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Abstract
The one~dimensional code PETROS computes .the transport of water, water

vapor, an inert gas, and heat through a partially saturated porcus medium.
The mass flux of liquid water is driven by gradients in saturation, tempera-

ture, and gas pressure as well as the force of gravity. Gas transport

includes effects due to Knudsen diffusion and binary gaseous diffusion of

each gas component, plus Darcy flow of the gas mixture. Evaporation and
condensation are accounted for, both in the fluid mass balance and the heat
equation. This report includes a description of the model assumptions and
the resulting equations, together with the numerical techniques used to
obtain problem solutions.

-

Included also are instructions for r~
code, and a sample problem.
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NOMENCLATURE

constant appearing in Eq. (1)
evaporation rate coefficient [Eq. (3)]
specific heat at constant pressure (k8 K)

Knudsen diffusion coefficient [m_)
2

molecular binary gas diffusion coefficient (—)

evaporation rate (—3—
m”s
total evaporation rate [Eq. (58)]

acceleration of gravity (m_z)
. s
mass transfer coefficient in Eq. (79) (5-28-—)

mass flux (Eg—) i
m°s

relative permeability (subscripted)

Boltzmann's constant (nonsubsecripted)

thermal conductivity (—f)

latent heat of vaporization (—]

molecular mass (kg)

geometry indicator [Eq. (5)]

pressure (Pa)

heat flux (—g—)
ms

position coordinate (m)

mesh ratio [Eq. (62)1

average pore radius [Eq. (24)] (m)
saturation

constant defined by Eq. (21)

time (s)

temperature (K)

total 1iquid volume [Eq. (59)1 (m3)



Greek
a mixing factor (Section VI), thermal diffusivity [Eq. (70)]

Y mass density ng]
o3
truncation error [Eq. (57)]

absolute permeability (mz]
viscosity (%)

function defined by Eq. (33)
surface tension (g)
tortuosity rfactor
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porosity

Subscripts

air

capillary

liquid ’

quantity evaluated at mesh point {
water vapor, gas (in the case of uv)
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reference value
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I. INTRODUCTION

The work described in this report was performed by Sandia National
Laboratories as a part of the Nevada Nuclear Waste Storage Investigations
(NNWSI) project. Sandia i3 one of the principal organizations participating
in the project, which is managed by the U. S. Department of Energy's Nevada
Operations Office. The project is a part of the Department of Energy's
program to safely dispose of the radiocactive waste from nuclear power
plaﬁts.

The Department of Energy has determined that the safest and most
feasible method currently known for the disposal of such wastes is to
emplace them in mined geologic repositories. The NNWSI project is conduct-
ing detailed studies of an area on and near the Nevada Test Site (NTS) in
southern Nevada to determine the feasibility of developing a repository.

PETROS is a one-dimensional finite difference code which calculates the
transport of heat plus three fluid components (water, water vapor, and air)
through a partially saturated porous material. This report.includes a
discussion of the model used, the numerical methods, and instructions for
the potential user. '

This code was originally written to study the transport of water and
water vapor in a nuclear waste repository. If such repositories are located
above the water table, then the movement of ali three fluild components can
become important. Also, change of bhase for the water component must be
included because of its role in heat and mass transport. The inclusion of
such a broad range of phenomena has also made the code useful for a variety
of other problems, two of which are the study of porous heat pipes and the
drying of porous materials.

PETROS calculates the time dependent transport of liquid water (due to
caplllary forces and gfadients of temperature and gas pressure), including
the 1liquid mass loss resulting from phase change. The treatment of the
binary gas system (assumed to be in steady state) includes effects due to
Darcy flow as well as Knudsen diffusion of each gas species and binary
diffusioq of one gas relative to the other. This more complete treatment of
the gas phase was motlivated by the desire to handle transport in a tight
geological material which displays a small average pore size. Heat




transport includes conduction; convection by all three phases, and latent
heat effects.

All transport equations except the heat equation have been written in
integral form and then differenced on a stationary Eulerian grid. This
procedure has allowed the soclution of problems with extremely steep satura-
tion gradients (i.e., evaporation fronts). Differencing in time is fully
implicit using a predictor-corrector scheme to handle the nonlinear terms.
The time step is controlled internally in order to maintain good solution
accuracy and prevent unwanted instabilities. Provisions have been made for
the inclusion of several user-defined properties such as capillary pressure,
relative permeability, and thermal conductivity. MKS units are used
throughout the code.

