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A COMPUTER SIMULATION OF THE STEAM-GRAPHITE REACTION UNDER
ISOTHERMAL AND STEADY-STATE CONDITIONS

D. 8. Joy

S. C. Stem
ABSTRACT

A mathematical model has been formulated to describe
the isothermal, steady-state diffusion and reaction of
steam in a graphite matrix. A generalized Langmuir-
Hinshelwood equation is used to represent the steam-graphite
reaction rate. The model also includes diffusion in the gas
phase adjacent to the graphite matrix. A computer program,
written to numerically integrate the resulting differential
equations, is described.

The coupled nonlinear differential equations in the
graphite phase are solved using the IBM Continuous System
Modeling Program. Classical finite difference techniques
are used for the gas-phase calculations., An iterutive
procedure is required to couple the two sets of ceslculations.
Several sample problems are presented to demonstrate the
utility of the model. -

1. INTIRODUCTION

The core of an HTGR reactor is cooled by passing high pressure
helium through the coolant channels. After leaving the core,\the hot
helium passes through a steam generator and is then recycled to the

core.

Under normal operating conditions, the water side of the steam
generator is at a higher pressure than the helium side; thus, any leak
in the heat exchanger would allow water to be forced into the reactor-
coolant stream. The water would be transported to the core where it

could react with the hot graphite in accordance with the expression:

H,0(g) + C(s) = Hy(g) + CO(g).



n

Thus, one of the major areas of concern in accident axalyses is
associated with evaluations of the consequences of steam entering the
primery coolant system. While elaborate safeguards have been added to
the reactor to detect a steam leak and quickly isclate a legking steam
generator, a significant amount of water could, nonetheless, enter the
reactor. The amount of graphite that would be reacted, and the resulting
pressure buildup in the primary coolant system, have been the subject of
several 7:e}_>c:z-1:s.l°l"L

To analyze the effects of steam ingress, the rate at which the
steam~graphite reaction proceeds must be known. A series of experiments
studying the steam-graphite reaction have been conducted at the 0Osk Ridge
MHational Iaboratory. This report desuribes a calculational procedure
which was developed to aid in the analysis of the experimental results.
Only the calculational technigues are described, and no attempt is made
{0 analyze actual experimental data. To apply the resulting computer
program to the experimental program, the actual physical dimensions,
reaction conditions, and the desired reaction rate equation must be

supplied as input datz.

The computer piogram was developed in three stages. In the first
stage, & model was developed to simulate diffusion and reaction in the
graphite pores., The second stage consisted of simwlating the diffusion
of the gaseous components in the coolant channel., The third stage con-
sisted of combining the results of the two previous stages. A brief
explanation and listing of the program are included, and several sample
problems are described that illustrate how the program could be used.

2. PHYSICAL SYSTEM

A relatively simple apparatus was designed to study the steam-
grephite reaction rate. The apparatus is composed of two concentric
annuli which surround a quartz core. The graphite matrix forms the
inner anpulus, and a mixture of helium and steam flows in an axial direc-
tion in the outer amnulus (Fig. 1). The flow rate of the helium-steam
mixture is controlled so that a well-defined laminar flow profile is
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Fig. 1. Simplified drawing of experimental apparatus.



established. The inner quartz core and the outer wall of the gas
apmelus form impervious barriers. Isotiuermal conditions are maintained
by supporting the entire apparestus in a furnace. The experiments were
carried out at essentially atmospheric pressure.

3. GRAPHITE PHASE DIFFUSION MODEL

The generalized equation representing mass transfer and chemical

reaction of a guseous component at constant density and diffusivity in
the graphite shell is

rpn?

f'"":;—.'- “+ U.Vc' = D'Vac - R E3 (l)

where

cl

molar concentration of component based on total volume
(volume of graphite + pores), moles/cm3,

¢ = molar concentration of component based on pore volume,
moles/cm?,

U = bulk velocity in graphite shell, om/sec,

D' = diffusion coefficient for the component in He within
the graphite matrix, cm®/sec, and

R = molar rate of reaction of component, based on total volume,

moles cm™ sec<l.

Two concentrations are used in Eq. (1). One concentration, c¢', is
based on the total volume of the graphite matrix and includes the volume
of the solid graphite and the volume of the voids within the graphite,
The other concentration, ¢, is based only on the void volume. These
concentrations are related by the porosity, L which is the fraction of
the total volume which is void. 1In other words,

c' = g (2)
The diffusion coefficient, D', in Eq. (1) contains the correction for

porosity; hence, the concentration in that term must be based on the



pore volume. If the pore-size distribution is isotropic, the relation
between D' and the free-space diffusivity is

D' = D(e/q), (3)

where
D = free-space diffusivity of component in He, cm2/sec and
(e/q) = porosity-tortuosity fector, dimensionless.

The porosity-tortuosity factor enters Eq. (3) because the diffusion
process takes place in the pores of the graphite matrix. Under these
concitions, the diffusional path is not parailel to any of the axes;
hence, this effect is accounted for by a porosity-tortuosity factor which

must be determined experimentally.

Equation (1) can be simplified by assuming no bulk flow within the
graphite matrix, and that the process approaches steady state very rapidly,
resulting in

D'¥2¢ - R = O. (b)

If Eq. (4) is expressed in cylindrical coordinates, and if no axial
diffusion and symmetry in the azimuthal direction, g, is assumed, the
following ordinary differential equation is obtained:

d%2¢ ., 1dc R
FErra =0 (5)

The molar concentration of the camponent can be converted to mole fraction
by dividing each term by the total molar concentration, ¢ (based on pore
volume). If X, Y, and Z represent the mole fraction of Hp, 1,0, and CO,

respectively, in the graphite pores, the resulting equations are: .

‘——’*'_"“""—':O (6a)
2 — 2

dr r dr Di S

2

9—5-4-%%4- R_:O, and (éb)



SrEr oo ‘ (6e)

where
¢ = total molar concentration, moles/cm® and
Dj> D3, Dj = diffusion coefficient for H,0, H,, and CO, respectively.

Several expressions have been proposed to describe the greaphite-water
reaction, and any of these expressions could be substituted into Eas. (6).
The rate expression (a generalized Lengmuir-Hi.helwood equation) used in
this report was presented in ref, 1 as follows:

1P 0 (
K= P
0. s
1+ KEPH275 + KaBy g
. -%./R 3
Ky =k, exp ( EJ/RT) , (8)
where

K-= rate of graphite reacted, fraction/sec,

Kj = Arrhenius rate constants,

PHQO and PH2 = partial pressure of Hp0 and H,, respectively, atm,

Ej = activation energy, cal/mole,
§’= gas constant, 1.9872 cal mole™t °K™, and
T = temperature, °K

The suggested numerical values of the Arrhenius constints and activation
energies are listed -in Table 1.

The reaction term in Egs. (6) can be expressed as

K
R':ﬁp— 3 (9)
where
0 = density of graphite, g/cm® and
M = molecular weight of graphite, g/mole.



Teble 1. Values of Arrhenius constants &nd
activation energies®

J Ccmponent kjb EJ.(caJ,/mole)
1 H,0 7.517 x 108 Lo, 900
2 H, 1.66 x 1072 -28,600
3 Hzo 5~ 31 X 3-0_2 "27: 500

aFrom ref. 1.

b . . .
The uriits for the Arrhenius constants are:

w
I
i3

fraction see~! atm-1,

atm~0- 72

td
v
I

s, and

ky = atm™1,

If the gas in the voids is assumed to be an ideal gas, the total mclar

concentration can be expressed as

¢ = ¥/ (RT),

where

P = pressure, atm,
R = gas constant, atm cm™2 mole-l °K-1,
The partial pressure of water is

PHQO = P‘Y -

Substituting Egs. (9)-(11) into Egs. (6) gives

43y 14y

—

04
T v

0,

42X 1 &X o
Fr + s + (5§)Y = O, and

10)

(11)

(122)

(12v)



4%z | 1 4z a ) :
Sz + ; = + D—é_)Y = 0, - - (12(':)
where

o= X 1 pRT
1+ Ké O 75 + KPP, H,0 M

Equations (12) form a set of three second-order noalinear differential
equations. The'équations are coupled through the reaction terms and,
thus, must be solved simultaneously.

