO 78 R=1.NJ
PI112)=C{11.12)

78 CONTINUE
200 CONTINUE
301 CONTINUE
42 FORMAT(1X, TIME,ppCO2@1.ppCO2@2.ppC02@3,ppC02@4,ppCO2@5',

& " ppH20@1,ppH20@2,ppH20@3,ppH20@4,ppH20@5',
& T g0s@1.T gas@2.T gas@3.T gas@4,T gas@5,

& Tbed@lTbed@Z.Tbed@3Tbed@4Tbed@5‘

& ' Twall@1, Twall@2.Twall@3,Twall@4, Twalk@5")

43 FORMAT(1X.26(E155,))
44 FORMAT(/SX.5(E155.3X))
45 FORMAT(/SX.5(E15.5.3X))
46 FORMAT(/SX.5(E153.3X))
STOP
END
C
Cthissubrouﬁneisbeingcalledbymninemuﬁneomexogetdrimiﬂ
c values and the neccessary parameters
C
SUBROUTINE INITIAL_Z
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4).M_AVEM_W(4),C_FO(4),YO(4)
COMMON/BND_Z/P(14,201),C(14,201),U_F1.Z
COMMON/PROP_B_Z/D_LD_E.S_B.CON_WA.CON_WI_Q,CON_WI K,
. CP_WA,CP_WI_Q,CP_WI_K.RO_WA,RO_WI_QRO_WI_KX_WAX_WI_Q,
. X_WI_K.D_LMLD_LMA
COMMON/PROP_S_Z_1/CP_S1,RO_S1,AINT1.R_P1.D_P1,CON_S1,
. G_FLHEAT14)M_W
COMMON/PROP_S_Z_2/CP_S2.RO_S2AINT2.R_P2.D_P2,CON_S2,
. G_FLHEAT2(4)
COMMON/PROP_D_Z/DELZ1,DELT1 DELT.DELZNC NNJILLL

COMMON/BOUN_CON/BC_L1,BC_L2.BC_L3,BC_L4.BC_L5.BC_L6,BC_C(4),TO

COMMON/INDIC/L1,L.2,L3.14.L5,L6
COMMON/NCY/NC1
COMMON/GAS/INERT.NCOMP
COMMON/IND1/INIX4)

COMMON/PRIME_1/GN1,RA1.RAV1,EPSEX1,EPSIN1,ALF1,RHOS1.ALPHA1l
COMMON/PRIME _ ZJGNZRAZ.RAVZEPSECZ.EPSINZ.ALFZ.RHOSZ.ALPHAIZ

DATA INERT,NCOMP/1.3/
C
C INITIALIZATION

C
DATA Z.D_LD_E.S_B,CON_WA.CON_WI_Q,CON_WIL_K.CP_WA,
.CPWI_QCPWIK.ROWA.ROWIQROMKXWA.XW’IQ,XMK
. 11.666666667,.155833D0,.1666667D0,1.90690D-2,32.875D0,
. 29D0,.19D0,.109848D0,21D0,.21D0,489.0D0,3.5D0,16.0D0,
. 5.41666667D-3,4.1666667D-2,2.083333D-2/
DATA PT,RA1,RAV ] .EPSEX1,EPSIN1,RHOS1,ALPHA11
. /8002,4.72441E-3,4.72441E-3,373,317,43.,635./
DATA RA2RAV2,EPSEX2 EPSIN2 RHOS2,ALPHA12
. /5.2174E-3.5.2174E-3,373,317,43.575./
DATA AINT1,CP_S1,RO_S1.R_P1,.D_P1,CON_S1,HEAT1
. /635.D0,0.22D0,65.0,4.72441D-03,9.44882D-3,.1,-20340.D0,
. -32000.D0,-8988.0D0,-8988/
DATA AINT2,CP_S2.RO_S2.R_P2.D_P2,CON_S2,HEAT2
. /575.D0,0.22D0,75.0,5.2174D-03,1.02548D-2..1,-17500.D0,
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. -30000.D0,-8988.0D0,-8988./
DATA G_F.P_TOT,TO
. /63.53,15.47,538.0D0/
DATA BC_C/.13187,.13187,2.01,13.3281/
DATA BC_L1.BC_L2,BC_L3,BC_LS5.BC_L6
. /538.538.538.,15.47,15.47/
DATA M_W/44,,18.28.32/
DATA NC\NJ,DELZ1.DELT1/4,101,.008333,.002/
DATA R,PI/10.73D0.3.141593D0/
DATA IND/1,1,L,1/
¢ number of component
NC1=NC
¢ number of equations
N=NC*2+5
ALF1=(1.0D0-EPSEX1VEPSEX1
ALF2=(1.0DO-EPSEX2)VEPSEX2
PT=P_TOT*760./14.696
SUM_Y=0
G_Fi=G_F
G_F2=G_F
¢ calculate the mole fraction
DO 10I=1.NC
Y_F=BC_C(Q)/P_TOT
SUM_Y=SUM_Y+Y_F
BC_CQ)=P_TOT*Y_F/R/BC_LI
10 CONTINUE
¢ calculate fluid density
RO_FO=P_TOT/(BC_L1*R)
¢ calc molar superficial velocity
GN=G_F*RO_FO/S_B/60.
U_F1=G_F/(S_B*EPSEX1)
BC_l4=U_F1 ’
¢ grid size in dimensionless
DELZ=DELZ1/Z
¢ time step in dimensionless
DELT=U_F1*DELT1/Z
¢ L1 is the gas temp, L2 is the solid temp, L3 is the wall temp, L4 is the
¢ velocity, LS is the total pressure, and L6 is the total pressure witout
¢ thermal effect
c
L1=2*NC+1
L2=L1+1
L3=12+1
LA=L3+1
LS=14+1
L6=L5+1
c set the initial guess and the old value of C array; P
DO 2011=1N
DO 20 I2=1,NJ
P(11.12)=0.0D0
C(11.12)=0.0D0
20 CONTINUE
¢ set the the first grid to the boundry
DO 2211=1NC
C{1,1=BC_C(11)
22 CONTINUE
DO 2411=1.2
DO 24 12=2.NJ
CU1.12)=0.
C1+2.2)=BC_C(1+2)
24 CONTINUE
¢ set the initial temperature and pressure
DO 301=1NJ
PL1.=BC_L!



P(L21=BC_L2
P(L3.J)=BC_L3
P(L4J)=U_F1

P(LS.J)=BC_LS
P(L6.])=BC_L6
C(L1I=BC_LI
C(L2I=BC_L2
C(L3J)»=BC_L3
CQAD=U_F1

C(LS.1)=BC_LS
C(L6I=BC_L6

30 CONTINUE

c

RETURN
END

¢ this subroutine is being called by maine routine to compute the variable in
¢ C matrix. in this routine first velocity profile is being determined. the

¢ conductivity, diffusivity,pososity....... are being calculated in this

¢ routine by calling the approperiate subroutine. the routine obtained the

¢ C matix in axial and radial directions. it izrates till it conveges to the

c allowable error

c

SUBROUTINE FUNCT2_Z
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 K_F(4),M_AVEM_W(5)KGAS K_FP(4,201).C1(14,201),

. P1(14,201).REY_P(201) KEFF_SIL.KEFF(4),D_L(4),A(4),YO(4),.S5(4)

DIMENSION Q2(4),C2(14,201).PE_N_M(4),DWDX(4),.DWDT(4)
COMMON/PRIME_1/GN1,RA1,RAV 1, EPSEX1.EPSIN1,ALF],RHOS1.ALPHA11
COMMON/PRIME_2/GN2,.RA2 RAV2,EPSEX2 EPSIN2 ALF2,RHOS2,ALPHA12
COMMON/PROP_S_Z_1/CP_S1,RO_S1,AINT1,R_P1.D_P1,CON_S1,

. G_F1LHEAT1(4)M_W

COMMON/PROP_S_Z_2/CP_S2,RO_S2,AINT2.R_P2.D_P2.CON_S2,

. G_FZHEAT2(4)

COMMON/PR_OLD_Z/ RO_P(201),CP_P(201),CON_FPP(201),

. CON_LPP(201),D_LPP(4,201).H_FP(201)H_TTP(201),B_IIP(201),
. H_OWPP(201),H_FWPP(201),Q(4,201), VISC_P(201).RATE_C1(201),
. WM_AVE1(201)

COMMON/BND_Z/P(14.201),C(14,201),U_F1.Z
COMMON/PROP_B_Z/D_LD_E.S_B.CON_WA,CON_WI_Q,CON_WI_K.CP_WA,

. CP_WI_Q.CP_WI_K.RO_WA,RO_WI_QRO_WI_KX_WAX WI_Q.X_WI_K,
. D_LMLD_LMA

COMMON/PROP_S_Z/CP_S.RO_S,AINT,R_P.D_P,CON_S,G_F.HEAT(4)
COMMON/PROP_D_Z/DELZ1.DELT1.DELT.DELZNCNNIILLL
COMMON/INDIC/L1.L2.1.3,14,L5,L6
COMMON/BOUN_CON/BC_L1,BC_1L2,BC_L3.BC_14,BC_LS5.BC_L6,BC_Ci4).TO
COMMON/DELZ_DIFF/D01.D11,D21,D02,D12.D22,FR
COMMON/LAYERS/LAYER1L.LAYER2
COMMON/GAS/INERT,NCOMP