Sections I-III of this manual describe the basic physical assumptions
made in arriving at a mathematical model and the resulting differential
equations. Sections IV-VIII cover the numerical methods, the resulting
difference equations, and the content of internally supplied properties
routines. Section IX describes code checkout together with some indication
- of expected accuracy. The casual user who is interested only in running the
code should skim o(rer' Sections V-VIII and then read( the Appendices, where
user instructions and coding of a sample problem are given and’ error mes-

sages are explained.



I1. MODELING ASSUMPTIONS
The following is a description of the model used, together with

relevant simplifying assumptions:

1)

2)

3)

All modeling is one-dimensional in planar, e¢ylindrical, or sphepical
geometry. The porous medium is thus composed of slabs, cylindrical or
spherical shells, each of which may be a dirfeqent homogeneous and
isotropic porous material. In each case the porous matrix is assumed to
be nondeformable.
Liquid motion ié,transient and i{s assumed to occur as a noninertial
(Darcy) flow which results from an imposed pressure gradient plus the
force of gravity. The pressure gradient is made up of the following
components:
i) Surface tension effects (capillary forces). Differences in
pressure between the gas and liquid phases ére assumed to be
representable in terms of a single function of the form

P, = Po(9)(1 + a(T-1)) ,_ (1)‘

where s and T are the saturation and temperature, respectively.
No hysteresis effectg are included, and although pc(s) may be
different for each material, a and T° are constant and apply to
all materials during a problem. Thus from (1), liquid motion may
result from saturation gradients or temperature gradients.

11) Effects resulting from gas pressure gradients. Unlike the
derivation of Richard's equation [1], the gas pressure is not
assumed to be constant. Thus 11quid motion may be driven by
gradients in the gas pressure. Change of phass i3 allowed and
included in the liquid mass balance. Darcy's law employs a
relative permeability which depends only on s.

The motion of both gas phases is treated as noninertial and steady
state. The latter condition follows from the assumption that gas
velocities are much higher than liquid velocities and equilibration
times are correspondingly shorter. The two gas species are assumed
ideal, and their motion includes the following effects [2]:
i) Darcy flow of the combined mixture using a relative permeability
which depends only on s.



i{) Knudsen diffusion of each component relative to the porous
medium, assuming a single average pore size for each material.
1i1) Binary gaseous diffusion of one gas relative to the other. A
constant tortuosity may be inserted if desired for both types of
diffusion.
_ Change of phase is included in the water vapor mass balance.
4) The rate of phase change is modeled in two different ways which are
subject to user choice. 1In the equilibrium model, the water vapor
pressure is set equal to the equilibrium value when liqufd is present,

i.e.,

: p . (T) (s>s,)
pv - { sat 1 (2)

determined from momentum eqn. (s < s‘)

where 31 is a small but nonzero cutoff saturation. For this case,
evaporation rates are determined from the divergence of the water vapor
flux. The other option is the nonequilibrium model, in which the

evaporation rate is given by
F = cs(psat(T) - pv] {(3)

with ¢ constant. For this case pv is determined from the solution of a
pressure equation. Here ¢ must be increased until the solution no

longer changes (becomes independent of c); as a guide, use ¢ =~ 105/? .
Values of ¢ which are excessively large may cause problems in calcula-
tion caused by the subtraction of two nearly equal quantities [Equation
(3)1.
5) Heat transfer is assumed to be due to conduction and convection only,
with dispersion effects neglected. The mixture is assigned a single conduc-
tivity, which may depend on position and time directly or indirectly through
other problem variables. Convection of all fluid phases i{s included. The
heat equation is solved transiently and includes latent heat effects. The
latent heat of vaporization is allowed to depend linearly on temperature.