T

“t, SOLUTION OF GRAPHITE-PHASE DIFFERENTIAL, EQUATIONS

A set of nonlinear. aifferential equations representing the diffusion
and reactlon of HzO0, Hg, and CO in the graphite matrix were derived in the
jprev1ous sectmon [Egs. (12)] At the inner radius of the graphlte cylin-
der, the quartv roa forms an 1mperv1ous barrier and results in the follow-
ing boundary condltlons

dz
d—r-— ‘,‘E—O, a.nd-d—

=o. (13)
The;moie fractions of the<componentsfs£ the gas-graphite interface are
assumed to be known; for example,.

X = X, Yi,:,;Yo,‘ end 2 =’zo; , o G

‘ Slnce the three equatlons [Eqs.'(le)] are coupled, they must be
solved s1multaneously A numerical 1ntegrat10n of the. equaulons was'
\performed ut111z1ng the IBM Continuous System Moaellng Program.(CSMP)5 ‘
that enables the user to 31mulate ‘the operatlon of an analog computer
clon & dlgltal computer,‘ The CSMP program assumes the 1ndependent varlables“
\‘w1ll have an 1n1t1al value of zero. ., In our case, the 1ndependent varl-\"
'able is the radlal dlstance and ‘since the graphlte 1s in the- form of a
n'cyllndrlcal shell, Co .

RG s r s RI~ 3.



where

RG = inside radius of graphite shell, and

RT

outside radius of graphite shell or gas;graphite interface.
A simple transformation of varisble is shown by

r - RG i ‘ : Coew :

ﬁ i‘.__‘ RI. - RG‘ 2 . (15)
which defines a new independent variable, B, whose value equals‘zero wWhen
r = RG, and 1 when r = RI. The substitution of Eq. (15) into Egs. (12)
gives ' ’

Y . (RT - RG) &Y _ (RT - RG)Z@ . _ .

B " BW -RG) +RGAB D r=o0 (1a)
azx (KI_- RG) ax g - RG)aa _ -

d6® © B(BI - R@) + RG " ¥=0, end (160)

2y - - o
°z , (BRI - RG) 9z --——-—l—— Y=0 = - (16¢)

ag? © B(RT - RG) + RG aB

The boundary conditions become
-——_:——:-—--Oatﬁ—o;" : o . : (17)

and

1. o (1.8)

X=Xy Y=Y, and Z = Z, at.B

Analog computers and, by analogy, the CSMP program can only solve 1n1t1al
condltlon problems, that is, problems where all the boundaly condltlons
are initial condltlons. The problem expressed in Egs. (16)- (18) is that
of a boundary value. Equatlon (17) is ‘an 1n1t1a1 condltlon deflnlng the
concentration gradient at the inner radius of the graphlte Lyllnder.
waever, Eq (18), whlch speczfles “the mole fracteons or concentratlons
of the components at the outer radius, is not an 1n1t1al condltlon. The
.CSMF program can be used to solve Egs. (16), but an 1terat1ve technique
© must be employed. A search must be madé over a range of estlmates for
the mole fractions of the components at the imner wall (X Y, and 2

at g = 0) until a value is found that gives the desired flnal condltlon,
as shown in Eq. - (18). | o
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Three éample_ calculations were made to test the CSMP program.
The value of K, in Eq. (7) was increased by a facter of 10 in each
successure run, Hence, the rate of .reaction in c‘ase B wes ten times
tha‘t of case- A while in case C it was a hundred times that of case A.
The concentration profiles for each run are shown in E:Lgs. 2-4, :

numerical va:l.ues of the varlous para.meters used in the calculatlons are
listed in Table 2.

As shown in Figs. 2=k, the concentration of water reaches é.minimum,
while the ccncentrations of Hp and CO attain a meximum at the inner
boundary of the graphite'sleell. The‘minimum value of HeO varies signifi-
ca.ntly from run to run, show:.ng that 1t is qu:.te sens:r.tlve to a -change

. 'in the reaction rate.

Chemical reantion is the controlling mechanism in case A. Although
on.Ly a small smount of graphite 1s being reacted, the graphite would not act
. Cas & protect:n.ve barrier s:ane the concentratlon of water is quite high
‘ at the inner boundary. If a hlghly reactive materlal were in contact

mth the graphite at ‘bhlS position, it would be suoaect to attack.

Case C represen"s the other’ extreme in which diffusn.on 1s the controll:.ng
mechanlsm. The mole fraction of water decreases very rapidly and is
almost zero (8.5 x 107©) at the inmer boundary. Thus, while the graphite ‘
is‘being reacted at a higher rate in this case, any reactive material in
Vco‘n‘liect with the graphite at the inner radius would be protected from
chemical attack. ‘

o In all cases, the mole fraction of H, is one-half that of CO. ~ Fram
the assumptlon of steady state, the molar flux of all components must
be equal. As seen from Table 2, the d.lfi‘usn.v:.ty of He is assumed to be
twice the d:u.ﬁ‘u.s:wn.’cy of Co. Hence, 'bhe concentratlon gradient of Hy
must be one-ha.lf that of CO to have equal molar fluxes; therefore, the
concen‘bra:blon of Ha w:Lll 1ncrease a,t exactly one-half the rate at wh:.ch

: the concentratlon of CO J.nereasesa .
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- Table 2. Values of parameters used in sample problems

RG = 0,762 em or 0.3 in.

RI = 1.905 cm or 0,75 in.
T = 1273°%K
P =1 atn

P =1.792 g/em3 or 111.87 1b/ft3

M = 12.0 g/mole
Y, = 0.1
X, = 0.0
Z2,=0.0

D! = 0.0853 m3/sec, or 0.0132 in.?/sec™

D} = 0.1705 cm?®/sec, or 0.026L4 in.?/sec®

Dy = 0.0853 cm?/sec, or 0.0132 in.?/sec”

k, = 7.417 x 108 fraction sec~! atm™! for Case A
= 7.417 x 104 fraction sec-! atm-! for Case B
= 7.417 x 105 fraction sec~! atm-! for Case C

ky = 1.66 x 10~2 atm ™0 1

ky = 5.31 x 1072 atn~?

E, = 40,900 cal/mole

E; = -28,600 cal/mole

E; = -27,500 cal/mole

a'v:a.ll.tes calculated from ref. 3.
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5. GAS PHASE DIFFUSION MODEL

The differential equations representing the diffusicn of thi gaseous

components to or from the graphite interface are:

8% , L1 U bdy.
52 T E D S = 0 (19a)
Px Lay U dX_ 4 apg (19v)

dr2  r dr Dy dz

2y . 1l av U v

5% T T or Do O (29¢)
where

¥y = mole fraction H,O in the gas phase,

x = mole fraction H, in the gas phase,

v = mole fraction CO in the gas phase,

D, Dg, Dy = free space diffusivity of H,0, Hp, and CO in He,

respectively, cm2/sec, and

U = velocity in the axial direction, cm/sec.

The gases are flowing in the outer annulus with = well defined
laminar velocity profile. The velocity at any radial point is6

(Po - P )Ra 2 B
L r - b2
U=——E————-—l-(-) +£———]_n(£) R :‘20)
L . R 1 1 R
3y

-

where
P, = inlet pressure, dynes/em? ,
P_ = outlet pressure, dynes/cm? ,
L = viscosity, g cm~1 sec~1, or poise,
L = length, om,
R = outside radius of annulus, cm,

r, = inside radius of annulus, cm,
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b = r /R, dimensionless, and

r = radius, ro < r < R, om.

The volume rate of flow is6

(P, - P_)R%
Q=——0-8}E_L_— (l_blb).-&_'l_ba.ﬁ. (21)

In 5

Through combination of Eqs. (20) and (21), the velocity at any radial
position can be expressed as a function of the volumetric flow rate,

The partial derivatives in Eqs. (19) can be approximated by differ-
ence equations. A grid system is devised by dividing the radial and
axial length into a number of segments. The radial index is represented
by j, the inner radius {interface between the gas and grephite) is repre-
sented by j = 1, and j = J represents the outer radius. The distance
between the radial points is

RO - RG

h = T-1 ° (22)
where

h = radial step size, cm,

RO = outside radius, cm, and

RG = inside radius, cm.
The axial distance is also divided into N increments where the axial
step size is

a = % ’ (23)

and

A = axial step size, in., and

L = length of tube, in.