COMMON/NCY/NC1

COMMON/IND1/IND(4)
COMMON/PRIME/GN,RA RAV EPSEX,EPSIN.ALF,RHOS ALPHAI
DATA R,PI/10.73D0.3.141593D0/

0=100

¢ set the number of grids for different material in the bed

IF(LL.EQ.1)THEN
IPORE=(
LAYER1=6
LAYER2=50
EPSP=.52
DELZ_OLD=DELZ

¢ set the under-relaxation coeff

W0=.2
Wi=.2
W2=.2
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W3=.2
ENDIF
IF(W0.LE.05)W0=W0+.002
IF(W1.LE.0S5)W1=W1+.002
IF(W2.LE.0.5)W2=W2+.002
IF(W3.LE.0.5)W3=W3+.002
ITEST=0
ICOUNT=1
ICONV=0
¢ calculate the surface area for the heat transfer
ERROR=1.0E-3
D_T=D_E+D_I
X_W=D_E-D_I
A_C=2*D_I{(D_I+D_E)*X_W)
A_INS=2*D_E/(D_I+D_E)*X_W)
RO_F=C(L5,)AC(L1.1)*R)
G_F=G_F1
GN=G_F*RO_F/S_B/60
¢ compute parameters for all the grids
DO 199 J=1,NJ
¢ set parameters for middie material, silica gel
IF(J.GE.LLAYERI! .AND. J.LE.LAYER2)THEN
RA=RA2
EPSEX=EPSEX2
EPSIN=EPSIN2
R_P=R_P2
D_P=D_P2
DO 211 11=1,NC
HEAT(11)=HEAT2(11)
211  CONTINUE
¢ set parameters for ends material, in this case 13X on bouth ends
ELSE
RA=RAl
EPSEX=EPSEX1
EPSIN=EPSIN1
=AINT1
R_P=R_P1
D_P=D_P1
DO 21311=1NC
HEAT(11)=HEAT1(11)
213 CONTINUE
END IF
c IF(LL.EQ.1) THEN
RO_F=C(LSJ¥(C(L1.D)*R)
YvTOT=C.
c calculate the mole fraction
DO 11=1.NC-1
YO(I1)=C1JYRO_F
YTOT=YO(1 +YTOT
END DO
YO(NC)=1-YTOT
¢ ccaiculate the average molecular weight
M_AVE=(.
DOI1=1NC
M_AVE=M_AVE+M_W(11)*YO(1)
END DO
WM_AVEI(J)=M_AVE
TEMP=C(L1.D)
GN=G_F*RO_F/S_B/6Q.
¢ calculate viscocity
VISC_P(J)=VIS(TEMP)*60
c calculate reynolds number
REY=RE(GN,TEMP)
REY_P(J=REY
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¢ calculate heat capacity
CP_P(I)»=CPGAS(TEMP,YO)
¢ calculate heat ransfer coefficient between the pellet and fluid
H_FP(N=HFILM(M_AVE.TEMP,REY,CP_P(J))*60.
¢ conver pressure
PP=C(LS,J)*760./14.696
¢ calculate the thermal dispersion
CON_LPP(N=EFFK(GN,TEMP,CP_P(J).RO_F.PP,YO)*60.
¢ calculate mass diffusivity
DO 11=1,NC
D_LPP(11.N=EFFD(11,GN,TEMP,RO_F,PP,YO)*60.
IF(D_LPP(1J).LT.0) THEN
D_LPP(A1.J»=D_LPPQ11,]-1)
ENDIF
END DO
C ENDF
199 CONTINUE
¢ heat ransfer coefficient between the fluid and the wall
H_FW=4.0
¢ heat transfer coeff between the waal and outside
H_OW=0.05
C start itration
IFALL.EQ.)I_OLD=3000
DO 220 0=11I_OLD
¢ set the most recent computed C array to C2 array for check of conversion
20 DO30I11=LN
DO 30 2=1,NJ
C211.12mC(11.12)
30 CONTINUE
34 DO 190 J=1,NJ
¢ since there are differnt sizes of grids at the boundries of two adjsent
¢ materials, the equations must revised.
IF(J.EQLAYER1)THEN
ITESTI=1
c fraction of actual grid size
FR=3.750015
FR=1.0
¢ PDE's coefficints
DO1=FR/(1+FR)
D11=(1-FR)/FR
D21=1./FR/(1+FR)
D02=1./(1+FR)
D12=1./FR
D22=1./FR/(1+FR)
ELSE IF(J.EQLAYER2)THEN
ITEST}=1
FR=.2666666
FR=1.0
DO1=FR/(1+FR)
D11=(1-FR)/FR
D21=1./FR(1+FR)
D02=1./(14+FR)
D12=1/FR
D22=1./FR/(14FR)
ELSE
ITESTI=0
ENDIF
¢ fix the grid size
IF(J.LELAYER1)THEN
DELZ=.2666666*DELZ_OLD
DELZ=DELZ_OLD
ELSE IF(J.GT.LAYER2)THEN
DELZ=2666666*DELZ_OLD
DELZ=DELZ_OLD
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ELSE
DELZ=DELZ_OLD
ENDIF
¢ set bed and pellet parameter for each material
IF(J.GE.LAYER] .AND. J.LT.LAYER2)THEN
RA=RA2
RAV=RAV2
EPSEX=EPSEX2
EPSIN=EPSIN2
ALF=ALF2
RHOS=RHOS2
ALPHA1=ALPHA12
CP_S=CP_S2
RO_S=R0O_S2
AINT=AINT2
R_P=R_P2
D_P=D_P2
CON_S=CON_S2
DO 111 11=1NC
HEAT(1)=HEAT2(11)
111 CONTINUE
ELSE
RA=RA1
RAV=RAV1
EPSEX=EPSEX1
EPSIN=EPSIN1
ALF=ALF1
RHOS=RHOS1
ALPHA1=ALPHA1l
CP_S=CP_S1
RG_S=RO_S1
AINT=AINT1
R_P=R_P1
D_P=D_Pi
CON_S=CON_S1
DO 113 1=1.NC
HEAT(1)=HEAT1(11)
113 CONTINUE
ENDIF
c set fluid parameters
RO_F=C(LS JY/(C(L1J)*R)
CP_F=CP_PK(])
H_FS=H_FP(J)
CON_L=CON_LPP(])
DO I1=1.NC
D_L{1)=D_LPPI1.D)
END DO
¢ peclet number for solid
PE_N_S=U_F1*RO_S*CP_S*Z/CON_S
¢ peclet number for haet in gas
PE_N_H=U_F1*RO_P*CP_F*Z/CON_L
c coefficinet in PDE's after making them dimensionless
F3=ALF*H_FS*Z*AINT/(RO_F*CP_F*U_F1)
F4=H_FW*Z*4/(U_F1*D_I*EPSEX*RO_F*CP_F)
F5=H_FS*AINT*Z/(U_F1*RO_S*CP_S)
F6=Z/(RO_S*CP_S*U_F1)
F7=Z*H_FW*A_C/U_F1/RO_WA/CP_WA
=Z*H_OW*A_INS/U_F1/RO_WA/CP_WA
¢ co2 partial pressure
PCO2=C(5J)*R*C(L2.])
¢ h2o partial pressure
PH20=C(6,J)*R*C(L2.])
¢ set dynamic parameters for each section
IF(.GELAYER. .AND. LLT.LAYER2)THEN



CALL DWDXDT_SIL(PCO2.PH20,C(L1.1),C(L2.3),.C(L5.J),

REY_P(J),DWDX(2).DWDT(2))

DWDX(1)=0.

DWDT(1)=0.

K_F(1)=0.

K_F(2)=3

K_F(3)=0.

K_F(4)=0.

ELSE
IF@PORE.EQ.1)THEN
¢ call to compute the solid amount in equilibruim with gas phase for silica

CALL DWDXDT_13X(PCO2,PH20,C(L11)C(L2J).C(L5.D).
REY_P(J),DWDX.DWDT)
K_F(1)=3
K_F(2)=3

ELSE

DO11=1,NC
SS(I1)=C(11.J)

END DO

¢ call to compute the solid amount in equilibruim with gas phase for 13X
CALL IST_Z(1,C(L2.J).55,Q2)
DO31=1NC
QALN=Q2(1*RO_S
3 CONTINUE
ENDIF
K_F(1»=.017
K_F(2)=.0035
K_F(3)=.05
K_F(4)=.05
ENDIF
¢ compute the C array for the first grid
IF(J.EQ.1) THEN
FLUX1=0.
FLUX2=0.
DO 70 M1=1 NC
IF(M1.EQ.1) THEN
IF(J.GELLAYER1 .AND. JLE.LAYER2)THEN
W00=0
ELSE
W00=W0
ENDIF
ELSE
W00=W1
ENDIF
c compute the amount adsarbed in pore of pellet for silica gel
IF(J.GE.LAYER! .AND. I.LELAYER2)THEN
Fi=15.*K_FM1)/R_P/R_P*Z/U_F1
Al=1 (EPSP/DELT+F1+RO_S*DWDX(M1)/DELT)
C(NC+M1,D)=C(NC+M1,J)+WO00*(-C(NC+M1,J)}+A1*(F1*C(M1.J)}+
(DWDX(M1)y*RO_S+EPSP)*P(NC+M1JVDELT-DWDT(M1)y*(C(L1.J)-
. PLLDYDELD) .
¢ compute total heat of adsorption
FLUX1=FLUX1+HEAT(M1)*F1*U_F1/Z*(C(M1,J)-C(NC+ML1.J))
¢ compute total amount adsorbed
FLUX2=FLUX2+F1*U_F1/Z*(CM1,J)-C(NC+M1.,1))
ELSE
¢ compute the amount adsorbed in solid phase for 13X
F1=K_F(M1)*AINT*Z/U_F1
A2=1/DELT+F1
C(NC+M1J)-C(NC+M1,I)+W00‘(-C(NC+M1J)+1/A2‘(FI *QM1.J+
PNC+M1.J)/DELT))
¢ compute tota] heat of adsorption
FLUX1=FLUX1+HEAT(M1)*3.0/R_P*K_F(M1)*(QM1J)}C(NC+ML.]))
¢ compute the amount adsorbed in solid phase for 13X
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FLUX2=FLUX2+3.0/R_P*K_FM1)*(Q(M1.))-CINC+M1.1))
ENDIF
70 CONTINUE
RATE_Ci(J=FLUX2
DO 85 M1=1.NC
PE_N_MM1)=U_F1*Z/D_L(M1)
A(MD=1.0DO/DELT+2/PE_N_M(M1)/DELZ**2+1/U_F1/DELZ*C(14.))
85 CONTINUE
¢ compute molar concentration in the gas phase
DO 90 M1=1,NC
IF(M1.EQ.1)THEN
W11=W0

IF(J.GELLAYER1 .AND. J.LELAYER2)THEN
F2=15.*ALF*K_FM1)/R_P/R_P*Z/U_F1
PART1=F2*(C(M1 J)-C(M1+NC.]))
ELSE
F2=ALF*K_FM1)*3./R_P*Z/U_F1
PART1=F2*(QM1J)-C(NC+M1.J))
ENDIF
CM1.N=CM1.J)+W11*(-C(M1,J+1.DO/AM1)*(1.0DO/PE_N_MM1)/
DELZ**2*(BC_C(M1»C(M1J+1))-1.0D0/U_F1/DELZ*(-BC_C(M1)*
. BC_LA)PART1+P(M1,J)y/DELT))
90 CONTINUE
© compute gas temperamre
AL1=1/DELT+2/PE_N_H/DELZ**2+C(L4J)DELZ/U_F1+F3+F4
C(L1.)=C(L1,1)+W2*(-C(L1.J)+1./AL1*(1.0DO/PE_N_H/DELZ**2*
. (BC_L1+C(L1J+1))1.0D0/(DELZ*U_F1y*(-BC_L1*BC_LA4)-F3*
. (-C(L2.J))-F4*(-C(L3.)+P(L1J)/DELT))
¢ compute solid temperanre
C(L2N=C(L2,1+W3*(-C(L2J+DELT*(1.0DO/PE_N_S/DELZ**2
. *(BC_L2-2*C(L2IH+C(L2J+1)+F5*(C(L1I)»-C(L2,))-F6*FLUX1)
. +P(L2])
c compute wall temperature
c C(L3.=DELT*(F7*(C(L1.J))-C(L3.7))-F8*(C(L3J)-TO)+P(L3.J)
c
C THE LAST ROW
C computaion of C array for the last grid
[+