III. GOVERNING EQUATIONS
Equations consistent with the modeling assumptions listed in Section
II have been derived elsewhere [3] using volume averaging and mixture
theory, and will only be listed here. The continuity equation for liquid
water is (in one dimension) ‘

s .1 23 n - =
¢Y£-a—t+;1-'§? (l" Jy‘) F (4)

where F is the evaporation rate (mass/vol time) and J, is the liquid mass

2
flux averaged over the porous material. The geometry indicator n takes on

the value

1 eylindrical geometry (5)

0 planar geometry
n=
{ 2 spherical geometry

In accordance with Darcy's law, the flux Jz is given by
Y, xk, | 3p
7L 2

where the force of gravity is in the direction of positive r, and is
generally expected to be set to zero for cases involving curvilinear
geometries. We eliminate Py in Equation (6) from the definition of capil-

‘lary pressure:
pc(s.‘r) =P~ Pp S ¢ 0]
where p is the total gas pressure

p-pv+pa (8)

Equation (6) thus becomes

Y,k ap ap
J.-l_’«.[ég-_s.ﬁ__ﬁa_l'_yzg . (9)

-10-




We write
Po(s,T) = pc(s’To)[1 » 82 (11 )] (10)

where ¢ is the surface tension and for convenlience we set To = 300 K. Then
Equation (9) may be further expanded to read

ap
Jl = My [Br ?s £(T) ar  Pc TdT or Ylg] (11)
where £(T) =1 + 93‘-’-‘2 (T-T. ) R (12)

and pc(s.'l’o) has been abreviated to p . Equations (3), (¥), (5), and (11),
together with the auxiliary functions kz(s). uz(T). and pc(s,To) thus
specify the liquid transport. The heat transport equation is
, T 9T 1 9
ch . 3t +(cp '1)3}'-' n W (nK ) FL(T) , (13)

where K is the mixture conductivity, L(T) is the latent heat of vaporiza-
tion, and = and J are defined by

Cop

€ * | %pa (1%)
Coy
Jv

The mixture heat capacity is

- (1—¢)Ymc + ¢sY

Ye pm ot

(16)
p'mix
where the subscript m refers to the porous matrix. The two gas components
(water vapor and an inert component which we refer to as "air") satisfy the

steady state continuity equation

-11-
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1.9 (0, .
._..E.é-r-:(rJv) F (17)

"3

1.3 (.0, .
—ﬁ-a—F[rJa) 0o . (18)

e}

The fluxes are given by [2]

J = - ¢(l-s)vaw apv _ P, KK, o, Dyx (pvJa -p.d ) (19)
v kT ar uva ar pDva 92 av

$(1-s)m_FD__ 3 o) ,9’2m KX p.J_
J = - v: vk ""a _ "a v v, v PI - 232) (20)
a kT ar u_kT ar pD Pay k74

v _ va
m
with & = Y2 . , 4 (21)
Dy
Equations (19) and (20) may be solved for the fluxes:
3pa . (1 . p.?Dva) apv
;- <1’(1--.=.a)xnva< ar vavx ar ) xkvmvpv P (22)
v kT
- P, & . p.9”Dva uva or
Py vavx
]
( Py (, + vova) %, )
1-3)m_ D
5 .- $ ) vy | PD,,. ] or ) xk m & paﬂB (23)
a k ' *
T L P, Z . pDva uvk'l' ar
Pa paDvnc

Equations (17), (18), (22), and (23) together comprise a set of coupled
nonlinear elliptic differential equations for the two pressures P, and P,-
The Knudsen diffusion coefficient is given by [2]

w2 ‘/Bk'r
Dvx 3(«%/1) E | ’ ' | (24)

-12~



where 2 1is the average pore radius and t the tortuosity factor. The binary
diffusion coefficient D,, is given by C[u]

= /P 1.81 2
D =2.3x10° (-2)(1-) om (25)
va R pPT To s

where po = 0.8 x 10" N/m2 and To = 256 K. As an aid to the user, an equiv-
alent pore radius for Equation (24) may be obtained from the capillary tube

model
8¢t '
m - .K-."- . ) (26)