The mole fraction of water at any point is expressed as y(j,m), with
x(j,n) and v(j,n) used to express the mole fractions of H, and CO.
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The finite-difference expressions used to approximate the various

partial derivatives *n Egs. (19) are:

o aleagostens

2R CEEHESEICEERE S N L (2M)

and

By _ ¥(J, n) -AY(J': n-1) L (2ke)

Similar expressions can be written for the terms in Egs. (19b) and (19¢).
The substitution of Eqs. (24) intv Eq. (19a) gives

2r + h: . . 2 U - . or = h .
== ) y(e]) n - l). (25)
[D28777 7 ~ | -

It must be remembered that the velocity is a function of the radial ‘
position, j, and is evaluated from Egs. (20) and (21). The radius at’
any radial position J is ’
r=RG+ (j-1h (26)
Equation (25) holds for the interior points 2 < j< J - 1. At the cuter
radius, (j = J), the boundary conditicn is dy/dr = O. Application of
Eq. (2Ub) to this boundary condition gives
y(d +1, n)=y(J -1, n). (27)

Since the velocity is equal to zero at the outer wall, Eq. (25)reduces
to

y(3 -1, n) - y(J, n) = 0. (28)

At the inner wall, the flux of water must be continuous across the gas-
solid interface, that is,

o) '
D, 5%'1- = R = D15 > (29)
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vwhere 6, = %Ir = RI in the graphite phase. By applying Eq. (24b) to
Eq. (29)) ‘

2D{51h
y(o: 1’1) = y(2, n) = Dl . : (30)

Evaluation of Eq. (25) at the inner radius, (j = 1), substitution of

Eg. (30), and utilization of the fact that the velocity is zero at the
interface results in:

D! g, (2RT - h)
[Bafpe = - [ ) - Ser—- 1)

Equations (25), (28), and (31) form a set of simultaneous linear
‘equations expressing y(j,n) in terms of y(j, n - 1). The coefficient
matrix‘ for this set of equations is a tridiagonal matrix. Thus, the

concentration profile of water in the gas phase can be calculated once

the flux at the interface, (8, ), is specified.

Similar equations can be written for Hy and CO. From the stoichi-
ometry of the reaction, one mole of H, and CO are formed for each mole
of water reacted, Therefore, the flux of H, and CO at the interface can

be expressed as a function of the flux of water as follows: for Hj;

, dX )
gl igr = i
or
DI6
171
62:_‘:---—5—5— 3 (32)
and for CO
DI&
171
63 = - D:’g (33)

The equations used to calculate the mole fraction of H, and CO are easily
derived from the equations used for HzO by substitution of the appropriate
diffusivity (Dy or D;) and slope at the interface (8§, or §5).
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6. COMBINED GAS AND GRAPHITE MODEL

The models simulating diffusion and chemical reaction in the graphite
cylinder and diffusion across the gas- annulus have been discussed. To.
simulate the experimental apparatus, it 1s necessary to cambine the two
sets of calculations. The differential equations, Egs. (12) and (19),
and the boundary conditions, Egs. (17) and (27), still apply to the
combined model. Two additional boundary conditione must.be written for
each component to represent the continuity of the molejffaction and molar

flux at the gas-graphite interface. The additional boundary conditions

are:
x=‘X,y=Y,z=Z v (314)
and
Wy = 1 dY ! g_}ﬁ ! g
Digtlrr = M Glrr D balar = D Frlprs D o ur = D5 elpr - (39)

The model for the gas phase requires that the molar flux of each
component be specified at the interface. Alternately, the graphite-phase
calculation requires the specification of the mole fractions at the
interface. Each calculaticn requires guantities calculated in the other
phase; therefore, an iterative caleculation must be performed until the
concentrations and molar flﬁxes at the interface are identical in each
set of calculations. This satisfies the boundary conditions connecting
the two models, Eqs. (34) and (35).

The calculational procedure used for each axial node is as follows:

(L) Estimate th~ concentrations of the components at the graphite
surface from the corresponding value calculated in the previous
time step. For the first axial step, the initial conditions

are used as the estimate,

(2) Calculate the concentration profiles for the components in
the graphite annulus.

(3) Use the results of step (2) to calculate the molar flux for

the components at the interface,
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(4) Calculate the concentration profiles in the gas phase.
This calculation also determines the mole fractions at
the graphite interface.

(5) Compare the results of step (L) with the previously calcu-
lated or estimated compositions. If the results agree,
ébhvergence has been obtained and the next axial step is
considered. Otherwise another iteration is required and
the procedure returns to step (2).

A sample problem was solved to test the combined model. The
physical properties for the grephite cylinder are the same as those
listed in Table 2. The reaction rate, k, used in the calculatioms

corresponds to Case B (7.417 x 10%). The physical properties for the
gas phase are listed in Table 3.

Table 3. Gas phase physical properties used in sample problem

Variable Value
Q 10.0 'cms/sec;,
D, 8.63 cm®/sec or 1.32 in.?/sec
D, 17.06 cm?/sec or 2.64 in.2/sec
Dy 8.53 cm?®/sec or 1.32 in.?/sec
RO 2.54 em or 1.00 in,
h ’ : 0.02116 em or 0.00833 in.
A 0.127 cm or 0.05 in.

~ The resulting concentration prbfiles aré shown in Figs. 5 and 6.
Figure 5 shows the results for the fourth axial step, or 0.15 in. from
the leading "e.dge’ of the graphite cylinder. Figure 6 corresponds to the
2htn axial "step", which is 1.15 :Ln from the leading edge. In both figures
the concentration profileé’ in the *grabhite'" cylinder are éimilar to those
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shown in Fig. 3, except that there is an appreciable concentration of CO
and H, at the gas-graphite interface. The gas-phase concentration profile
of all three components are nearly flat. This is caused by the proportion-
ally larger diffusivities in the gas phase. The gas-phase diffusivities

rare 100 times larger than the graphite matrix.

In & second sample problem, the gas-phase diffusivities were reduced
by a factor of 10. The results of the calculation are shown in Figs. 7
and 8. In this case, there is a small concentration gradient acress the
gas phase. The wall composition of H,O is reduced slightly, while\the
wall compositions of H, and CO are increased slightly. This inhibition
caused by H, results in & slower reaction rate. Hence, the concentration
of water does not decrease as rapidly in the graphite cylinder as it did

in the previous sample problem.

Each sample problem considered 31 axial steps and divided the gas
phase into 31 radial nodes. Computation time on the IBM 360/91 computer
was 29 sec for the first problem and 22 sec for the second problem. The
core storage requirements are 150K. A description and a listing of the

computer program arepresented in the Appendix.
7. SUMMARY

A computer program has been developed that predicts the concentration
profiles of HzO, Hy, and CO in a graphite matrix. The program also con-
siders the gas-space diffusion of the components to and from the graphite

surface.

The sample problems discussed are presented as illustrations and
do not represent actual experimental data. To simulate the experimental
data generated at ORNL, the actual physical dimensions and reaction condi-
tions must be supplied as input data. The reaction rate equation presented
in ref. 1 was used in the sample problems; it would be a simple matter to

insert another expression, if so desired.

The program calculates 31 axial nodes in approximately 21 to 27 sec.
Additional nodes can be added if necessary, and’ the computational require-

ments would”increaée linearly. Only 150K of computer memory is required
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to execute the program. The program requires the sveilobility of she Li
Continuous System Hodeling Program.
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9. APFENDIX: DESCRIPTION OF THE COMPUTER PROGRAM

The computer program previously discussed is described in more
detall, The main part of the program is the CSMP program which performs
the graphite-phase calculations. This program calls several subroutines
to perform the gas-phase calculations. The subroutines will be discussed
first since they appear before the CSMP program in the listing.

9.1 Subroutine GAS

This subroutine calculates the composition of the three components (H,0,
#,, and CO) in the gas annulus. The calculations are made using the
finite-difference equutions derived in the section describing the Gas-
Phase Diffusion Model, [i.e., Egs. (25), (28), and (31)]. The subroutine
is called from the CSMP program after calculation of the corresponding
concentration profiles in the graphite annulus. The following information
is passed between the CSMP program and the GAS subroutine:

(1) DYDB - concentration gradient of H;O in the graphite phase
at the solid-gas interface (calculated in the CSMP program);

(2) N - the index for the axial step (set in the CSMP program);

(3) VFIRST, XFIRST and YINT - concentrations of CO, H,, and
H50, respectively, at the gas-solid interface (calculated
in GAS subroutine); and

(I4) NEXIT - variable indicating whether gas-phase calculations

have converged.