ELSE IF(J .EQ. NJ) THEN
FLUX1=0
FLUX2=0
DO 87 Mi=1,NC
IF(M1.EQ.1) THEN
IF(J.GELAYERI1 .AND. J.LE.LAYER2)THEN
W00=0
ELSE
W00=W0
ENDIF
LIE
WwW00=W1
ENDIF
¢ compute amount adsorbed in the pore of pellet, silical gel
IF(J.GELAYER! .AND. J.LELAYER2)THEN
Fi=15.*K_F(M1)/R_P/R_P*Z/U_F1
A =1 (EPSP/DELT+F1+RO_S*DWDX(M1)/DELT)
C(NC+M1.J=C(NC+M1 J}+WO00*(-C(NC+M1,)+A1*(F1*C(M1 I+
(DWDXM1)*RO_S+EPSP)*P(NC+M1JYDELT-DWDT(M1)*(C(L1.J)-
P(L1.J))/DELT))
¢ compute total heat of adsorption, silical gel
FLUX1=FLUX1+HEAT(M1)*F1*U_F1,Z*(CM1,J}-C(INC+M1.]))
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¢ compute total amount adsorbed, silica gel
FLUX2=FLUX2+F1*U_F1/Z*(CM1,J)-C(NC+M1.J))
ELSE
¢ compute amount adsorbed in the solid of pellet, 13X
Fi=aK_F(M1)y*AINT*Z/U_F1
A2=1/DELT+F!
C(NC+M1,J)=C(NC+M1J)+W00*(-C(NC+M1.I)+1/A2*(F1*Q(M1.J)+
P(NC+M1,J)/DELT))
¢ compute total heat of adsorption, 13X
FLUX1=FLUX1+HEAT(M1)*3.0/R_P*K_F(M1)*(QM1.J)-C(NC+M1.]))
¢ compute total amount adsorbed, 13X
FLUX2=FLUX2+3.0/R_P*K_FM1)*(Q(M1.J)-C(NC+M1.]))
ENDIF
87 CONTINUE
RATE_C1(N=FLUX2
¢ compute molar concentration of each component
DO 125 Mi=1.NC
PE_N_MM1)=U_F1*Z/D_L(M1)
A(Ml)=l.DOIDELT+2.D0/PE__N_M(M1)/DELZ“2+1/U_F1IDEI.Z‘C(UJ)
125 CONTINUE
DO 130 Mi1=1NC
IF(M1.EQ.1)THEN
W11=W0
ELSE
W11=W1
ENDIF
IF(J.GE.LAYER1 .AND. J.LELAYER2)THEN
F2=15.*ALF*K_FM1)/R_P/R_P*Z/U_F1
PART1=F2*(C(M1,J)-C(M1+NC.,)))
ELSE
F2=ALF*K_F(M1)*3./R_P*Z/U_F1
PART1=F2*(QM1))-C(NC+M1.)))
END IF
C(M1.))=C(M1.J)+W11*(-C(M1.J)+1.DO/AM1)*(1.0DO/PE_N_MM1)/
DELZ**2*(C(M1J-1)+C(M1,J-1))-1.0D0/U_F1/DELZ*(-C(M1,J-1)*
. C@AJ-1))-PARTI1+P(M1.J)/DELT))
130 CONTINUE
¢ gas temperature
ALl1=1/DELT+2/PE_N_H/DELZ**2+C(LAJYDELZ/U_F1+F3+F4
C(L1.J)y=C(L1,7)+W2*(-C(L1J)+1./AL1*(1.0DO/PE_N_H/DELZ**2*
. (CL1J-1+C(L1J-1))-1.0DOADELZ*U_F1)*(-C(L1J-1)*C(14.J-1))-
. F3%(-C(L2.J))-F4*(-C(L3.1))+P(L1J¥DELT))
¢ solid temperature
C(L2D)=C(L2.J)+W3*(-C(L2.J)+DELT*(1.0DO/PE_N_S/DELZ**2
. %(C(L2J-1)-2*C(L2IHC(L2J-1)+F5*(CL1I)-C(L2.T)
. -F6*FLUX1)+P(L2.J))

¢ wall temperatur
C(L3J)=DELT*(F7*(C(L1.))-C(L3.)))-F8*(C(L3.))-TO)+P(L3.J)

C
C
C computation of C array for interior grids
C INTERIOR ROWS

C

ELSE
FLUX1=0
FLUX2=0
DO 198 Mi=1,NC
IF(M1.EQ.1) THEN
IF(J.GELAYER! .AND. JLE.LAYER2)THEN
W00=0
ELSE
W00=Ww0
ENDIF
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ELSE
W00=W1
ENDIF
¢ compute amount adsorbed in pore of pellet, silica gel
IF(J.GE.LAYER] .AND. J.LE.LAYER2)THEN
Fl=15.*K_FM1)/R_PR_P*Z/U_F1
Al=1 (EPSP/DELT+F1+RO_S*DWDX(M1)/DELT)
CINC+M1 J)=C(NC+M1.J)+W00* (-C(NC+M1.D+A1*(F1*C(M1 )+
(DWDX(M1y*RO_S+EPSP)*P(NC+M1JYDELT-DWDTM1)*(C(L1.J)-
P(L1))/DELT))
¢ campte toal heat of adsorption
FLUX1=FLUX1+HEAT(M1)*F1*U_F1/Z*(CM1.J)-C(NC+M1.]))
¢ compute toal amount adsorbed
FLUX2=FLUX2+F1*U_F1/Z%(C(M1,J)-C(NC+M1,]))
¢ campute amount adscrbed in pore of peliet, 13X
ELSE
Fi=K_F(M1»AINT*Z/U_Fl
A2=1/DELT+F1
CNC+M1 D=C(NC+M1,J)}+W00*(-CINC+M1,D+1/A2*(F1* QM. D+
P(NC+M1J)/DELT))
¢ comple toal heat of adsorption
FLUX1=FLUX1+HEAT(M1)*3.0/R_P*K_F(M1)*(QM1.J)-C(NC+M1.D))
¢ compute toal amount adsorbed
FLUX2=FLUX2+3.0/R_P*K_FM1)*(Q(M1.1)-CINC+M1.1))
ENDIF
198 CONTINUE
RATE_C1()=FLUX2
¢ if the computaion is where two different sizes of grids are adjsent then
IF(ITESTI.EQ.1) THEN
DELZ=DELZ_OLD
DO 165 M1=1NC
PE_N_MM1D=U_F1*Z/D_L(M1) .
A(M1)=1.DO/DELT+2.DO/PE_N_M(M1)/DELZ**2*D12+1.D0/U_F1/DELZ*
. CLAD*DI11*0
165 CONTINUE
DO 170 M1=1NC
IF(M1.EQ.1)THEN
W11=W0
ELSE
W1l=W1
ENDIF
IF(J.GELAYER! .AND. I.LELAYER2)THEN
F2=15.*ALF*K_FM1)/R_P/R_P*Z/U_Fl
PART1=F2*(C(M1,J>-C(M1+NC.]))
ELSE
F2=ALF*K_F(M1)*3./R_P*Z/U_F1
PART1=F2*(QM1.J)-C(INC+M1.I))
¢ compute molar concentration of gas
ENDIF
C(M1.D)=C(M1,J)}+W11*(-C(M1J)+1.DO/A(M1)*(2.0DO/PE_N_M(M1)/
DELZ**2*(C(M1,J-1)*D02+C(M1,J+1)*D22)-1.0D0/U_F1/DELZ*
(-C(M1J-1y*D014+C(M1,J+1)*D21-CM1.1)*D1 1)*C(1LA4,J-1)>-PART1+
. POM1J)/DELT))
170 CONTNUE
AL1=1/DELT+2/PE_N_H/DELZ**2*D12+C(L4J¥DELZ/U_F1*D11*0+
. F3+F4
¢ gas temperature
C(LIJ)=C(L1J)+W2‘(-C(L1J)+1JAL1‘(ZODO/PE_N,H/DELZ“P
. (C(LIJ-I)‘D02-+C(L1.J+1)'DZ‘Z)-1.0DOI(DEIZ‘U_FI)‘(-C(LIJ-I)'
. D01+C(L1.J+1y*D21-D11*CL1.1)*C(LAJ-1}F3*(-C(L2D)y
. F4*(-CL3J)+P(L1JYDELT))
¢ solid temperature
C(L2.D)=C(L2.D+W3*(-C(L2 J}+DELT*(2.0DO/PE_N_S/DELZ**2
. *(C(L2J-1)"D02-C(L2.J)*Di2+C(L2.J+1)*D22)+F5*(C(L1.J)-
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. C(L2N)-F6*FLUX1 +P(L2.]))
¢ if the adjsent grids are the same sizes
ELSE
DO 161 Mi=1NC
PE_N_MM1)=U_F1*Z/D_L(M1)
A(M1)=1.DO/DELT+2.DO/PE_N_M(M1)/DELZ**2+1.D0/U_F1/DELZ*
. CA4D
161 CONTINUE
DO 171 Mi=1NC
IF(M1EQ.1)THEN
W11=W0
ELSE
W1i=W1
ENDIF
IF(J.GELAYERI] .AND. J.LELAYER2)THEN
F2=15.*ALF*K_FMI1YR_PR_P*Z/U_F1
PART1=F2*(C(M1,J)-C(M1+NC.]))
ELSE
F2=ALF*K_FM1)*3/R_P*Z/U_F1
PART1=F2*(QM1.J)-C(NC+M1.)))
ENDIF
¢ molar concentration in the gas phase
C(M1.=C(M1.)+W11*(-C(M1J)»+1.DO/AM1)*(1.0DO/PE_N_MM1)/
DELZ**2%(C(M1,J-1}+C(M1,J+1))-1.0D0/U_F1/DELZ*(-C(M1,J-1)*
C(LA,J-1)»PART1+P(M1,J)/DELT))
171 CONTINUE
c gas temperanme
AL1x=1/DELT+2/PE_N_H/DELZ**2+C(L4,J)/DELZ/U_F1+F3+F4
CL1D=C(L1,I)+W2*(-C(L1.J)>+1/AL1*(1.0DO/PE_N_H/DELZ**2*
. (CL1J-1+C(L1J+1))-1.0DOADELZ*U_F1)y*(-C(L1,J-1)*C(L4J-1))
. F3%(-CL20))-F4*(-CA3N+PL1JVDELT))
c solid temperature
CL2y=C(L2, 1)+ W3*(-C(L2J+DELT*(1.0DO/PE_N_S/DELZ**2
. *(CL2J-1)-2*C(L2TH+C(L2.J+1)+F5*(C(L1,D-C(L2.T))
. -F6*FLUX1)+P(L2.)))
ENDIF
c wall

temperanmre
C(L3J)=DELT*(F7*(C(L1,]))-C(L3.)))-F8*(C(L3 J)>-TO)+P(L3.J)

ENDIF

190 CONTINUE
IF (ILLTIO) THEN

GO TO 220

ENDIF

¢ check for convergance
DO 200 11=1,NC

DO 200 I2=1,N]
IF(C(1.12).NE.0) THEN
IF(ABS(C(11.12)-C2(11,12))/C(11 12).GT.ERROR) GO TO 220
ENDIF

200 CONTINUE
IF ALLT.100)GO TO 220

¢ call diffeq and compute the total pressure and velosity

DO 300 I2=1,NJ

C1(1,12)=C(LA412)
P1(1.12)=P(L4.12)
C1(212)=C(L5.12)*760./14.696
P1(2.12)=P(L5.12)*760./14.696
C1(3.12)=C(L6.12)*760./14.696
P1(3.12)=P(L6]2)*760./14.696
C1(4.12)=C(L1,12)
P1(4,J2)=P(L1,12)

300 CONTINUE

CALL DIFFEQ(C1,P1,N13)

C
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DO 400 I2=1.NJ
C(LAL2=C1(1,12)
C(LS.12)=C1(2.12)*14.696/760.
C(L6.12)=C1(3,12)*14.696/760.