-13-



IV. DIFFERENCE EQUATIONS
We rirst conatruct the mesh shown in Figure 1. All primary variables
(pv, pa. s, and T) are defined at the node points, and all fluxes (Jv' Ja'
and JL) are defined at the midnode points indicated by dashed lines. These
lines represent boundaries of a control volume over which we.shall integrate
the transport equations. Beginning with Equation (4), we have

i+1/72 i+1/72 i+1/2
n

T, %E I - ¢rsdr + rng - - r'Fdr (27)
1-1/2 1-1/2 i-1/2

where we have multiplied through by rn before integration. If we ap-
proximate s and F as being plecewise linear and ¢ constant between mesh
.points, then the integrals in Equation (27) are '

sz n ¢ary * by_18riy
¢r adr = rs, 5 (28
i-1/2
1+1/2
Ar, + Ar
ranr' = P;‘Fi —12—-1—]; ’ (29)
i-1/2

where Ari 13 defined as shown in Figure 1. The correction terms to (28) and
éﬁ)t ‘Thus Equations (28) and (29) are quite adequate
except for curvilinear geometries at positions very near the origin.
Substituting Equations (28), (29), and (11) into (27) gives the difference

equation for s:

(29) are of order % (

-14-



CONTROL VOLUME

'S |
| |
| i
3 I 4 l 1}
- | ' l '
i-1 | i I i+1
I |
| |
i-1/2 it1/2
u y.N J
Y RS

Figure 1. Nomenclature used for numeriecal grid.
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n i+1/2

o - s - At Fi+1/2%1%2
1~ % " \7 1+172
ry 3 (ogar ¢ 0y jor ) Ko
a 7/ - /
(pi+l PL_y c - Po Si¢1 ~ 54 £(1 )
Ari ) as 1+1/2 Ari i+1/2

n i-1/2
- o] dtno Ti+1 Ti)_ Fi-1/2%1-1% (91 Pit g
Cli41/2 dT ar, u1-1/2 Ary_, )

3 /- s! T, - T
_ %P 51 7 344 e(1 ) - p dtno "1 1-1)

35 |y-1/p 8071 i-1/2) " Pe| _ TaT T ar

riFy
Tav, (aryvary )¢ - (30)

The convention of using primes to represent values advanced in time by one
time step At shows that Equaﬁion (30) has been differenced in a fully im
pliecit manner. It is conservative in form [5] so that if F1 = 0 everywhere,
liquid mass is exactly conserved. Boundary conditions of either Dirichlet
or Neumann type may be imposed. .For Dirichlet conditions, s(1) and/or
s(gMAX) are specified. For a Neﬁmann boundary condition, the mass flux at {

=3 or 1 = IMAX -~%.(or both) is specified, leading to the boundary

equations
o -5 = Ay P ™ Py, da¥y
2 1 dp IN Y,k
' f“a/z]?is—cl 1 Yt
3/2
T, - T |
dfnoe "2 1
-p - = Y,8 (31)
c 3/2 dT Ar1 A } .

-16-



e o . Ary-1 Py ~ Py-1, Jats
N N-1 dp ArN_1 ’ Ygxkl
f(TN_1/2) EEEL . N-1/2
| -1/2
T, = T
= p| dine N W1 ng} (32)
N-1/2 N-1

where N = IMAX 1s the number of mesh points,

The heat Equation (13) is differenced in a similar manner, by multiply-
ing through by pl and integrating over the control volume shown in Figure 1.
Using the abbreviation 4

1
£, = —-(Ar _4Ye + Ar Ye ) ’ (33)
i— 2111 plmix,i-l 1 plmix,i
the heat equation becomes
oT i+1/2 i+1/2
r?si 321 + Qp . I r"g<%§ dr = [%nK %%]
1-1/2 , i-1/2
ry
- fL(t) 5= (ary + ar _ ) . (34)

’ oT
Since J is defined at the control volume boundaries, we approximate Sr 28
piecewise linear between mesh points, so that

i+1/2 i

T, - T
n, aT 1 1-1 I n
rd dr = h rdr
1-1/2 or T L
T -7 1+1/2
i+1 i n
M RV { rar (35)

-17=-



This reduces to

1+1/2
n, oT 1 n
rds~dr =4, (1, -T, ,)r
1-1/2 r 2 Sg-172\s T ti-1Ty
1 ' n
* 5 d00(Ty ~ Ty (36)