The GAS subroutine first reads the required data and then calculates
the ges phase diffusivities, laminar velocity profile, and finite-
difference coefficient matrix. This information is independent of the
grephite-phase concentration profiles, reaction rate, or previous gas-
phase calculations. Thus, for subsequent calls to the GAS subroutine,
these calculations are bypassed., The logic is controlled by the variable,
NQUES. The initial value of NQUES is 1 and is set via a data statement.
After the above calculations have been performed, the value of NQUES is
incremented by 1. During later calls to the subroutine, if NQUES has a

velue greater than 1, the program will immediately go to the second step.
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The second part of the GAS subroutine calculates the right-hand side
of the finite difference eguations. The right-hand sides are a function
of the graphite-phase concentration profiles and, in addition, are a
function of the gas-phase calculations for the previous asrial step.

After setting up the right-hand side, the set of simultaneous equations
are solved using the TRIDIA subroutine which must be called three times,
once for each component. Once the calculation of the gas-phase concentra-
tion profiles is completed, the program compares the result of the wall
camposition of H,0 with that obtained in the last iteration. If the
results agree to within 0.01%, convergence has been obtained, and the
vazriable NEXIT is set to a value of 5. If the results have not converged,
the value of NEXIT is left unchanged. In either case, the logic path
returns to the CSMP program. A simplified flowsheet of the calculations
is shown in Fig. 9, and the variables used in the program are defined

in Table k.
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Fig. 9. Simplified flowsheet for subroutine GAS.
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Table 4, Definition of variebles used in Subroutine GAS

Name Definition

A(J,K)2 Coefficient matrix for H,0 in finite difference
equations, Egs. (25), (28), and (31)

£CO (J,K)a Coefficient matrix for CO in finite difference
equations, Egs. (25), (28), and (31)

AHQ(J,K)a Coefficient matrix for H, in finite difference
equations, Egs. (25), (2@), and (31)

ALP Concentration gradient of H,0 at gas-graphite
interface, in.=!

ALP2 Concentration gradient of H, as gas-graphite
interface, in."!

ALP3 Concentration gradient of CO at gas-graphite
interface, in,"!

B(J )b Right-hand sides of finite difference equations
for H,0, Egs. (25), (28), and (31)

Bco(J)b Right-hand sides of finite difference equations
for CO, Egs. (25), (28), and (31)

BH.?(J)b Right-hand sides of finite difference equations
for H; , Egs. (25), (28), and (31)

DCDR Double precision value of concentration gradient
of H,0 in graphite at interface (dy/d8),
dimensionless

DCOG Diffusivity of CO in He in gas annulus, in.2/sec
(Note: DCOG is assumed to be equal to DIG)

DCOS Effective diffusivity of CO in He in graphite pores,
in.2/sec (Note: DCOS is assumed to be equal to DIS)

DEL Axial step size, in.

DEN(:d Internal variable which has two definitions and is

used for the calculation of velocity profile

DH2G X Diffusivity of Hp in He in gas annulus, in.2/sec
(Note: DHRG is assumed to be twice‘DIG) : L



Table 4 (continued)

Neme Definition

DH2S Effective diffusivity of H, in He in grephite
pores, in.?/sec (Note: DHES is assumed to be
twice DIS)

DIG Diffusivity of H,0 in He in gas annulus, in.?/sec

DIS Effective diffusivity of H,O in He in graphite
pores, in.2/sec

DYDBd Concentration gradient of H,0 in grasphite at
interface (dy/dB), dimensionless

EPT Temperature exponent in diffusivity equation,
dimensionless

FACT Internal variable used in the calculation of the
velocity profile

FLOW Volumetric flow rate of entering gas stream,
em3/ sec

H Radial step size, in. (Note: gas annulus is
assumed to be divided into 30 equal segments)

J DO - Loop counter

M DO - Loop counter

M DO - Loop counter

Nd Index of axial step

l\IEXI']J'e Convergence indicator

NQUES Index which controls program logic to avoid repeat-
ing needless calculations

PRESCA Pressure, atm

RAD Dimensionless radius used for calculating velocity
profile

RGE Inside radius of graphite annulus, in.

rR1® Outside radius of graphite annulus, in, (position

of gas-solid interface)



Table 4 (continued)
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Name Definition
RrO® Outside radius of gas annulus, in.
RR Outside radius of gas annulus, cm
TEMP® Temperature, °K
TRIDIA Subroutine for solving finite difference equations
VFIRST® Mole fraction of H, at graphite interface
VZ(J )b Laminar velocity profile in gas annulus, in./sec
X( J)b Concentration of H,0 at current axial position
xco(Jg )b Concentration of CO at current axial position
XFIRST® Mole fraction of H, at graphite interface
YH2(J )b Concentration of H, at current axial position
XKAP RI/RO, dimensionless; see Eq. (20), variable b
xxK® Constant in diffusivity equation, cm® atm™l

sec (°k)~EFT
Y(J,k)? Concentration of H,0 in gas annulus
YCO(J, K)a Concentration of CO in gas annulus
YCOIc Mole fraction CO in entering gas stream
YH2(J,X) Concentration of H, in entering gas stream
YINT® Mole fraction of H,0 at graphite interface p
YOc Mole fr,action of H,0 in entering gas stream

®position dependent

variable; first subscript refers to radial

position, and second subscript refers to axial position.

bPosition dependent

variable; subscript refers to radial po{sition.‘

<:Inpu't: varizble whose value must be defined in subroutine. .

d'Value passed from CSMP program as an argument.

®Value passed to CSMP program as an argument.
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9.2 Subrautine TRIDIA

Subroutine TRIDIA solves the set of simultaneous linear algebraic
equations derived from the finite-difference approximations for the

partial derivatives. The set of equations can be expressed as

AX =D (36)
where

A = coefficient mabtrix,

X = column vector of compositions, and‘

b = column vector of right-hand sides.

The coefficient matrix is a tridiagonal matrix with all elements of the
major disgonal being nonzero. Sets of equations of this type mey be
solved by factoring the tridiagonal matrix into two bidiagonal matrices,
L and R; thus, Eq. (36) becomes

AX:b:IIRX' | (37)

If Rx is written as g, the Aorigi‘na:l_ system can be broken into two
bidiagonal sys‘l‘fems:

Ig = b and | ‘ (38)

RX = & . - (39)

The two bidiagonal matrices can be represented as follows:

2, o o o|f1. 5 o olfa 8 o o
Yo 8, 0 0| |0 1 r, Of={vs -0 By O

0 vz 4 0| {0 o 1 =zl o vy o B
0 0 ¥, f,] |0 o o 1|0 o ¥, a

L R : A
~ The equations for factoring the tridiagonal matrix are:
1’,1 =qQ, . . ()_;o)

Liry = By ]
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Ly + Ypory, = O (41)
ra‘za = By
Ly +¥gTa =0y . - (k2)

The two bidiagonal systems can be evaluated easily by solving Eq. (38)
and substituting the results into Eq. (39). Equation (38) can be written

as

r,_el 0 o0 o) rg: rb;
Y2 & O O ’gz by
0 Yz %3 O g3 ) P
f o v, 2, |e, b4-! ;
wu
2.8, =y ' , ] ‘ - o (43)'

Loz, + Yo, = Dy
£ags + Y382 = by
48z * Ya83 = by

and may be easily solved for g,, &, g5, and g;. The second set of
equations, Eq. (39), may be expressed as

r.l‘ﬂ r, O O ] —xl_ -gl—
o 1 r, O Xy 8a
o o0 1 x4 | Xq ) 84
o 0o o0 1 x, g4

= &a “ : . S

[a]
»
-
™
[
[
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and may be solved by first evaluating x,, and then x,, xe > and x,.
Subroutine TRIDIA simply pubs this logic into computer language.

9.3 - Subroutine OUTPUT o~

This subroutine stores the necessary data for printing a summary
of the concentration profiles. The same information would be obtained
by using the CSMP print statement; however,:, this. statement wouldiprint:
the results for each iteration. Since the user is generally interested
in the final result, the output from the CSMP program is suppressed by
defining File 6 as a dummy file. To obtain the values of the dependent
varisbles at the desired values of the independent variables, it is
necessary to include the CSMP print card in the CSMP program.