400 CONTINUE
GO TO210
220 CONTINUE
210 RETURN
END
c
c
¢ this subroutine compute the equilibruim amount adsorbed in the solid phase
c of pelle, for silica gel
SUBROUTINE DWDXDT_SIL(PCO2,PH20,TG,TS,P,REY,DWDX2,.DWDT3)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 KF.LENMW
COMMON/PRIME/GN2,RA,RAV EPSEX, EPSIN,ALF,RHOS,ALPHA1
COMMON/GAS/INERT.NCOMP
COMMON/PO/PH201 XP
COMMON/IND1/IND(4)
DATA MW/18/
DWDX1=DWDX_SIL(PH20.P.TS.TG)
DWDX2=DWDX1*1545.12*TS/MW
DWDT3=DWDX1*PH201/TS*XP/TS
RETURN
END

c
c
¢ this subroutine calculate the derivitive of pre concentration with respect,
¢ 10 temperature and other componet.silica gel

c

FUNCTION DWDX_SIL(PH202,P,TS.TG)

DMPLICIT REAL*8(A-H,0-Z)

COMMON/IND1/IND(4)

COMMON/PO/PH20: XP

DATA R/1545.0/

DATA C1.C2.C3,C4.C5.C6,C7.C8,09.C10,C11,C12,C13/-5674 5359,
. 6.3925247,-9.677843E-3,6.2215701E-7,2.0747825E-9,9. 484024E-13,
. 4.1635019.-5800.2206,1.3914993,4.860239E-2,4.1764768E-5,

. -1.4452093E-8,6.5459673/

DATA R/1545.0/

ITEST=1

T1=TS/1.8

IF(T1.LE273.15)THEN

PO=EXP(C1/T14C2+C3*T1+C4*T1**2+C5*T1**3+C6*T1**4+C7*LOG(T1))

ELSE

PO=EXP(C8/T1+C9+C10*T1+C11*T1**2+C12*T1**3+C13*LOG(T1))

ENDIF

PO=P(0/47.880

PH20=PH202*144.0

IFITEST.EQ.1)THEN

PH201=PH20
IF(PH20.GE.1.0D-10)THEN
XP=TS*(LOGP0/PH20))
ELSE
PH201=1.0D-10
XP=TS*(LOG(P0/PH201))
ENDIF
PART1=1.+(XP/1200.)*(XP/1200.)
PART2=-.177*ATAN(XP/1200.)
PART3=-8.7025E-7*XP*PART1**(-2.77*EXP(PART2)
PART4=-5.08875E-5*1 /PART1*EXP(PART2)*PART1**(-1.77)
E&“g/'DX_SIL:-(PARWPARTM‘TS/PHZOI
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PH2Q1=PH20
IF(PH201.LE.1.0E-10) PH201=1.0E-10
XP=TS*(LOG(PO/PH201))
W=354%(1.0+XP/1200)**2)**(-1.77)*
. EXP(-.177*ATAN(XP/1200))
XP1=XP+10.0
Wi1=354(1.0XP1/1200)**2)**(-1.77)*
. EXP(-.17T7*ATAN(XP1/1200))
DWDX_SIL=-TS*(W1-W)XXP1-XP)PH201
ENDIF
RETURN
END
c
=
¢ this subroutine compute the equilibruim amount adsorbed in the solid phase
c of pellet, for 13x if it being treated as monodisperse pore
SUBROUTINE DWDXDT._ 13X(PCO2,PH20,TG,TS,P.REY,.DWDX,DWDT)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 KF LEN.MW(4),DWDX(4).DWDT(4)
COMMON/PRIME/GN2,RA.RAV EPSEX,EPSIN.ALF.RHOS, ALPHA1
COMMON/GAS/INERT .NCOMP
COMMON/IND1/IND(4)
DATA NCMW/2,44,,18.0..0/
CALL DWDX_13X(PCO2,PH20.P.TS.TG.DWDX,DWDT)
DO 1011=1.NC
DWDX(11 =DWDX(11)*555.0*TS
10 CONTINUE
RETURN
END

c
¢
¢ this subroutine calculate the derivitive of pre concentration with respect
¢ to temperature and other componet,13x
SUBROUTINE DWDX_13X(PCO2,PH20,P,TSO,TG,DWDX.DWDT)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/IND1/IND(4)
REAL*8 Q0(4),B(4),N(4),P1(4),W(4).DWDX(4),TERM(4) DWDT(4),
- Q2(4).Q14)
DATA RNC/555.2/
ITEST=0
10 QO(1)=(-.0541863937*TSO+56.6418249)/100
B(1)=28.19709466*(1-+TS0O/9588.8566167)**1.4188024497)**
. -331.23533278
N(1)=-4.24259381+.02210824511*TS0-3.5706432963D-5*TSO*TSO+
. 2.0564581055D-8*TSO*TSO*TSO
QO(2)=.015
B(2)=1.879094E-4*EXP(5467.4817024/TSO)
N(2)=5
P1(1)=PCO2/14.696*760.0
P1(2)=PH20/14.696*760.0
IF(P1(1).LT.1.0E-10) P1(1)=1.0E-10
IF(P1(2).LT.1.0E-10) P1(2)=1.0E-10
TERMI1=0.
DO 20 1=1 NC
TERMD=BI)*P1(Iy**NT)
TERMI=TERMI+TERM(I)
20 CONTINUE
IFATEST.EQ.0) THEN
DWDX(1)=Q0(1)*B(1*N(1)*P1(1)**(N(1)-1.)*
(1+TERM(2))/(1+TERM1)**2
DWDX(2)=Q0(2)*B(2)*N(2)*P1(2)**(N(2)-1.)*
. (+TERM(1))/(1+TERM1)**2
DO 3011=1NC
Q1{11)=Q0(1)*B(1)*P1(11)**N(11 ¥TERM1
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30 CONTINUE
TSO1=TSO
TSO=TSO+1.0
ITEST=1
GOTO 10
ELSE
DO 4011=1.NC
Q2(11)=Q0(11)*B(11)*P1(11)**N(1YTERMI
40 CONTINUE
ENDIF
DO 5011=1,NC
DWDT(11)=(Q2(11)-Q1(11))/(TSO-TSO1)
50 CONTINUE
RETURN
END

C
C
C
¢ this subroutine compute the amount of adsorbed gas in equilibrium with gas

¢ molar density. for single componet uses Langmuir-fredrich isotherm. the

¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (IST). since the equations are none linear and implicit,a numeriscl method

¢ was used to compuie the adsorbed equlibruim amount. the method is by Forythe,
¢ Computer Methods for Mathematical Computation. it is an bisect method with

¢ quadratic convergence.

c
¢ B,V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z1(METHOD,T,SS.Q1)
IMPLICIT REAL*8 (A-H,0-Z)
COMMON/EQLIB/PP(4),B(4),V(4),PO(4).P1(4).X1(4).X1(4).Y1(4)
COMMON/NCY/NC1
COMMON/IND1/IND(4)
REAL*8 Q1(4).S5(4)
INTEGER LNLIM
EXTERNAL FCN1
DATA XTOL.FTOL.LNLIM/1.0E-5,1.0E-5,0,50/
DATA R/S55/
T_G=T
NC=NC1
c the partial pressure
DO I1=1.NC
Y1(d1)=85011)
END DO
DO I=1.NC
PP=Y1(1)*T_G*R
END DO
¢ no mole fration rearrn
Z=1.0E-32
IF(PP(1).LE.Z.AND.PP(2).LE Z AND.PP(3).LE. Z AND.PP(4) LEZ)THEN
DO I=1.NC
Q1(M=0.
END DO
RETURN
ENDIF
Ni=1
¢ set the constant as a function of temperature
IF(IND(1).EQ.1)THEN
Cc V(N1)=(81.2983138-.21118560043*T+1.587732293D-4*T*T)/44/100
V(N1)=17.0/44/100
C B(N1)=6864.9000131*EXP(-.019625791466*T)
B(N1)=5323235056e-6%T**(-.5)*EXP(13948.544244/1 987/T)
PO(N1)=.8
Nil=Ni+!
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ENDIF
IFAND(2).EQ.1)THEN
V(N1)=1./659.035
B(N1)=1.879094E-4*EXP(5467.4817024/T)
IF(T.LT.610.) THEN
B(N1)=4.5597278759E-7*EXP(9628.9655743/T)
ELSE
B(N1)=5.8089066684E-7*EXP(9115.734593/T)
ENDIF
Nil=Ni+l
PO(N1)=1.0
ENDIF
IF(IND(3).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(TLE.S32)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)=1.0
N1=Ni+1
ENDIF
IFAND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T.LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2

IF(NC.EQ.1)THEN
Q1(1)=V(1)*B(1y*PP(1)**PO(1)/(1+B(1)*PP(1y**PO(1))
RETURN

ELSE IF(NC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2)*B(2y*PP(2)**PO(2)/(1+B(2)*PP(2)**PO(2))
Q1(1)=0
RETURN

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
QI(1)=V(1)*B(1y*PP(1)**PO(1)/(1+B(1y*PP(1)**P(X1))
Q1(2)=0
RETURN

ENDIF
TERM1=0.

c calculate the equilibruim isthotherm by Langmuir method
DO I=1,NC

IF(PP().GT.0)THEN
TERM1=B@*PPQ)**PO(I)+TERM1

ENDIF

END DO
SUM=0.
DO I=1.NC

IF(PP().LE.0.) THEN
Q1(I)=0.

ELSE
QIM=V{A)*BI)*PP1)**POIY(1+TERM1)
SUM=SUM+QI1()

ENDIF

END DO
¢ if the Langmuir method is asked for then returned
IFMETHOD.EQ.1)THEN
RETURN

ENDIF
c if not, take the result as the first guess for IST theory
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DO I=1.NC
X1T=Q1dySUM
IF(X1().GT.0) THEN
PIN=PPIYX1(D)
ELSE
PI(T)=0.
ENDIF
END DO
¢ calculate the spread pressure
DO I=1.NC
IF(PP(I).LE.0.) THEN
X1(I=0
ELSE
X1D=VIYPOM* LOG(1+B@*PIT)**POT))
IF=]
ENDIF
END DO
X=X14dF)
DOI=1NC
IF(X1(D).LTX .AND. X1(1).GT.0)THEN
X=X1(T)
END IF
END DO
AX=X
DELX=AX
BX=AX
¢ call Zeroin subroutine to find the rout to the IST equation
DO J=1,100
BX=BX+DELX
FUN=FCN1(BX)
IF(FUN.LT.0)GO TO 113
END DO
113 X=ZEROIN(FCN1.,AX.BX.,TOL)
¢ rout was found
DO I=1.NC
IF(PP(1).LE.0) THEN
PP(1»=1.0E-32
ENDIF
¢ calculate the fraction in the solid phase
PART1=PO(D)*X/V(I)
IF(PART1.GT.73)PART1=73
PI()=(EXP(PART1)-1)/B(I)
X1(=PPA)/PIT)
END DO
TOT_Q=0
¢ calculate the total amount adsorbed
DO 1=1NC
Q1(M=V»*BO*PI1y**POD/(1+BI)*PIN**POM)
TOT_Q=TOT_G+X1(1)Q1)
END DO
¢ calculate the amount adsorbed for each component
DO I=1,NC
QI(M=1/TOT_Q*X1(D)
END DO
80 RETURN
END
¢ IST function
REAL FUNCTION FCN1(X)
IMPLICIT REAL*8(A-H.0-Z)
COMMON/EQLIB/PP(4).B(4).V(4),PO(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO 1=1.NC
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IF(PP(1).GT.0) THEN
PART1=POIy*X/V(T)
IF(PART1.GT.73)PART1=73
SUM=SUM-+PP(1)/((EXP(PART1)-1)/B(D))**(1 /PO(T))
ENDIF