.o - . r
where the truncation error is again of order (ﬁ—-) The resulting dif-

ferenced heat equation is

’ © At B ’ E ’ _ .’ ]
Ty~ Ty T3 [Qp Je1/2{Tiar ~ Ty * g = 2y 0(Ty - Ty)
’ /’ V4 rd
B LI . Tiop =Ty -k Ty =T
n 1+1/2™1+1/2° ar i-1/27i-1/2 ~ ar
r&, i 1-1
1
FiL(Ti] 5-(Ar1 + Ari_l)At_ ,
- ; . 37)
i -
The latent heat term has been modeled as
dL
LM =Ly + g (T-T) (38)

with To = 373 K.. Equation (37) has been differenced in a fully implicit
manner, and, as is the case with the saturation Equation (29), may be solved
using a tri-diagonal algorithm, provided the nonlinear terms ar"e ap-
propriately treated. As before, boundary conditions for Equation (37) may
be of either the Diriéhlet or Neumann type. For Neumann boundary condi-

tions, the heat flux at mesh location% 6:* N - 15 is specified, leading to
either
Ar,Q
T. =T, = ~—>372 (39)

2 1 K3/2

-18-



or

8ry 1172
N " """ %_,.,., (40)
N-1/2 :

Prior to differencing the gas momentum Equations an, (18), (22), and
(23), we first rewrite those equations in a more compact form using the

following definitions:

J ) n :
=( Vv —f Vv =(rF

The fluxes may then be expressed as

ap
k ,
® ‘ETJkaT , (42)
where
P&VDva
(1-s)m D P, *
: =- ¢(1-s)m D_ v D, _xkmop, 3)
11 kT p&VDva uva
P, * P& * P
vK
r o= ¢(1-S)vavn Py Kk, m.Py
12~ KT pPFD__ T TR KT ()
P, * P& *
vK
T = - ¢(j-s)mv9’Dw Py Kkvmv'g’zpa
21 - kT pv pDva - uva ()45)
Pa*T'D
vK
PDya
1- p, * 2
T22 = - M. S:{l:v.?DvK a D, _ "kvmvg’ Py . (46)
P, PD,, u KT

-19-



Equations (17) and (18) are multiplied by r" and integrated over the control
volume as before. The resulting difference equations, when expressed in
tensor notation using the definitions (41) through (46) are written as the
slhgle equation '

441 _ 1 1_ 1-1
o piv12 K i S 0 VI VR
1+1/2°9x T &, 1-1/2°3k T A

] ‘
=d, 3 [Ari + Ar (47)

-1)

In Equation (47), repeated tensor indices are assumed to be summed over.
Since the coefficients Tjk in Equation (l47) are functions of the pressures,

we linearize according to

1t1/2 %111/2 .

o o
Jk b % jtllz(pi 1:1 i pitl) . (48)

g TPy TP T

Here we have used the notation

T jk (u9)
Jk,2 ™ dp,

and the superscript ° refers to values at the last time step.
The final difference equation for the gas momentum equations is thus

i+1 i
n 014172 P TP 1 oe4-1/2 (1 141 ot o4
"1+1/2|:T3k Tar, 2 Tik,b (pp + Py - Pg-py )
0f+1 _ of 1 i-1
Pk "% | _.n SR S S TV
Ar, 1-172 | 3k ar 2 “jk,8 Py T Py
°of 0§-]
_ o4 °1 1y Pk 7 Py 1
Py - ) o = dJ-E (Ari + Ari_l] . (50)

Equgtion (50) may now be solved using a linear block tri-diagonal
algorithm. It is still effectively nonlinear, however, and iteration must

-20~




be employed until convergence is achieved. Boundary conditions for Equation
(50) are expressed as

(1) (2)
(pv) T (B B R\ [ | o)
P, EE,; EE,, ] \p, FF, 2
(N) (N-1)
Py %1 G2) [} T, [H T
p,] T \ey o] {p H. 52)
a 21 "22 a 2 .