After the calculations have converged for a particular axial
increment, the OUTPUT Subroutine is again called to calculate the
smount of graphite reacted as a function of the radial position. The
amount of water or graphite being reacted is easily calculated from a
steatly-state mass balance over a cylindrical shell:

Npjy(8m= AL) - N[ (2mraaL) = RImDA(r} - 2)] ) (45)
where

Nr = molar flux across surface, moles in.,”® sec-l,

Ty = outside radius of cylindrical shell, in.,

r, = inside radius of cylindrical shell, in.,

AL = length of segment, in., and

R = molar rate of reaction, moles in.™@ sec-l

The right-hand side of Eq. (L45) is the rate at which water on graphite
is being reacted, and is expressed as moles/ sec. The molar flux can be
expressed as

N, =D %—%, (46)

where

D' = diffusion coefficient of Hy0 in He in graphite matrix,
in.?/sec, and

¢ = molar concentration of H,0 based on pore volume, moles/in.a.
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Substituting Eq. (46) into - and solving for the rate of reaction
yields ‘ ' ;
= . de, _ . de
A—anAL[rldr]i'rfadrE’ (47)
where

2
A = amount of H,0 reacted, moles/sec A ={[1TAL(ri - r2)] *R}.

The molar concentration of H,0 can be converted to a mole fraction by

Yy = ) (148)

YR

where

¢ = total molar concentration, moles/in.3.

The total molar concentration can be expressed as a function of the

system temperature and pressure by using the perfect gas law,

c = % = f— > (49)
RT
where
n = total moles,
V = volume, in.2,
P = pressure, atm,
R = gas constant, 2270.59 aun. in.~8 mole! °X-1, and
T = temperature, °K.

Substitution of Eq. (49) into Eq. (47) gives the desired expression,

_ 2nD'ALP g - ¥
A =—%7p [rl ?1%’1 o d.r’2] . (50)

The CSMP program calculates the concentration gradient as dy/dg, where

B is a dimensionless radius and is defined as

r - RG
B=%—rg" (51)
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Equation (50) can be expressed in terms of dy/dp by utilizing the
relationship '

dy _dydg _ __ 1

dr ~dg dr _RT - RG ° (52)
to give
_ 2mD'ALP Sy _ dy -
A= RI(RI-R®) [rl agl1 = T2 dﬁle] . (53)

Equation (53) gives the rate of reaction (moles/sec) between any two
radial positions. The total rate of reaction for the axial segment is
calculated from Eq. (53) by noting that at the inside radius dy/ ds,a = O.

9.4 "\The: CSMP Program

The CSMP Program is designed to solve the differential equations
expressing the diffusion and reaction in the graphite annulus. Another
feature of the CSMP package is the automatic ordering of the program
instructions; hence, the user does not have to concern himself with the
ordering and, within broad limits, can place the statements anywhere he
wishes. At first glance this program may look confusing because the
program instructions are a mixture of standard FORTRAN and special CSMP
instructions,

At this point, it is probably worthwhile to review the calculational
Jethod, © The CSMP progrem.requires itwo boundary conditions-for each.dififeren-
tial equation.at the inner radius.of the..graphiteannulus, . =.0. . vHowyever,
only one boundary condition, Egq. (17), is known at B = O. The second
boundary condition, Eq. (18), applies at the outside radius of the
graphite annulus, 8 = 1. Hence, it is necessary to estimate the mole
fractions at the inside radius, solve the problem, and compare the calcu-
lated mole fractions at the outside radius with the desired values. If
the results do not agree, it is necessary to adjust the estimated mole
fractions and rerun the problem., Iterations are made until the calculated
mole fractions agree with the specified boundary condition. The desired
boundary conditions are bheing calculated in Subroutine GAS.
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The first statement of the progrem is
RENAME TIME = B.

The CSMP package defines the independent variable as time. However,

this definition can be overridden by the use of the RENAME instruction,
which defines B as the independent variable. The variable, B, represents
the transformed radial distance [see Eq. (15)].

The INITIAL card defines the start of the initial section of the
program. This sectlon is executed only once per run and is used to
calculate either parameters or initial conditions that are problem
oriented and are not functions of the independent variable. Several
items are calculated in this section., DIS and DISSQ are constants
introduced into the differential equations by transforming the independent
variable [see Eq. (16)]. The reader should be aware at this point of the
difference in nomenclature between the CSMP program and Eq. (16). In the
CSMP program, RO and RI represent the outside and inside radius of the
graphite annulus, while in Eq. (16) the same dimensions are represented
by RI and RG. The initial estimates of the mole fraction of Hp and CO
(XFIRST AND VFIRST) at the inner boundary are also calculated from the
boundary conditions at the gas-solid interface (XGOAL and VGOAL); the
estimate of the mole fraction of H,0 is calculated at both boundaries
(YGOAL and YFIRST). The remaining calculations evaluate the reaction
constents K;, K,, and K; in Eq. (8), and the effective diffusivity of
H,0 in He in the graphite pores, and then passes the initial conditions
to Subroutine QUTPUT. A list of the variables used in this section

appears in Table 5.

The DYNAMIC card indicates the end of the initial section and the
start of the dynamic or numerical integration section. The numerical
integration of a differential equation is easily programmed in the CSMP
package. It is only necessary to write a FORTRAN statement defining the
highest order derivative, d2Y/dpe in‘Eq. (16a). The other derivatives
and the dependent variable are obtained by successively integrating the
highest-order derivative. These statements sppear as follows:
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Nomenclature for initial section of CSMP Program

Variable Definition

D Effective diffusivity of HzO in He in graphite pores,
in,3/zec

DELY Change in mole fraction of H,0 across graphite annulus

DIS Thickness of graphite annulus, in.

DISSQ Square of graphite thickness, in.2

P Pressure, atm

RATE 1 Reaction rate K, in Eg. (8), fraction sec~1 atm-1

RATE 2 Reaction rate K, in Eq. (8), atm o712

RATE 3 Reaction rate X, in Eq. (8), atm-2

RI Inside radius of graphite annulus, in.

RO Outside radius of graphite annulus, in.

R2 Gas constant, cal/mole-°K

T Temperature, °K

VFIRST Boundery condition, mole fraction of CO at inner radius

VGOAL Boundary condition, mole fraction of CO at outer radius

XFIRST Boundary condition, mole fraction of H,; at inner radius

XGOAL Boundary condition, mole fraction of H, at outer radius

YFIRST Boundery conditions, mole fraction of H,0 at inner radius

YGOAL Boundary conditions, mole fraction of Hy0 at outer radius

YK Constant in diffusivity equation, cm® atm-1 sec-l (°K)'1' 58

[y
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YP = INTGRL(DYD:, YPP) and
YBDY = INTGRL(YFIRST, YP).

The INTGRL, statement calls a varisble-step Runge-Kutta program to perform
the numerical integration. The first argument is the initial conditions
(at B = 0) and the second argument is the variable being integrated. 1In
the first examples given above, YP represents the {irst derivative of
the H,0 mole fraction dY/dp, DYDB represents the value of dY/dp at g = O,
and YPP represents the second derivative, d2Y/dg3, Similar equations

are written for the mole fractions of CO and H,. The differential equa-
tions are written assuming the effective diffusivity of H, is twice that
of E,0 and CO. The equation also assumes that the porosity-tortuosity

factor is equal to 0.0l and is indepsudent of the extent of reaction.

The remaining caleculations performed in the dynamic section include
the calculation of the reaction rate (RATEPS), and a simple combination
of the reaction rate and the effective diffusivity. The nomenclature
for this section is listed in Table 6.

After the numerical integration is ccmpleted, the program moves on
to the terminal section. This section checks whetker or not the boundary
conditions at the outside radius have been satisfied. If this condition
is not satisfied, a new estimate is made of the mole fractions at the
inner radius and the numerical integration is repeated. Once convergence
has been obtained, the program calls SUBROUTINE GAS. The gas~phase

calculations define a new problem for the CSMP program,

A rather simple convergence technique is employed in this program,
If the boundary condition at the outer radius is not satisfied, the
initial estimate is either doubled or halved until the desired values
have been bracketed. From this point on, & linear interpolation is used
to find the estimated starting conditions.