C IF(PP().LE.OYPP(I)=1.0E-32
C PART1=PO(N*X/V{I)
C IF(PART1.GT.73)PART1=73
C SUM=SUM+PPIQV/((EXP(PART1)-1)/B(D)**(1/PO())
END DO
FCN1=SUM-1
RETURN
END

¢
c
¢ subroutine to find the root of equation by bisect method

REAL FUNCTION ZEROIN(FCN1,AX.BX,TOL)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/IND1/IND{4)
REAL*8 AX.BX,FCN1,TOL
REAL*8 A B,C.D.E.EPS,FA FB,FC,TOL1,XM,P,Q.R,S
EPS=1.0
10 EPS=EPSf2.
TOL1=1.0+EPS
IF(TOL1.GT.1.0) GO TO 10
c initialization
A=AX
B=BX
FA=FCN1(A)
FB=FCN1(B)
¢ begin step
20 C=A
FC=FA
D=B-A
E=D
30 IF(ABS(FC).GE. ABS(FB)) GO TO 40
A=B
B=C
C=A
FA=FB
FB=FC
FC=FA
¢ convergence test
40 TOL1=2.*EPS*ABS(B)+.5*TOL
XM=5*(C-B)
IF(ABS(XM).LE.TOL1)GO TO %0
IF(FB.EQ.0.0) GO TO 90
¢ is bisection necessary
IF(ABS(E)LE.TOL1)GO TO 70
IF(ABS(FA).LE.ABS(FB)) GO TO 70
¢ is quaratic interpolatation possible
IF(ANE.C)GO TO 50
¢ linear interpolation
S=FB/FA
P=2.0*XM*S
Q=1.0-5
GO TO 60
¢ inverse quadratic interpoltation
50 Q=FAFC
R=FB/FC
S=FBfFA
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P=S*(2.*XM*Q*(Q-R)-(B-A)*(R-1.0))
Q=(Q-1.0)*(R-1.0)*(5-1.0)

c adjust signs

60 IF(P.GT.0.00Q=Q
P=ABS(P)

¢ is interpolation acceptable
IF((2.0*P).GE.(3.*XM*Q-ABS(TOL1*Q))) GO TO 70
IF(P.GE.ABS(S5*E*Q)) GO TO 70
E=D
D=PQ
GO TO 80

¢ bisection

70 D=XM
E=D

¢ complete step

80 A=B
FA=FB
IF(ABS(D).GT.TOL1)B=B+D
IF(ABS(D).LE.TOL1)B=B+SIGN(TOL1.XM)
FB=FCN(B)
IF((FB*(FC/ABS(FC))).GT.0)GO TO 20
GO TO 30

¢ done

90 ZEROIN=B
RETURN
END

nnonon

¢ the second method. this method is faster but the initial guess must be near
c the root of the equation.
¢
¢ this subroutine compute the amount of adsorbed gas in equilibrium with gas
¢ molar density. for single componet uses Langmuir-fredrich isotherm. the
¢ computaion of equlibruim for multi component uses the Ideal Solution Theory
¢ (ST). since the equations are none linear and implicit,a numeriacl method
¢ was used 1o compute the adsorbed equlibruim amount. the method is Newton,
c
¢ B.V,PO arrays are sinle equlibrum constant
SUBROUTINE IST_Z(METHOD,T.SS,Q1)
IMPLICIT REAL*8 (A-H.O-Z)
COMMON/EQLIB/PP(4),B(4),Y(4),PO(4),P1(4),X1(4).X1(4).Y1(4)
COMMON/NCY/NC1
COMMON/IND1/IND(4)
REAL*8 Q1(4).55(4)
INTEGER LNLIM
EXTERNAL FCN,FDER
DATA XTOL.FTOL.LNLIM/1.0E-5,1.0E-5,0,50/
DATA R/S55.0/
T_G=T
NC=NC1
DO 1i=1.NC
Y1(11)=S8{1)
END DO
DO I=1,NC
PPD=Y1(1*T_G*R
END DO
¢ no mole fration retum
Z=1.0E-32 )
IF(PP(I).LE.Z.AND.PP(Z).LE.Z.AND.PP(B).LE.Z.AND.PP(4).LE.Z)THEN
DO I=1.NC
Q1(I)=0.
END DO
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RETURN

ENDIF

Ni=l
¢ set the constant as a function of temperanre

IFAND(1).EQ.1)THEN
¢ 13x by 1, grace
¢ point=-1567.1205874+9.00256903°1-.0172347*t*1+1.100806e-5*t*t*t
c if(pp{nl).gL.point .or. t.gt.627)then
c V(NI1)=(81.2983138-.21118560043*T+1.587732293D4*T*T)/44/100
c B(N1)=6864.9000131*EXP(-.019625791466*T)
c po(nl)=1.0
c eise
c13x by |_f.grace
v(nl)=2332228/44/100
b(n1)=d.9639763e-4*T**(-5)*exp(9233.33778/1.987/T)
po(n])=-2.9138991288+.017181761178*T-2.8549083257¢-5*T*T+

1.622511757e-8*T*T*T
IS end if
¢ from Finn data 5A

c if(pp(n1).1.1.0) then
C B(N1)=2.37022397¢-6*t**(- 5y*exp(14907.6535/1.9871t)
C v(N1)=16.6/44/100
C po(N1)=.80
¢ Fnn by langmuir
else
v(n1)=(25.97135008-6.084518¢-3*T-2.1799516646¢-5*T*T)44/100
b(nl)=1.88863393¢-5*T**(-.5)*exp(12170.875335/1.987/T)
po(nl)=1.
end if
S5ABY GRACE,BYL_F
V(N1)=17.0/100/44
B(N1)=23414T77E-4*T**(- 5)*EXP(10257.166145/1.987/T)
PO(N1)=3.830450111E-4*T**1.188379596
SABYGRACE,BYL '
V(N1)=(-4.27886889+.087218022*T-9.1010715804E-5*T*T)/44/1 00
B(N1)=9.2533309123E-5*T**(-.5)*EXP(10719.0/1.987/T)
PO(N1)=1.
SABY GRACE; BY L_FBETWEEN 0-75C
V(N1)=(399.3942-1.938428896*T+3.2540515E-3*T*T-
. 1.8226211899E-6*T*T*T)/44/100
B(N1)=35358072159-.17016733*T+2.7458762E-4*T*T-
. 1.484116035E-7*T**3
PO(N1)=-29.3861075+.1538898497*T-2.612258 T7TE-4*T*T+
. 1.4781B4694E-7*T*>*3
linde 5a
v(nl )=.005
b(nl)=1.129015193¢-5*exp(5055.0150894)
po(nl)=.6
Ni=Ni+l
ENDIF
¢ h20 on 5a by grace L1
IF(IND(2).EQ.1)THEN
if(pp(nl).lt. .46)then
if(t.1e.564.)then
v(n1)=(39.914452-8.87103¢-2*1+6.839502987¢-5*t*t)/100/18
else
v(n])=(873.44464-3.867834937*1+5.80375049¢-3*t*t-
2.9346685e-6*t*1*1)/100/18
end if
B(n1)=29690.66923-137.837129*T+.214456126%t*1
po(nl)=1
else
b(n1)=48.566639771-2.2620239975¢-1*1+3.9101703168e-4*t*1-
2379098497e-7*t*t*t

0000 AN NNNONNN 00 N6 0000
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v(n1)=(95.093824733-21725775358"t+1.4628603¢-4*1*1)/100/18
po(nl)=l

end if

IF(T.LT.610.) THEN
B(2)=4.5597278759E-7*EXP(9628.9655743/T)

ELSE
B(2)=5.8089066684E-T*EXP(9115.734593/T)

ENDIF

V(2)=.015

¢ h2o on 5a grace by L.F

NN nn

B(n1)=24.573259-5.8385278e-2%1+3.473682438¢-5*t*t
v(n1)=(66.62520167-.12299345*1+7.1897316221 e-5*1*1)/100/18
if(Lle.600)then
po(nl)=.8219916486-3.351 9986e-3*1+4.679276479¢-6*1*t
else
po(nl #—6.09267076344»2.043004':-2‘t-2.924858439e—5't‘t+
1.1746734108e-8*1*t%t
end if
Ni=N1l+1
ENDIF
IF(IND(3).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T.LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2
ENDIF
PO(N1)=1.0
Ni=Ni+!
ENDIF
IF(IND(4).EQ.1)THEN
V(N1)=-1.637879912E-5*T+.00961297026
IF(T LE.532)THEN
B(N1)=3.2694515539E-7*T+4.59988799E4
ELSE
B(N1)=7.90864008E-5*T-4.14400420E-2

IF(INC.EQ.1)THEN
Q1(1)=V(1)*B(1)*PP(1)**PO(1)/(1+B(1)*PP(1)**PX(1))
RETURN

ELSE IF(NC.EQ.2 .AND. PP(1).EQ.0)THEN
Q1(2)=V(2)*B(2)*PP(2)**PO(2)/(1+B(2)°>PP(2)**PO(2))
QL(1)=0
RETURN.

ELSE IF(NC.EQ.2 .AND. PP(2).EQ.0)THEN
QI(1)=V(1)*B(1)*PP(1y**PO(1)/(1+B(1)*PP(1)**PO(1))
Q1(2)=0

RETURN
ELSE IF(NC.EQ3)THEN
if(pp(1).Je.0 .and. pp(2).le.0)then
Q1(3)=V(3)*B(3)*PP(3)**POB)(1+B(3)*PP(3y**PO(3))
Q1(1)=0
Q1(2=0

retumn

else if(pp(1).le.0 .and. pp(3).]e.0)then
Q1(2)=V(2)*B(2)*PP(2)**PO(2)/(1+B(2)*PP(2)**PO(2))
Q1(1)=0
Q1(3)=0
return

else if(pp(2).Je.0 .and. pp(3).le.0)then
Ql(1)=V(1)'B(l)'PP(l)"PO(I)/(1+B(1)‘PP(1)"PO(1))
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Q1(2)=0

Q1G)=0

return

end if
ENDIF
TERM1=0.
¢ calculate the equilibruim by Langmuir isotherm

DO I=1NC

IF(PP().GT.0)THEN
TERM1=B(M)*PP(I)y**PO(I+TERMI

ENDIF :

END DO
SUM=0.
DOl=1NC

IF(PP(I).LE.O.) THEN
Q1(I=0.