where EE and G are 2 x 2 matrices and FF and H are vectors, all defined by

the user,

-21-



V. MATERIAL INTERFACES

For the equations developed so far, all variables have been treated as
continuous, However, saturation is known to be discontinuous across a
surface dividing two materials with different caplllary pressure curves.
This occurs because the liquid and gas pressures (and therefore the cap11¥
lary pressure) must be continuous across the interface. If the capillary
pressure curves are then different for each material, it follows that a
discontinuity in saturation is required. This discontinuity is numerically
described by defining the saturation at thé interface node as the arithmetic
mean of the discontinuous values, That is,

s, =3 (5] +s]) . (53)
‘"The continuity of capillary preésure aéross the interface may be expressed

as
g (sy) = p(sy) . (54)

which may be rewritten as

- - + -

polsy) = pl2s; -] . (55)
Equation (55) may be solved for sI ir s1 is known, and thsen sI found from
Equation (53). The values s, and s, are inserted into the flux expressions,

i i
and are also used for property evaluations.

-22-



VI. TIME-STEP PROCEDURE

The difference equationé preéented in the last section could be used to
advance the problem in time simply by advancing s, then T, followed by a
pressure solution. However, the strong nonlinear coupling between equa-
tions, together with possible nonlinear boundary conditions, makes this
simple procedure ifnadequate to prevent numerical oscillations for difficult
problems, even with a carefully controlled time step. Consequently, an
elaborate time-step procedure has been incorporated, which will allow well-
behaved solutions for most problems of interest. In general, problems which
_produce high evaporation/condensation rates cause the greatest difficulty
due to the coupling between the gas momentum and heat equations. However,
for some problems a simpler time integration procedure is adequaté, and may
be employed according to user option.

Although the user speclifies an initial time step, successive time steps
are calculated internally, following, in part, the procedure documented by
Gresho, et al [6]. Upon completing a step, the norm of an effective rela-
tive error is first determined according to

= - U - '
|y, |= maxlsn sn-ll * 555 maxlTn Tn-1| , (56)

where the maximum over the mesh is lmplied. Then, for a required truncation

error £, the next time step Atn+ is estiméted from

1l
s \1'"3
U,
Atn*’l = Atn y - (57)
n
Atn+1
The ratio <t is, however, restricted to be £ 1.25, and if a value below
n

0.8 is obtained, the entire time step is repeated using the new value Atn+lf

Once the new time step is computed, all variables are advanced in time
using the method described below. Prior to that description, however, some
terminology needs to be defined. "01d" value refers to values of the

~23~



dependent variables at the end of the last successful time step. The next
time step will in general be subdivided into several smaller time steps, and
the solutions at the end of each of these subdivisions are called
"provisional™ values for the variables s and T.

Prior to the nth time step advancement, the computed time step Atn is

divided by the factor ZNPROV—1 to provide a smaller time step for use in a
predictor-corréctor type acheme. The time step is successively doubled with
new predictions of the variablés made each time, until the computed time
step Atn is recoveredf The overall algorithm is then as follows:
—e= 1) set temporary values = provisional values (or old values for first
iteration) ‘
2) advance 3 and T from the old time to obtain new provisional values
using temporary values in nonlinear terms '
3) mix provisional and temporary values linearly as follows to get new
provisional values
PROV = aPROV + (1-a)TEMP
4) solve for pv and pa using provisiongl values in nonlinear terms.
Update fluxes, evapcration rates
l— 5) DT = DT*2 until full time step at, 1s recovered.
The reason for this admittedly elaborate procedure i3 to obtain es-

timates of the advanced variables to use in the nonlinear terms so as to
avoid numerical instabilities. If the mixing parameter a i3 set to unity,
then the nonlinear terms are always evaluated at the midpoint of the next
time subinterval, ;s,illustrated by the following example: (refer to Figure
2 for time positions)
EXAMPLE: NPROV = 3

evaluation of

iteration At nonlinear terms solution
At
1 Y 0 01
2 2 1 0~+2
3 At 2 0 + 3 (final
solution)
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at

time
Figure 2. Illustration of time integration method (see example).

For values of & less than unity, the nonlinear terms are adw)anced even more
slowly, as might be necessary to reduce numerical instabilities in problems
with high evaporation rates. Notice that the more standard single-pass
method is recovered if NPROV = 1.