The series of cards following the terminal section are used to
define initial values and certain information required in the CSMP
program. The FIXED card defines integer variables, The CONSTANT cards
define values of various parameters. Statement TIMER FINTIME = 1.0
defines the value of the independentvariable at the end of the problem. OUTDEL
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Table 6. Nomenclature for dynamic section of CSMP l?rogramaL

Variable Definition

AH2 Absolute value of H, partial pressure, atm

AH20 Absolute value of H,0 partial pressure, atm

B Independent variable, dimensionless radius [see Eq. (15)]
F Multiplier of reaction rate to account for different

types of graphite, dimensionless

1SQ Ratio of effective diffusivity and reaction rate for
H,0 and CO, in.2

1.5Q2 Ratio of effective diffusivity and reaction rate for
H,, in.2

PH2 Partial pressure of Hy, atm

PH20 Partial pressure of H,0, atm

RATEPS Reaction rate [0 in Eq. (12)], sec=1

RHO Graphite density, 1b/ft3

R Gas constant, atm em™® mole-! °K-1

VBDY Mole fraction of CO

VP First derivative of CO mole fraction (42V/dp2)

WT Molecular weight of graphite

XBDY Mole fraction of Hj

XP First derivative of H, mole fraction (dx/ap)

SFP Second derivative of Hy mole fraction (d3x/dp2)

YBDY Mole fraction of HgO

YP First derivative of H,0 mole fraction, (dy/dp)

YPP Second derivative of Hy0 mole fraction (d2y/dp2)

®Does not include varisbles listed in Initial Section, Table 5.
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and PRDEL define the increment of the independent variable to be used
in the printing and plotting subroutines. The PRINT statement defines
the variables to be printed at the specified values of the independent
variable during the numerical integration. The FINISH card will termi-
nate the integration if the slope or the velue of the H;0 mole fraction

becomes negative.
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SUBROUTINE GASIDYDB«N,VFIRST,XFIRSTYINT,NEXET)
IMPLICIT REAL®EIA~-H.O-2)
COMMON/ALPHAZ DIS «TEMP +PRES e KGoRI . DEL
DIMENSION Al3L131) ¢X(31) «B8€310.VZ(310,¥{31.31)
DIMENSION AH2(31.31) +ACO(31 ¢31)+8H2(31).BCOI31),YH2{31.31)
OINENSION YCOU3Ll¢31) «XH2(31) «XCO(31)
REAL®4 DYDB,VFIRSTAXFIRSTLVYINT
DATA NOWES/1/
WRITE{10,1071)N
FORMAT (20X. *ENTRY TGO GAS SUBRQUTIAE N=?,13)
NEX T T=0
IFENQUES.GT.1) GO YO 28

READ INPUT DATA

TEMP = TEMPERATURE. DEG K
PRES = PRESSURE, ATN

READ 1000 TEMP.PRES
TEMP=1273.0
PRE S=1.0

XKK '= CONSTANT IN DIFFUSIVITY EQNas

~  CM®¥2 - ATM/ SEC = DEG®EPT
EPT = TEMPERATURE EXPONENT IN DIFFUSIVITY EQN.,
DIMENSIONLESS

READ 1001 +XKKEPT
XKK =1. 06D~ C4
EPT=1.58

FORMATS 2F10. 32
FORMAT! E1S.6¢F10.3)

YO = MOLE FRACTION WATER IN INLET GAS
YH2l = MOLE FRACTION HYDROGEN IN INLET GAS
YCOI = MOLE FRACTION CO IN INLET GAS

READ 1003+ YO.YH2I.YCOIL
¥0=0.1

YH21=0.0

YC31=0.0

FORMAT( 3F10.3)

RG = INSIDE RADIUS OF GRAPHITE ANNULUS, IN
RI = RADIUS OF GAS -~ GRAPHITE INTERFACE, 1IN
RG = QUYSIDE RADIUS OF GAS ANNULUS. IN

READ 1003+ RGRISRO
RG=0,.3
RI=0.75
RO=1.00

FLOW = VOLUMETRIC FLOW RAYE, CM*%x3/ SEC

READ 1003, FLOW
FLOW=10.0
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CALCULATE REACTION RATE AND DIFFUSIVITY
DIG = GAS PHASE DIFFUSIVITY
DIS = GRAPHAITE PHASE DIFFUSIVITY

DIG = XKK *(TEMP %% EPT 1/ PRES =* .155
DIS = 0.01 * DIG

ASSUME DIFF OF H2 1S TWICE THAT OF H20 AND THAT OF
€O IS EQUAL TO THAT CF H20

DH2G = 2.0 * DIG
DCDG = DIG
DH2S = 2.0 * DIS
ocos = D1IS

SET INITIAL CONDITICN FOR GAS PHASE AND VELOCITY
VECTOR
XKAP = RI/RO
RR = RO * 2,54 -
DENOM = (1.0 — XKAP #*%4) -~ (1.0 ~XKAP#XKAPI*®{]1.0 —XKAP*XKAP)/
1 DLOGI 1. O/XKAP)
FACT = 2,0 * FLOW/(3.1416 * RR ® RR *= DENOM)
WRITE(10.,1010)
FORMATI 1H1,20X."RADIUS® +10X ¢+ ?VELOCITY®)
H = (RD - RI}1/30.0
0C 9 M=1,31
YileMi=Y0
CONTINUE
DO 10 J=1.31
RAD = RI & (J-1)& H
OENOM = 1.0 - RAD®RAD/(RO*RO1 + (1.0 -XKAP ®XKAP)/DLOG(1.0/XKAP)*
DLOG(RAD/RO)
VI(J]) = FACT=® DENOM/2.5%
IFL V2EJ) «LT. 0.0) VZid) = 0,0
Y(J.1) = Y0
YH2(Js1) = YH2I
YC0(J.1) = YCOI
WRITE(10,10110RAD <VZE N
FORMATE 20XeFbebe 5XeE20.6)
CONTINUE

-

SET UP MATRIX COEFFICIENTS - NOTE THESE REMAIN CONSTANT
FOR ENTIRE PROBLEM

DEL = Q.05

D0 15 J=1.31

00 15 K=1,31

AH21JoX)} = 0.0

ACD{JsK) = 0.0

Ald.K) = 0.0

Allel} = ~2,0/(H*H)

A(162) = ~A(161)

AH2¢1,1) = ASL,1)

ACD(1,1) = AlL.Dd

AH2U 162} = AlLle2)

ACO(12) = All.2)