ELSE
Q1(=VIy*B@)*PPJ)**POI)V(1+TERM1)
SUM=SUM+Q1()

ENDIF

END DO
¢ if the Langmuir method is asked foR, then return. If not use it as first guess
c for IST theory
IFOMETHOD.EQ.1)THEN
RETURN

ENDIF
DOI=1NC
X1(M=Q1(I¥SUM
IFX1(I).GT.0) THEN
PIM=PPAVX1()
ELSE

PI(T=0.
END IF
END DO .
c set the initial guess for the spreading pressure
DO I=1.NC
IF(PP(I).LE.0.) THEN
X1(I=0
ELSE
X1M=VA¥POM*LOG(1+B{D)*PII)**POD))
IF=1
END IF
END DO
X=X1(IF)
DO1=2NC
TFX1(D.LTX .AND. X1(1).GT.0)THEN
X=X1(D)
ENDIF
END DO
¢ call newton method to the rout to IST equation
IF(X .LE. 1.0E-17) GO TO 80
CALL NEWTN(FCN,FDERX XTOL FTOL.NLIM.I)
¢ rout was found, calculate the fraction in the solid phase
DO I=1NC
IF(PP().LE.0O) THEN
X1(I)y=0.
ELSE
PART1=PO(IP*X/V({)
IF(PART1.GT.73)PART1=73
PI(D=(EXP(PART1)-1)/B(T)
X1{)=PP(D/PIT)
ENDIF
END DO
¢ calculate the total amound in the solid phase
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TOT_Q=0
DOI=1NC
— IF(PP().LE.0) THEN
Q1(I=0.

ELSE
Q1M=V1)*BM)*PID)**POD)/(1+B@1)*PIT)**POD)
TOT_Q=TOT_Q+X1I)Q1({)

ENDIF

END DO
¢ calculate the amount in equilibruim with the gas phase for each component
DOI=1,NC
Q1(M=1/TOT_Q*X1(D)
END DO
80 RETURN
END
c
¢ IST final equation
¢
REAL FUNCTION FCN(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4).B(4),V(4),PO(4)
COMMON/NCY/NC1
COMMON/IND1/IND(4)
NC=NC1
SUM=0.
DO I=1.NC

IF(PP(1).GT.0) THEN
PART1=POI*X/V{)

IF(PART1.GT.73)PART1=73
SUM=SUM+PPIV((EXP(PART1)-1)/BTD))**(1 /PO(I))

c

¢ IST final derivitive

¢
REAL FUNCTION FDER(X)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/EQLIB/PP(4).B(4), V(4),PO4)
COMMON/IND1/IND(4)
COMMON/NCY/NC1
NC=NC1
SUM=0.
DO I=1,NC

IF(PPQ).GT.0) THEN

PART3=POI*X/V()

IF(PART3.LT35)THEN
PART1=-PPAYBAYVI*EXP(PART3)
PART2=((EXP(PART3)-1)/B(D))**((1+POMYPOD))
SUM=SUM+PART1/PART2

ELSE IF(PART3/PO(I).LT.73)THEN
SUM=SUM-B(M)**((1+POM)/POM)*PPMBM/ND*
EXP(-PART3/PO(1))

ELSE
PART3=T73
SUM=SUM-B@**((1+POM)/POM)*PPO)/BD)/V D*
EXP(-PART3)

ENDIF

ENDIF
END DO
FDER=SUM
RZTURN
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[
c
¢ this subroutine finds the rout 1 & nonlinesr equation using the Newton
¢ method
SUBROUTINE NEWTN(FCN,FDER X XTOL.FTOL.NLIM,I)
IMPLICIT REAL*8(A-H,0-Z)
COMMON/IND1/INIX4)
INTEGER NLIM,LJ
FX=FCNX)
X1=X
DO J=1 NLIM
DELX=FX/FDER(X)
X=X-DELX
FX=FCN(X)
IF (ABS(X-X1YX.LEXTOL)THEN
RETURN
ENDIF
IF(FX NE.O)THEN
IF(ABS(FX-FX1)/FX.LEFTOL) THEN
RETURN
ENDIF
ENDIF
X1=X
FX1=FX
END DO
I=-1
PRINT 200, NLIM X FX
200 FORMAT(/TOLERANCE NOT MET 'I4,' ITERATIONS X=",
2E12.5, FX)='E12.5)
RETURN

END
C
C
C
FUNCTION CPGAS(TEM,Y)
C THIS FUNCTION CALCULATES THE HEAT CAPACITIES OF CMRIER GAS IN BTU#MOLER
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 A(4).B(4),C(4).D(4).Y4)
COMMON/GAS/INERT,NCOMP
COMMON/NCY/NC1
COMMON/IND1/IND(4)
cCo2
DATA A/36.11,33.46,29.,29.1/
CH20 .
DATA B/A4.233E-2,.6880E-2,.2199E-2,1.158E-/
CN2
DATA C/-2.887E-5,.7604E-5,.5723E-5,-.6076E-5/
co2
DATA Df1.464E-9,-3.593E-9,-2.871E-9,1 311E-9/
NC=NC1
T=TEM/1.8-273.15
IF (INERT EQ.1) THEN
CPGAS=(0

DO I=1NC
CP=A(RBO*T+CAPT*T+DAY*T*T*T
CPGAS=CP*Y(I)/4.18669+CPGAS

END DO

ELSE

CPGAS=4.97

ENDIF
RETURN
END
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c
c
C

FUNCTION CPS(TEMP)

IMPLICIT REAL*8(A-H.0-Z)
C THIS FUNCTION CALCULATES TNE HEAT CAPACITY
C BTU/LBR.

CPS=0.2

RETURN

END
c
c
c

REAL FUNCTION KGAS (TEMP)
C THIS FUNCTION CALCULATES THE THERMAL CONDUCTIVITY OF CARRIER GAS ASSUMING
C A LINEAR FUNCTION OF TEMPERATURE AND BASED ON VALUES AT 492 AND 672 R.
C BTU/MIN/FTR
IMPLICIT REAL*8(A-H.0-2)
COMMON/GAS/INERT.NCOMP
IF (INERT.EQ.1) THEN
KGAS=3.88E-7*TEMP+0.4052E4
ELSE
KGAS=1.667E-6*TEMP+6.1E-4
ENDIF -
RETURN
END
[
c
c
FUNCTION RE (G.TEMP)
C TNIS FUNCTION CALCULATES THE PARICLE REYNOLDS NUMBER ASSUMINC THAT
C THE MOLECULAR WEIGHT OF TNE GAS IS EQUAL TO THAT OF CARRIER GAS.
IMPLICIT REAL*8(A-K.0-Z)
REAL*8 LENMW
COMMON/PRIME/GN2.RA.RAV EPSEX,EPSIN.ALF,RHOS ALPHAL
COMMON/GAS/INERT,NCOMP
DATA IFLAG/0/
IF (INERT.EQ.]) MW=28.0
IF (INERT.EQ.2) MW=4.
IF (IFLAG.EQ.0)THEN
CONST=2.*RA
IFLAG=1
ENDIF
RE=CONST*MW*ABS(G)/VIS(TEMP)
RETURN
END

(o]

FUNCTION VIS(TEMP)
IMPLICIT REAL*8(A-H,0-2)
C THIS FUNCTION CALCULATES THE VISCOSITY OF CARRIER GAS AS A LINEAR FUNCTION
C OF TEMPERATURE (LB/MIN/FT).
COMMON/GAS/INERT,NCOMP
IF INERT.EQ.1) THEN
C  VIS=1.0E-6*TEMP+1.65E4
VIS=-.0102007812+5.384663937E-S*TEMP-8.7973727E-8* TEMP*TEMP+ -
2 4.811387495E-11*TEMP*TEMP*TEMP
ELSE
V1S=0.9444E-6*TEMP+2.863E-4
ENDIF
RETURN
END
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c
c

FUNCTION RHOG(TR.P)

IMPLICIT REAL*8(A-H.C-Z)

REAL*8 LEN
C THIS FUNCTION CALCULATES THE MOLAR DENSITY OF AN IDEAL GAS IN
C LBMOLES/CV Fs.

COMMON/PRIME/GN2,RA .RAY EPSEX.EPSIN,ALF.RHOS.ALPHA1

DATA R/555./

RHOG=P/R/TR

RETURN

END
c
c
c

FUNCTION EFFIXICOMP.G, TEMP,RHO.PT,YO)
C THIS FUNCTION CALCVLATES TNE EFFECTIVE AXIAL DIFFUSIVITIES IN A PACXED BED
C USING THE EDWARDS AND RICHARDSON CORROLATION. (FT*FT/MIN)

IMPLICIT REAL*8(A-H.0-Z)

REAL*8 LAMBDA1,LAMBDAZ2.LEN,YO(4)

COMMON/PRIME/GN2,RA,RAV EPSEX.EPSIN.ALF,RHOS ALPHA1

COMMON/INDI/IND(4)

DATA IFLAG/0/,LAMBDA1/0.73/

IFAFLAG.EQ.0)THEN

- CONST=2.*RA/EPSEX
IFLAG=1

ENDIF

DIF=DIFFICOMP,TEMP,PT,YO)

EFFD=LAMBDA 1*DIF+CONST*ABS(G)y*LAMBDA2(G.DIF,RHO)/RHO

RETURN

END

O

FUNCTION EFFK(G,T,CP,RHO,P,YO)
IMPLICIT REAL*8(A-H.O-Z)
C THIS FUNCTION CALCULATES THE EFFECTIVE AXIAL THERMAL CONDUCTIVITY OF A
C PACKED BED IN BTU/FT/MIN/F.
COMMON/NCY/NC1
COMMON/INDV/IND(4)
REAL*8 YO(4)
NC=NC1
EFFK=0.
KK=0
DO 11=1 NC
SUM=CP*RHO*EFFD(11,G,T.RHO,P,YO)
IF(SUM.GT.0)KK=KK+1
EFFK=SUM+EFFK
END DO
EFFK=EFFK/KK
RETURN
END
[+
[+
[+
REAL FUNCTION LAMBDA2(G,DIF,RHO)
C THIS FUNCTION CALCULATES THE DIMENSTONLESS PARAMETER OF THE EDWARDS AND
C RICHARDS CORROLATION MODIFIED FOR SMALL DIAMETER PARTICLES. . ,
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 LEN
DATA IFLAG/Y/
COMMON/PRIME/GN2,RA.RAV EPSEX,EPSIN,ALF,RHOS,ALPHA1
IFAFLAG.EQ.0)THEN
IF(RA.GT.0.00492)THEN
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PE=2.
ELSE
PE=406.4*RA
ENDIF
CONST=2*RA/EPSEX
IFLAG=1
ENDIF
LAMBDA2=1./PE/(1.4+95*DIF/CONST/ABS(G)*RHO)
RETURN
END
c
[
C
FUNCTION DIFFICOMP,TEM,P1,YO)
C THIS FUNCTION CALCULATES THE MOLECULAR DIFFUSION COEFFICIENTS BY CORRECTING
C FOR PRESSURE AND TEMPERATURE (FT*FT/MIN).
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN,YO(4),V(4),MW(4).DIF(4)
COMMON/GAS/INERT.NCOMP
COMMON/NCY/NC1
COMMON/PRIME/GN2.RA . RAV EPSEX,EPSIN. ALF,RHOS, ALPHA
COMMON/IND1/IND(4)
DATA V/26.9,12.7,17.9,16.6/
DATA MW/44.01,18.016,28.013,31.999/
NC=NC1
K=ICOMP
P=P1/760.
T=TEM/1.8
DO I=1NC
PART1=((MW(EK+MWD)/MW K)MWT))**.5
PART2=(V(K)y**(1.3+V({)**(1/3))**2
DIF()<=PART1/PART2*T**1.75/P*1.0E-3
END DO
SUM=0.
DO I=1NC
SUM=SUM+YOIYDIF()
ENDIF
END DO
DIFF=(1-YO(K)/SUM®*3.8745/60.
RETURN
END
[+
[+
c
FUNCTION HFILM(MW.,TEMP,REY,CP)
C THIS FUNCTION CALCULATES THE FLUID FILM HEAT TRANSFER COEFFICIENT
C IN BTU/SQ FT/MIN/R USING THE CORRELATION OF PETROY AND THODOS.
IMPLICIT REAL*8(A-H.0-Z)
REAL*8 ID. KGAS KG,LENMW
COMMON/PRIME/GN2.RA.RAV EPSEX,EPSIN.ALF,RHOS ALPHA1
COMMON/GAS/INERT NCOMP
COMMON/INDI/IND(4)
KG=KGAS(TEMP)
PR=CP/MW*VIS(TEMPVKG
HFILM=0357/EPSEX*REY**0.64*PR**0.33*KG*0.5/RA
RETURN
END

c
c
c
C FUNCTION DHCAR(TEMP,P)