Each edit displays two auxiliary quantities, the total evaporation rate
and the total liquid volume, which can often provide useful information
concerning the solutioﬁ as well as a check on the numerical accuracy being

obtained during the time integration. They are defined by
Fe f Fridr (58)
Y = ,[ ¢sr‘ndr . (59)

These quantities satisfy the equations

Y n right

Y PO e - 0 (60)
o [0 right

F=[r9, ) ere (61)

-25~



where "left" and "right" denote the problem boundaries. For a problem with
mass flux boundary conditions, the displayed quantities % and ¥°, together
with Equations (60) and (61), provide a convenient check of the code's mass
conservation. The latter should hold to good accuracy provided that s does
not exceed unity. In that case s is truncated to unity and mass will not be
conserved. For such problems, the degree of nonconservation may be

monitored by watching the transient behavior of 7 .
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VII. MESH GENERATION
The problem region for PETROS consists of IMAX mesh points, with mesh
point 1 representing the smallest value of the coordinate r and IMAX the
largest. The region in between may be divided into NREG regions (1 £ NREG £
10), each of which may be a separate material. All boundaries separating
regions are coincident with some mesh poiné. Within each region, the mesh

spacings must satisfy the geometrical progression

Ar

i
. - R _(62)

1-1

where R may be different for each region. It is advisable that adjacent
mesh spacing ratios (even across region boundaries) stay close to unity (say
within the interval [0.8 to 1.25]), since for large ratios the center of
each control vqlume is né longer near a mesh point, and solution accuracy
may suffer. More typical values are R = [0.9 to 1.10].

The user may want to determine the mesh size at the ends of a region,
knowing the number of mesh points, the region width, and the zoning ratio,
in order to anticipate the disparity between mesh sizes c¢rossing region
~ boundaries. To this end, the following formulas are useful for a region of

width x and zoning ratio R. The first zone is of width

x(R-1)
;?;i:—;
Ar, = ' (63)

’ R =1

X
H ’ R =1
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where n is the number of zones in the region. The last zone is of width

ar_ = arR" | (64)
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VIII. INTERNALLY SUPPLIED ROUTINES

Because of the many property functions required to run a problen,
user specification of each function would lead to unreasonable demands upon
the user who intends to run a simple scoping problem. Consequently, the
code may be run entirely from the data file with no other functions or
subroutines supplied, if desired. 1In this mode, properties are set inter-
nally with scaling accomplished by parameters from the data file. Below is
a list of all internally supplied property routines, including some which
may not be changed by the user (marked with an asterisk). MKS units are
used throughout.

A. Viscosity of Water¥

This function subprogram determines the viscosity of water from 293 K to
573 K at saturation usihg a quadratic interpolator and data table. 0u€side=
this interval, the value used is that at the nearest endpoint. The data
were taken from Eckert and Drake [U4] and the Handbook of Chemistry and
Physiecs [71.

B. Saturation Vapor Pressure of Water*

This function subprogram computes the equilibrium vapor pressure of
water at saturation for temperatures from 293 K to 643 K using a quadratic
interpolator and data table. Outside this interval, the value used i{s that
at the nearest endpoint. The data were taken from the Handbook of Chemistry
| and Physics [7].

C. Knudsen Diffusion Coefficient*

This function subprogram computes the Knudsen diffusion coefficient for
water vapor in a porous material of pore size 9 at temperature T, according

to the formula [2]
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D =2.82 7 , (65)
\'49 R T

where t 1s the (user-defined) tortuosity factor.

D. Binary Diffusion Coefficient®

This function subprogram computes the binary diffusion coefficient for
water vapor diffusing through air at pressure p and temperature T. Eckert

and Drake [4] give this formula as

y 1.81
-5 9.8 x 10 ('r) (66)

Dva = 273 x 10 T pt 256

where t is the (user-defined) tortuosity factor.

E. Liquid Relative Permeability

This function subprogram computes the relative permeability of the

liquid phase according to the formula [1]

s - So '
kl - [r_—s— (67)

with n and 3, (the irreducible saturation) input from the data file. The

subprogram limits kz tobe s$1. For s s Sq k, is set to 1.E-9.

L
F. Gas Relative Permeability

This function subprogram sets the gas phase relative permeability [1] to

k, =1-k , (68)

with kz computed as described above.
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G. Capillary Pressure

This function suﬁprogram computes capillary pressure by evaluating the
Leverett function for drainage [1]. This evaluation is made via quadratic
interpolation from a data table and scaled by a value of caplllary pressure
read from the data file.