00 20 J =2,30

Alded=1) =02.0 I ¢(2.0%3 =3)2H) /7 (2.0HMHE{RI+(J=1)%H))
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ISN 0071 8H2{JeJd=1) = AldeJd=1)
ISN 0072 ACO(Jed=1) = Al(ded-l}
1SN 0073 AlJoJ) = ~(2.0 * DIG # DEL # HEHEVZIJII)/ {H*HED1G * DEL)
ISN 0074 AH2(J.,J) = -(2.0 * DH2G * DEL +HeH®VZ(.J))/(H*H*OH2G * CEL)
ISN 0075 ACO(Jed) = =(2.0 # DCOG * DEL +H#HWVZ(JI) )/ (H&H*OCOG * DEL)
ISN 0076 AlJd «J#1) =(2.0 *RI ¢(2.0%J ~1l.)*HI/(2. O*H#Ht(Rl+(J—ll*Hll
ISN 0077 AHZ2(JeJ+1) = Al.lsJdtl)
ISN 0078 ACOUJeJ41) = Aldedel)
ISN 0079 20 CONTINUE
ISN 0080 A(31.30) = 1.0
ISN 0081 A(31,31) = -1.0
ISN 0082 AH2(31.30) = 1.0
ISN 0083 ACO(31.30) = 1.0
ISN 0084 AH2(31.31) = ~-1.0
ISN Q085S ACOL31.,31) = -l.0
ISN 0086 1020 FORMAT( 7/ (5E20.6))
c
c SET UP RIGAT — HAND SIDES HERE IS WHERE N DC LOOP
C BELONGS
ISN 0087 28 CONTINUE
1SN o088 00 30 J=2,30
ISN 06089 Bld) = = VZUJI* Y(JeN-107(D1IG * DEL}
ISN 0090 BH2UJ) = -VZ(J) * V42(JeN-1) /(DOH2G * OEL)
ISN 0091 8COtN = ~VvZ2{J) * YCO(J.N-1)7(DCOG * DEL)
ISN 0092 30 CONTINUE
ISN 0093 B{31) = 0.0
ISN 0094 8H2{31) = C.0
ISN 0095 8C0L31) = Q.0
ISN 0096 DCOR=DBLE( DYDB)
ISN 0097 ALP =DCOR#(- L/(RI~-RG}}
ISN 0098 ALP2 = ALP * DIS/ DH2S
ISN 0099 ALP3 = ALP * DIS/ D2 QS
ISN Ol100 B(1) = DIS * ALP *(2.0 * RI =H)/(RI * DIG *H)
ISN 0101 BH2(1) = -DH2S % ALP2%{2.0 * RI-H)}/(RI * DH2G * H)
ISN 0102 8CO(1) = - DCOS * ALP3*(2.0%RI =H}/7{(RI * DCOG *H)
C
c SOLVE EQ3
C
TSN 0103 CALL TRIDIACABeX+31)
ISN 0104 CALL TRIDIACAHZ,8H2¢XH2+31)
ISN 0105 CALL TRIDIACACO.B8C0¢XCO+31)
ISN 0106 VFIRST=SNG LI XCO(1))
ISN 0107 XFIR ST=SNGL{ xH2¢(1))
ISN 0108 YINT=SNGL (X(1))
ISN 0109 NQUE S=NQUE S+ 1
1SN 0110 WRITEL 6,1050)
ISN 0111 WRITE( 6.,10201{V{ JsN) +Jd=1,31)
TSN 0112 WRITE( 6,1051)
ISN 0113 WRITE( 6,10200(YA2({JeN) ¢ d=1+31)
ISN 0114 WRITEL 6.1052)
ISN 0115 WRITE( 6,1020)(YCO(JeN}eJd=Le31)
ISN 0l16 IF(DABS(X(l'-Y(l-Ni)lY(l-NioLT-0.000I)GO TO 42
ISN O118 00 41 J=1,31
ISN 0119 . YiJeN) = X(J)
1SN 0120 YH2U J«N) = XH2(J)
ISN 0121 YCO(JWN) = XCO(J)
ISN 0122 41 CONTINUE

ISN 0123 RETURN



ISN
ISN
1SN
ISN
1SN
ISN
ISN
ISN
1SN
ISN
1SN
ISN
1SN
ISN

0124
0125
o126
0127
o128
0129
o130
0131
0132
0133
0134
0135
0136
0137

42

1050

1051

1052

100

CONTINUE

NEX1IT=5

WRITE( 10,1050}

FORMAT( // 20X.*SOLUTION VECTCR FOR WATER'}
WRITE{10,1020)(Y{JeN)ed=L.31)
WRITE(1Q,1051} ’

FORMAT( // 30Xe'SOLUTION VECTCR FOR HYDROGEN')
WRITE(10,1020)(YA2{JeN) 5 J=1+313
WRITE(10.1052)

FORMAT( 77 30X« *SOLUTION VECTCR FOR CO*)
WRITE(10,1020) (YCO(J«N}¢J=1,31)

CONTINUE

RETLRN

END



LEVEL

ISN

1SN
ISN
ISN
1SN
1SN
ISN
1SN
ISN
ISN
1SN
1SN
1SN
1SN
ISN
ISN
1SN
ISN
iSN
ISN
1SN
1SN
1SN

21.6

{DEC 72)

49

0S/360 FILRTRAN H

COHPILER 0P TIONS - NAME= MAIN.OPT=02¢LINECNT=60+S1ZE=0000K.

0002

0003
0004
0005
0006
Q007
0008
0009
0010
on11
0012
0013
0014
0015
0016
0017
o018
0019
0020
go21
0022
0023
0024

YOO OONM

10

20

30

SOURCE .EBCDIC«NOLISTODECK,LOAD,MAPe NOEDIT, NOID,XREF
SUBROUTINE TRIDIA(IC.B+XeNEQ)

SOLVES A SET OF SIMULTANEOQUS EQUATIONS WHERE THE COEFFICIENT
MATRIX IS A N X N TRIDIAGONAL MATRIX. VECTOR 8 IS THE RIGHT -
HAND SIDES AND THE VECTOR X IS THE SOLUTION VECTOR. NEQ IS THE
NUMBER OF EQUATIONS (MAX = 100). NOTE C AND B ARE NODT
DESTROYED ODURING CALCULATIONS.

IMPLIC1Y REAL®B(A—H,D0~2) -

DIMENSION CU31.31148(31}+X(311.RI3116(31)
REAL#8 L(31)

NSTOP = NEQ - 1

L(1) = Cl1s1) :
R{1) = C(1+2) /LI1) :
DD 10 J=2,NSTOP

L(J) = C(Jed) = Clded-1} * REJ-1}

R(JD = CCIode1I/LLI)

CONTINUE

LINEQ) = C(NZQ.NEQ] ~ C(NEQ.NEQ-1) * R(NEQ-1)
G(1) = BOLI/ULIL)

DD 20 J=2.NEQ

Gl4) = ( 831 = COJydoli$G(I=11I/LLI)
CONTINUE

X(NEQ) = G(NEOQ)

D0 30 J=1.NSTOP

K = NSTOP - (J-1)

X(K) = G(K) — RIKD * X(K¢1)

CONTINUE

RETURN o

END .



LEVEL

1SN
ISN
ISN
ISN
1SN
1SN
ISN
TSN
ISN
1SN
ISN
ISN
1SN
ISN
1SN
ISN
ISN
ISN
ISN

ISN
TSN
ISN
ISN

ISN
1SN

ISN
1SN
1SN
ISN
1SN
1SN
SN
ISN
1SN
ISN
1SN
1SN
1SN
ISN
ISN
1SN
ISN
1SN

1SN
TSN

21.6

{DEC 722

50

0S7360 FORTRAN H

COMPILER NP TIONS — NAME= MAINJOPT=02.LINECNT=60+5SIZE=0000K,

0002

‘0003

0004
0005
0006
0007
0009
oo1l1
gotr2
0013
0014
Q015
0016
COL?
0018
0019
0020
0021

0022

0023
ac24
0025
0026

0027
0028

002¢
0020
0032
€033
0034
0035
0036
0037
0038
0039
0040
0041
0042

0043 -

0044
0045
0046
0047

0048

0049

. SOURCE «EBCDICoNOLIST+DECKvLOAD ¢MAP.NOEDITNOID+XREF

SUBROUTINE QUTPTIBTeYeYPeXsVNTEST)

DIMENSION SAVBT(21). SAVYI21). SAVYPIZI).SAVX[lev SAVVI21)
- COMMON/ZALPHA/ DIS+TEMP +PRES ¢+RGeRI+DEL '
REAL #8 DIS,TEMP+PRES«RG¢RI (+DEL -
DATA SUM/0.0/.NBR/1/

IFUNTEST.GT.2) GO 'TO 10
IFUNTEST.EQ. 0} J=0

J=J+1

SAVBY( J)=BT

SAVYL J =Y

SAVYPLJ)=YP

SAVX(J)=X

SAVVLJD =V

NTEST=1

‘RETURN

. 10 CONTINUE

NBR = NBR + 1 .
WRITE(10,1000) NBR

1000 FORMAT{ 1H1,20X.*SUMMARY OF GRAPHITE PHASE CALCULAT 1ONS FOR',

WN P

© ¢ AXTAL STEP NO.*+I4/ 10Xe'RADIAL',22X¢*MOLE FRACTIONS®,

19Xe *CONC. GRADIENT'/ QXc'DISTANCE'oBX.'HZO'-ISX.'HZ'-15Xc

" 9C0OY 412Ke *OF H20%¢/)
08'°20 K=1eJ

. 20 WRITE(1G.1001) SAVBT(KIoSAVY(chSAVX(KIvSAVV(K)-SAVYP(Kl
1001 FORMAT( 10X.F§-Zc6X-4‘ElZ 5'5X!) ’

c
Cc
c

“NTEST=0 )
CALCULATE RATE AT WHICH snnpu:reﬁts BEING REACTED -
WRITE(10.1005)

1005 FORMATI /// 24X« SUMMARY OF . RATE OF GRAPHITE REACTION'I 22X,

‘RADIUS"¢14X s *GRAPHITE REACTED®/ 16X,' OUTSIDE® ¢4Xe

|1
.2 YINSIDE* ¢12X +* MOLES/SEC*/)

a

CONST = 2.0 » 3.1416 * DIS * PRES /((RI-RG)*{2270. 59*TEMP))
IFl NBR ,EQ. 2 .0OR. NBR .EQ. 31} GO TO 30 .