C THIS SUBROUTINE CALCULATES HEAT OF ADSORPTION OF CARRIER GAS ONTO THE
C ACTIVATED CARBON TIMES THE TEMPERATURE DERIVATIVE OF THE SOLID PHASE
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C CARRIER GAS CONCENTRATION AT THE BED PRESSURE (BTU/# SOLID/R).
IMPLICTT REAL*8(A-H,0-Z)

REAL*8 LEN

COMMON/GAS/INERT,NCOMP
COMMON/PRIME/GN2,RA RAV EPSEX,ALF,RHOS , ALPHA1

DATA R/1.9872%/,A/1.28E-9/B/3151/

IF(INERT.EQ.1) THEN
DH=R*B
DHN2=-DH*A*B*EXP(B/TEMP)y*P/TEMP/TEMP
ELSE
DHN2=0.
ENDIF
RETURN
END

oo 00O ONONNO0O0ON0ONON

FUNCTION DHADS(ICOMP.T)
C THIS FUNCTION CALCULATES THE ISOTERIC HEAT OF ADSORPTION. (BTUA#MOLE)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LEN
COMMON/PRIME/GN2,RA,RAV EPSEX.EPSIN.ALF,RHOS ALPHA1
IF(ICOMP.EQ.2) THEN
DHADS=20400.0
ELSE
DHADS=20000.0
END IF
RETURN
END

c

C THIS SUBROUTINE IS BEING CALLED BY DIFFEQ1 WHICH IS ALSO BEING CALLED BY
C SUBROUTINE FUNCT2_Z TO COMPUTE THE VELOCITY AND THE PRESSURE DROP IN THE BED.
C THE EQUATIONS ARE BEING SOLVED BY NEWMAN'S METHOD.
¢
SUBROUTINE FUNCT1(])
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 D_L(2),M_AVE
COMMON/OLD/ AA(14),SUM(14),COLD(14,201)
COMMON/BND/A(14,13),B(14,13),C(14,201),D(14,29),X(14,13),

. Y(14,13),G(14),N.NJITPRT,ITCNT,F(14).P(14,201)
COMMON/PR_OLD_Z/RO_P(201),CP_P(201),CON_FPP(201),

. CON_LPP(201),D_LPP(4,201),H_FP(201),H_TTP(201),H_IIP(201).

. H_OWPP(201),H_FWPP(201),Q(4,201),VISC_P(201),RATE_C1(201),

. WM_AVE1(201)
COMMON/BOUN_CON/BC_L1,BC_L2,BC_L3,BC_14,BC_LS.BC_L6,BC_C(4)
COMMON/PROP_D_Z/DELZ1,DELT1
COMMON/PROP_S_Z_1/CP_S1,RO_S1,AINT1,R_P1,.D_P1,CON_S1,

. G_F1,HEAT1(4)
COMMON/PROP_S_Z_2/CP_S2,RO_S2,AINT2.R_P2.D_P2,CON_S2,

. G_F2,HEAT2(4)

COMMON/DELZ_DIFF/D01,D11,221, D2 D12 D22 FR
COMMON/NCY/NC1
COMMON/IND1/IND(4)
COMMON/PRIME_1/GN1,RA1,RAV1.EPSEX1 EPSIN1,ALF1,RHOS1,ALPHA1l
COMMON/PRIME_2/GN2,RA2 RAV2 EPSEX2 EPSIN2,ALF2 RHOS2,ALPHA12
COMMON/LAYERS/LAYER1,LAYER2
DATA L1,14,L5,L6,R1,CONV/A,1,2,3,555.0,51.714752314/
DATA FAC,GC/2.78450526316,416975040.0/
C
C THE FIRST ROW
C
¢ set variabie values calculted in functe2_z subroutine
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NC=NCI
RATE_C=RATE_C1(J)
VISC_F=VISC_P()
M_AVE=WM_AVE1()
=0
SUM1=0.
DO I=1.NC
D_L{I=D_LPP(T)
IF(D_L).GT.0)THEN
KK=KK+1
SUM1=SUMI1+D_L{I)
ENDIF
END DO
D_L_AVE=SUMI1/KK
RO_F=C(L5,M(C(L1.J)*R1)
¢ sel constant for material in between
IF(J.GELAYER! .AND. L.LT.LAYER2)THEN
EPSEX=EPSEX2
D_P=D P2
ALF=ALF2
ELSE
¢ set constant for material at two ends
EPSEX=EPSEX1
D_P=D_P1
ALF=ALF1
ENDIF
¢ solve the pde's for the first grid
IF(J.EQ.1)THEN
c velosity

F(L4)=FAC*(C(LS.J)-BC_LS*CONV)/DELZ1+1/GC*(RO_F*M_AVE*C(L4.J)*

. (C(L4.1)-BC_LA4)/DELZ1+150%(1-EPSEX)**2*VISC_F*C(L4,])/
. D_P/D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(L4,)**2/
. D_P/EPSEX+RO_F*M_AVE*(C(L4.J)>-P(L4J))/DELT1)
¢ total pressure witout the heat
F(5)=(C(L5.D)-P(LS, HDVDELT1-D_L_AVE/DELZ1**2*(BC_L5*CONV-
. 2*CLST+C(LS,J+1)+C(LAJy=(C(LS,.D-BC_LS*CONVYDELZ1+
. CLS,)*(C(LAJ)»BC_L4)/DELZ1+R1*C(L1J)*ALF*RATE_C
¢ total pressure with heat
F(L6)=(C(L6.J)-P(L6. DYDELT1-D_L_AVE/DELZ1**2*(BC_L6*CONV-
. 2*CLEIHC(LEJ+1))+C(LATy*(C(LS,J)-BC_L6*CONV)/DELZ1+
. CL&.D*CAAD-BC_LA)/DELZ1-C(L6H/CLLN*(CL1T)-
. P(L1J)/DELT1-D_L_AVE/DELZ1**2*(C(L1,J+1)-2*C(L1.)+BC_L1)}+
. CAA4.D*(C(L1,J+1)-BC_L1)/(2*DELZ1)+R1*C(L1J*ALF*RATE_C

C
C
C last gnd
ELSE IF(J.EEQ.NJ)THEN
¢ velosity
F(L4)=FAC*(C(LS.J)-C(L5J-1)¥DELZ1+1 /GC*(RO_F*M_AVE*C(LA4.])*
. (C(LAJ)»-C(LA.F-1))/DELZ1+150*(1-EPSEX)**2*VISC_F*C(LA.JY/D_P/
. D_P/EPSEX/EFEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(L4.))**2/D_P/
. EPSEX+RO_F*M_AVE*(CALAJ)-PIA4N)DELTL;
¢ total pressure without heat
F(LS)=(C(LS,))-P(LS.HYDELT1-D_L_AVE/DELZ1**2%(C(L5,J-1)-
. 2*C{LS H+CLSJ-1)+CLS Iy*(CLS I)-C(L5,3-1)DELZ]+
. CALS.D*(CAAN-CAAJ-1)YDELZ1+R1*C(L1)*ALF*RATE_C
¢ total pressure with heat
F(LS)=(C(L6,)-P(L6.DYDELT1-D_L_AVE/DELZ1**2*%(C(L6,J-1)-
. 2*CLEJHC(LSI- 1)+CAANCLET)-CLEI-1))/DELZ]+
. CL&,N%(C(LA-C(LAI-1)YDELZ]-C(LEJWCL1I*{(C(LL})-
. P(L1.J)/DELT1-D_L_AVE/DELZ1**2*(C(L1J-1)-2*C(L1,J+C(L1,J-1)+
. C(LAD*C(L1.J-1)-C(L1.J-1))/(2*DELZ1)»+R1*C(L1,))*ALF*RATE_C
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C
C
C interior grids
ELSE
¢ velocity
F(LA)=FAC*(C(LS.J)-C(L5,J-1))/DELZ1+1./GC*(RO_F*M_AVE*C(L4.J»*
. (C(LAJ)»-C(1L4J-1))/DELZ1+150*(1.EPSEX)**2* VISC_F*C(L4,J)/D_P/
. D_P/EPSEX/EPSEX+1.75*(1-EPSEX)*RO_F*M_AVE*C(14,7)**2/D_P/
. EPSEX+RO_FP*M_AVE*(C(L4.J)-P(L4.1))/DELT1)
c total pressure without heat
E(LS)=(C(LS.J)-P(LS,))YDELT1-D_L_AVE/DELZ]**2%(C(L5,J-1)-
. 2°C(LS D+C(LS.J+1)+C(LATY*(C(LS,)-C(L5.J-1))/DELZ1+
. CLS.D*(CALAI)»-CAA4I-1)VDELZ1+R1*C(L1.JY*ALF*RATE_C
c total pressure with heat
F(L6m=(C(L6,1)-P(L6,)YDELT1-D_L_AVE/DELZ1**2*(C(L6.J-1)-
. 2*C(L6)+C(L6,J+1))+C(LA Ty (C(L6.J)-C(LEI-1))/DELZ]+
. C(L6,1)*(C(LA J)-C(L4J-1)¥DELZ1-C(L6 JYCLLI*((C(L1.D)-
. P(L1D)/DELT1-D_L_AVE/DELZ1**2*(C(L1J+1)-2*C(L1J+C(L1J-1)+
. CLA.*(CL1J+1)»CL1.I-1)¥(2*DELZ1)+R1*C(L1 J*ALF*RATE_C
END IF

C
210 RETURN
END

c
SUBROUTINE DIFFEQ(C1,P1,NJ1.N1)
IMPLICIT REAL*8(A-H.0-2)

C
C GENERALIZED CALLING PROGRAM FOR BANDXJ) TO SOLVE DIFFERENTIAL
C EQUATIONS TAKING PARTIAL DERIVATIVES NUMERICALLY

CALLED BY: MAIN CALLING PROGRAM

SUBROUTINES CALLED:
WRTOUT (FOR DATA OUTPUT)
BAND (TO SOLVE BANDED TRIDIAGONAL COEFFICIENT MATRIX)
FUNCT (TO OBTAIN VALUE FOR FUNCTION FOR A GIVEN VALUE
FOR A VARIABLE)

LIST OF IMPORTANT VARIABLES:

A A coefficient described in Newman, Appendix C

AA  first, AA is FWORKC*CU). Later AA is the
value of the derivative df/dc used in Newton's
method

B B coefficient described in Newman, Appendix C

C  variables © be solved for

CD  multiplication factor used in obtaining
numerical derivatives

COLD value of C from previous iteration

Ccu 20-CD

D D coefficient described in Newman, Appendix C

ERR convergence criterion

F  vaiue of function f(C), calculated in FUNCT

G residual of £(C) calculated with updated C value

1  index used for equation number

ITCNT index for iteration number

ITPRT flag used for determining whether intermediate

NN OOO0ONNONOOO0ONNONOONONONNNNONONONONONN
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calculations are output; for ITPRT=0,only
converged results are output; for
ITPRT=1.results of each iteration are printed.
] index for node number
K  index for equation number
M index used in working through nodes used 1o
calculate numerical derivatives
MM  used 1 determine starting node (in relation to
T) for estimation of numerical derivatives
N number of equations (no. of variables)
NJ]  number of node points
SAVEC saved value of C
SUM intermediate value used in calculating G
TINIER criterion used to avoid working with small numbers
TINY cilerion used 1o avoid working with small numbers
TNIEST criterion used to avoid working with small numbers
WORKC saved value of C; modified when C less than Tinier
X X value described in Newman, Appendix C
Y Y value described in Newman, Appendix C

SREWER

NN ONNONNONNNONNNNONNN0ON

C DIMENSIONS HAVE BEEN SET FOR 6 EQUATIONS AND 101 NODE POINTS; IF
C IT IS DESIRABLE TO INCREASE THE NUMBER OF EQUATIONS, CHANGE THE 6
C IN THE DIMENSIONS TO WHATEVER NUMBER YOU WANT, AND CHANGE THE SECOND
C DIMENSION OF D TO 2N+1, WHERE N IS THE NUMBER OF EQUATIONS. IF MORE
C NODE POINTS ARE DESIRED, CHANGE THE 101 IN THE DIMENSION STATEMENTS TO
C WHATEVER YOOppp

REAL®8 C1(14,201).,P1(14,201)

COMMON/OLD/ AA(14).SUM(14),COLIX14,.201)

COMMON/BND/A(14,13).B(14.13),C(14,201).D(14,29).X(14.13),

.Y(14.13).G(14)N.NILITPRT ITCNT,F(14).P(14,201)

COMMON/IND1/IND(4)

DATA TINY.TINIER TNIEST.ERR/1.0D-10,1.0D-15,1.0D-20,1.0D-6/

DATA CU,CD/1.0001,.9999/
c
C ITCNT INITIALIZED HERE, AND INITIAL VALUES FOR VARIABLES PRINTED OUT
C IFITPRT=1.
c

ITPRT=0

ITCNT=0

NJ=NI

N=N1

IF (TTPRT.GT.0) CALL WRTOUT2

DO 5 I1=1.N1+1

DO 5 I2=1,NJ1
C1.12=C1(1,12)
P(1.12)=P1(11.12)

5 CONTINUE
C

C LOOP BEGUN FOR ITERATIONS
C
DO 75 ITCNT=1.50

C
C COLD ARRAY SET UP
C

DO 10K=1N

DO 10 J=1,N]
COLD(K.J)=C(K.J)

10 CONTINUE
C
C LOOP BEGUN TO MARCH THROUGH EACH NODE POINT. SUBSEQUENT CALCULATIONS
C PERFORMED AT EACH NODE POINT. G VALUES ALSO SET AT -F(I).
C

DO 60 i=1NJ

G-31



CALL FUNCTI1())
DO 151=1,N
SUMT)=0.0
GM=F()
15 CONTINUE
C
C THIS IS THE PLACE THE DERIVATIVES ARE CALCULATED. MM IS SET
C TO INDICATE THE INTERVAL WHERE THE DERIVATIVES ARE TO BE CALCULATED
C (INRELATIONTO J).
C
IF (1.EQ.1) THEN
MM=0)
ELSE IF (J.LT.NJ) THEN
MM=-1
ELSE
MM=-2
END IF
DO 50 M=aMMMM+2
C
C ORIGINAL VALUES OF C STORED IN SAVEC AND WORKC
C
DO S0K=1N
SAVEC=C(K.J+M)
WORKC=SAVEC
o
C DERIVATIVES CALCULATED FOR SMALL VALUES OF C (LESS THAN TINY)
o

IF (ABS(WORKC).LT.TINY) THEN
IF(ABS(WORKC).LT.TINIER) WORKC=SIGN(TINIER,WORKC)
CK.J+M=1.2*WORKC
CALL FUNCT1(J)

DO 201=1N
AAM=-F(T)
20 CONTINUE . ~
CK.J+M)=1.1*WORKC
CALL FUNCT1(J)
DO 251=1N
AAM=AAI).0*F(I)
25 CONTINUE
CK.J+M)=WORKC
CALL FUNCTI(D)
DO 301I=1N
AAD=(AA)-3.0*F(1))/(0.2*WORKC)
30 CONTINUE
C
C DERIVATIVES CALCULATED FOR LARGER VALUES OF C (GREATER THAN TINY)
C
ELSE
CEK.J+M)=WORKC*CU
CALL FUNCT1(D)
DO 351=1.N
AAM=F(T)
35 CONTINUE
C(K.J+M)»=WORKC*CD
CALL FUNCT1())
DO 40I=1N
AAM=(AAD-FMY({(CU-CD)*WORKC)
40 CONTINUE
ENDIF
CK.J+M)=SAVEC
C

C VALUES FOR A.B.D.X AND Y GIVEN. SUM IS ALSO INCREMENTED

C
DO451=1.N
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SUMD=SUMIrAAD)*CK J+M)

IF (M.EQ.-2) Y(LLK)=AA()
IF (M.EQ.-1) A(LK)=AA()
IF (M.EQ.0) BALK)=AA(Q)
F (M.EQ.1) DAK)=AA()
IF M.EQ.2) X(LK)=AA(D)

45 CONTINUE

50  CONTINUE

DO 551=1.N
GA=GI+SUM®)
55  CONTINUE

C
C BAND CALLED TO SOLVE THE BLOCK TRIDIAGONAL MATRIX

C

CALL BAND2(J)
60 CONTINUE
C

C CONVERGENCE CRITERION CHECKED. IF ANY VALUE OF RELATIVE CONVERGENCE
C FOR ANY VARIABLE IS GREATER THAN THE CONVERGENCE CRITERION, A NEW
C ITERATIONIS BEGUN
C
DO 65 K=1.N
DO 65 J=1,NJ
IF(DABS(C(K.J).GT.TNIEST) THEN
IF(DABS((C(K.J)}-COLDK.NYCK.).GT.ERR) GO TO 70
ENDIF

65 CONTINUE

GO TO 80
70 IFITPRT .GT.0) CALL WRTOUT2
75 CONTINUE
80 CONTINUE

DO 95 11=1N1

DO 95 Z=1.NJ1
C1(11.12)=C(11.12)

95 CONTINUE

RETURN

END

SUBROUTINE WRTOUT2

C sEBaE SETEEN ARBTEEREE
IMPLICTT REAL*8(A-H.0-Z)
COMMON/BND/A(14.13).B(14.13),C(14,201).1X14,29),X(14,13),
.Y(14,13),G(14) NNJITPRTITCNT,F(14)
IF ITCNT.NE.0) WRITE (*99ITCNT

WRITE (*,100)
DO 1K=1.N].2
WRITE(*,101)K(C(LK).I=1.N)
1 CONTINUE
99 FORMAT( ITCNT="12)
100 FORMAT( ] C1 c2 a3 '
&, C4 Cs cen
101 FORMAT(1X.13,6(1PE16.8))
RETURN
END
C BLOCK TRIDIAGONAL MATRIX SUBROUTINE
SUBROUTINE BAND2(J)

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION E(14,14,201)
COMMON/BND/A(14,13).B(14.13).C(14.201).D(14.29).X(14,13).Y(14.13).
.G(14) N.NJITPRTITCNT.F(14)
101 FORMAT(ODETERM=0 AT J="14)
IF (J.EQ.1) THEN
NPI=N+1
DO 21i=1N
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DL2*N+1)=G(T)
DO2L=1N

CALL MATINV2(N.2*N+1,DETERM)
IF(DETERM.EQ.0) WRITE (2,101)J
DO 5K=1.N
E(K.NP1,1)=D(K,2*N+1)
DO S L=1N
E(K.L,1)=D(KL)
X(K.L)=-D(K.L+N)
5 CONTINUE
RETURN
ELSE IFJ.EQ.2)THEN
DO 7 I=1,N
DO 7K=1N
DO7L=lN
DLK=DALKI+ALL»X(LK)
7 CONTINUE
ELSE IFJ.EQNJ) THEN
DO 10]=1N
DO 10L=1N
GM=GM)-Y(LL)*E(L.NP1.J-2)
DO 10 M=1,N
A(LL=ALLM+YAM)*EM.LJ-2)
10 CONTINUE
ENDIF
DO 121=1N
D(LNP1)=-G(I)
DO 12L=IN
D(NP1)=D(LNP1)+A(LL)*E{LLNP1J-1)
DO 12K=1N
BALK)=BLK+A(LL)*E(L.KJ-1)
12 CONTINUE
CALL MATINV2(N.NP1,DETERM)
IF(DETERM.EQ.0) WRITE(2,101)J
DO 15K=LN
DO 15 M=1.NP1
E(K.M.D=D(K.M)
15 CONTINUE
IF(J.LEQNDTHEN
DO 17K=IN
C(K.J=E(K.NP1.])
17 CONTINUE
DO 18 M=NJ-1,1,-1
DO 18 K=1N
CEKM)=E(KNP1M)
DO 18 L=1 N
CEM)=CKMH+EXK.LM)*C(L.M+1)
18 CONTINUE
DO 19L=1N
DO 19K=1N
CE.=CEK.I+XE.L)*C(L3)
19 CONTINUE
ENDIF
RETURN
END

C MATRIX INVERSION SUBROUTINE
SUBROUTINE MATINV2(N,M,DETERM)
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION ID(14)
COMMON/BND/A(14,13}.B(14,13).C(14.201).1X(14,29)
DETERM=1.0
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DO1I=lN
1 ID(M=0
DO 18 NN=1N
BMAX=0.0
DO 6I=IN
IFAD().EQ.0)THEN
DO 5 J=IN
IF(ID(J).EQ.0)THEN
IF(DABS(B(LD).GT.BMAX) THEN
BMAX=DARBSB(LN)
IROW=]
JCOL=J
ENDIF
ENDIF
5 CONTINUE
ENDIF
6 CONTINUE
IF(BMAX.EQ.0.0)THEN
DETERM=0.0
RETURN
ENDIF
ID(JCOL)=1
IF(JCOLNEJIROW) THEN
9 DO 10J=1N
SAVE=B(IROW.])
BAROW . D=BJCOL.J)
B(JCOLJ)=SAVE
10 CONTINUE
DO 11 K=IM
SAVE=D(IROW K)
D(IROW,K)=DX(JCOL.K)
D(ICOLK)=SAVE
11 CONTINUE
ENDIF
FF = 1.0/B(JCOL.JCOL)
DO 13)=1N
13 B(JCOL.=BUJCOLJ)*FF
DO 14K=IM
14 D(JCOL.K)=D(JCOLK)*FF
DO 18 =1 N
IFAINE.JCOL)THEN
15 FF = BQJCOL)
DO 16 J=1.N
16 BL)) =B -FF*B(JCOL.D)
DO 17K=1M
17 D(K) = D(LK) -FF*D(JCOL.K)
ENDIF
18 CONTINUE
RETURN

END
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