CONST = CONST * DEL

G0 YO 31

30 CONST = CONST % 1.5 * DEL

CONTINUE

RID = ( SAVBT(1) * (RI-RG) + RG) * SAVYP(1)
00 40 J=2,21 . -

RIN =(SAVBT(J) * (RI-RG) + RG) * SAVYP(J)
A = CONST = (RIN - RIO)

WRITE{10.,1011) SAVBT(J).SAVBT(J-I)-A

RIO = RIN

. 40 CONTINUE

1011

1015 FDRHAT! /7 1L0Xe'TOTAL GRAPHITE REACTION RATE THIS SEGMENT'.EIS Se
1 // 10Xe *ACCUMULATIVE GRAPHITE REACTION RATE'y 5XsE15.5)

RRR = CONST * RIO

SUM = SUM + RRR -~

WRITE( 1001015} RRReSUM

FORMAT( 16 XoF&e20eTXeF302 412X +E12.5)

RETURN - -
END S

o
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= xdCONTINUDUS SYSTEM MODELING PRUGRAH***;"

*%&PROBLEM INPUT STATEMEN TS***
RENAME  TINE=B

INITIAL

=

* USING NEWTON-RAPHSON AND BISECTION TECH
=

* RATEL1®*S EXPONENT IS 4
&

- % v IS CO

* X IS H2 -

* Y IS WATER

*

: DIS=RO~R1

DISSO=(RO-RI)*%x2

DEL Y=YGOAL-YFIRST
VEIRST=VGOAL+DELY
XFIRST=XGOAL+0.5%DELY :
RATEL=T .41 TEO3*EXP(~-40900/(R2*T) )
RATE2=1.66E~02%EXP( 28600/6R2%T))
RATE3=5.31E-02%EXP(27500/(R2*T))
D=04155%0. 01%YK*T#%],58/P #*0.5
NOSORT

TIME=0.0

NTEST=0

CALL OUTPT(TIME YFIRST.DYDB,XFIRST,VFIRST (NTEST]
TIME=0. 0499

DYNAMIC

LSO=D/RATEPS

LS02=2. 0%D /RATEPS

PH2=XBD Y¥P

AH2=ABS(PH2)

PH20=YBDY*P

AH20=AB S(P H20)

RATEPS=F®RATE1®RHO®R 1 *T/( L+RATE2 ¥AH2 ¥ %0, 75+ RATEI*AH20) /WT
vBOY=INTGRL{VFIRST, vP)

VvP= INTGRL(DVDB + VPP)

VPP==VP 3DISSO/(B*DI SSQ+RIXDIS)-YBDYSDISSO/LSQ
XBDY=INTGRLIXFIRSTqXP)

XP=INTRRL( DXDB + XPP)

XPP=~XP %«DI SSO/(B*DI SSQ+RI#DIS)-¥BOY*DISSQ/LSQ2
YBDV=INTGRLIYFIRST«YP)

YP= INTGRL(DYDB,YPP)

YPP==YP#DI SSQ/(B*DI SSQ+RI*DISI+VYBDY*D1ISSQ/LSQ
NOSORT

IFUKEEP .NE« 1)GO TO 10

IF(B.LT.TIME) GO TO 10

CALL CQUTPT(B.YBOY,.YP,XBIY«VBOY.NTEST)
TIME=TIME+0.05

10 CONTINUE

TERM INAL

IF{ FIGHP cNE.0.0.AND.LOWP.NE.O-0) GO TO 61
IF{ ¥YBDY .GT .YGDAL) GO TO 20

IF{B84LT.0.95) GO TO 5

LOWS=VBOY

LOWP=YFIRST

CONTINUE

LOW=YFIRST

TFCHIGH «NE «0.0) GO TO 40

YFIRST=LOW*2.0
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N

G0 TO 50
20 CONTINUE
IF(B.LT.0.95) GO TO 21
HIGHS=YBDY
HIGHP=YFIR ST
21 HIGH=YFIRST
IF{ LONsNE.0.0) GO TO 40
YFIRST=HIGH/2.0 "
G0 T0.50
40 CONTINUE
JF{HIGHP NEe0oO.AND.LOWP-NE.0.0) GO TC 60
YFIRST={HIGH+LOW} /2.0
G0 YO 50
60 X1=LOW
Y1z LOWS
X2=HIGHP
Y2=HIGHS
G0 TO 63
. 61 CONTINUE
X2=YFIR ST
Y 2= YBDY
63 CON TINUE
: SLDPE-lYZ-Yl!I(XZ-XI)
DEL X=(YGOAL-Y1)/SLOPE
YFIRSY= X1+DELX
IF{YFIRST.GT.YGOAL) YFIRST=YGOAL
IF(ABS(YBDY—VGDAL)IYGOAL.LT 0.0001) GO TO 100
Cl=ABS{ X1-YFIRST) :
C2=ABS( X2- YFIR ST)
IF(C1.LT.C2) GO TO SO
X1=X2 . )
Yl=v2
G0 YO 50
100 CONTINUE
CALL GAS (VP.N.VBDY.XBDV.vaov.Nex!Tn -
HIGH=0. 0
LOW=0.0
HIGHP=0.0
LIWP=0.0
IF(NEXIT.GT.01GO TO 7
,YGOAL=YBDY
XGOAL=XBDY
VGOAL=VBDY
60 Y0 31
7 CONTINUE
NBR=N
N=NBR+1
NTEST=5
CALL QUTPT(B(VBDY.YP¢XBIY WVBOYNTEST) _
IF{N.GT.31)1G0 1D 6 ‘
YGOAL=YBDY
XGOAL=XBOY
VGO AL=VBDY ]
GO YO 100 '
50 CONTINUE
31 CALL RERUN
&6 CONTINUE
FIXED NeNBRJNEXIT.NTEST = . :
CONSTANT YGOAL=0. l.xGOAL—o.o.VGOAL-o.
CONSTANT YFIR §T=1,3E~-02 ‘
CONSTANT VBDY=0.00¢ XBDY=0.00¢ YBOY=0.l¢ Naz
~ CONSTANT T=1273. oo. F=10, RHO=111.872« R1=l 314,
. CONSTANT P=1.0s - YK=1l.06E-04 .
CONSTANT. HtGﬁ=o.o.Lnuzo.o.ulsnpxo.o.Loupso 0
CONSTANT . VP=0.0¢ XP=0.0¢ YP=0.0 '
CONSTANT  R1=0.3. RO=0.75

R2=1.9872.

WT=12.0
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TIMER FINTIM=1.,0¢ OQUTDEL=0.05+ PRDEL=0.05
PRINT VBDYeVP 4 XBDYe XP « YBD Y4YP +RATEPS
FINISH VYP=-=1,0E-03. YBDY=-1.0E~-05

TITLE WATER-GRAPHITE REACTION

END

STOP
OUTPUT VARTIABLE SEQUENCE . .
01S DISSQ DELY VFIRST XFIRST RATEL RATEZ RATE3 D TIME
NTEST 220001 TIME . VvBDY PH20 AH20 PH2 AH2 RATEPS LSQ
vep vp xsDY LS02 xpp xp Y80y YEP.: Ye 120008
TIME 220009 LDWS Lowp LOW. - YFIRST HIGHS HIGHP HIGH YFIRST
YFIRSYT X1 Y1 X2 Y2 X2 \ ] SLCPE DELX YFIRST
YFIRST C1 c2 X1 .Y HIGH LOW HIGHP LOWP - YGOAL
XGOAL VGOAL NBR N NTEST VYGOAL XGOAL VGCAL

PARAMETERS NOT INPUT DR OUTPUTS NOT AVAILABLE TO SORT SECTION®#xSET TO ZERD%*x
OVODB DXDB DYDB - . ~ » R

nﬂfPUTS ) INPUTS PARAMS iNTEGS + MEM BLKS FORTRAN DATA CODS
7205001 132014000 31{ 4000 6+ 0= 6(300) 101600} 13

ENDJOB 4 K