H. Capillary Pressure Derivative

This funection subprogram evaluates the dgrivative of the capillary
pressure curve, discussed in G (Leverett Function), with respect to s.
Evaluation proceeds using quadratic interpolation and a data table, and is
scaled by thé same parameter which scales the caplllary pressure curve,

I. Thermal Conductivity

This function subprogram calculates the thermal conductivity of the
multiphase medium consisting of matrix, water, and gas using a simple linear
model

K (69)

mix = Kdry(l-s) +'SKwe

t ]
where Kdry is the thermal conductivity of the matrix plus gas—-filled pores

and Kwe that of the fully saturated matrix.

t
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IX. CbDE CHECKOUT

Because PETROS solves a set of coupled nonlinear equations, comparison
with analytic sclutions for a complete problem is impossible. In addition,
other esatablished codes which contain the same capability, and which could
therétore provide reliable solutions for checking, do not exist.
Consequently, code checkout has been restricted to comparisons with a selec-
tion of uncoupled problems which check the code a section at a time. Thus,
below we describe comparisons with analytic solutions for heat transfer and
liquid mass transfer separaﬁely. Then the vapor transport equations are
checked against published numerical solutions.

A. Heat Transfer

For this test we uncouple fhe heat transport equation by using a test
problem with zero evaporation rate and zero mass flux. For this case heat
transport takes place through conduction alone. For constanf values of
thermal conductivity and specific heat, analytic solutions may be obtained.
We consider the trénsient problem shown in Figure 3. Initially, the region
between r = 0 and r = Po contéins a solid at temperature Tof At t = 0 a
- fluid at temperature 'rr begins flowing past the right boundary while the'
left boundary is kept adiabatic. The resulting temperature profile is given

by Eckert and Drake [4] for both planar and cylindrical geometry:

planar
T=-T » sini_r cosi r -aAZt
T - ; -2 ] Ar_+ s?ng r gsx r. ° " (70)
o £ n=l no n oc no
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FLUID FLOW

Tofmm——————— e
r=-0 r=ro
ADIABATIC k3 =h(Tlro)=Ty)

BOUNDARY -

Figure 3. Schematic of test problem for heat and mass transfer sections of
code.
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with the eigenvalue equation
AK
cot[xro) = | (71)

where K and d are the thermal conductivity and diffusivity, respectively.

¢ylindrical
T-7T = 3 (rr) —aa’t
£ 3 2 0o''n n
T =T, 2 2 19 _( ) e (72)
o 'f n=1 ("n"o + )3 (A r,

with the eigenvalue equation

K To0ro) (73)
h Jihrol *

In Equations (72) and (73), J, and J, are the Bessel functions of orders 0

1
and 1, respectively. ’

We use the following values:

W W
Kalﬁ h'20—2—
mK
To = 350 K
oe -1051’-5
P m
Tf = 300 K
ro =0.1m IMAX = 75
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The resulting comparison with PETROS given for r = 0 and r = 0.1 is
presented in Table I for both planar and eylindrical geometry. Times have
been chosen large enough so that at most two terms of the series need be
evaluated. The largest deviation from the analytic solution is 1.2%, in-

dicating a satisfactory numerical solution.

Table 1I.
t T(0) Tanq;gtic(O) % Error T(0.1) Tanalytic(o'l) % Error

Planar |

69.72 349.73 349,67 0.11 330.1 329.87 0.ﬁ6
9Ly, 25 319.1 319.7 1.2 308.97 309.35 0.76
Cylindrical

61.28 349.51 349.23 0.54 329.09 328.94 | 0.3
549.68 316.61 316.40 0.44 307.40 -307.46 0.13

B. Liquid Mass Transport

Although the liquid mass transport equation is of a linear form, it is
normally rendered nonlinear because of the complicated functional form of
the capillary pressure, relative permeability, etc. We may, however,

produce a linear equation i{dentical in form to the heat equation by choosing
simple functional forms or constants for these quantities. The saturation

equation thus takes the form

28 £ 1 3 n 3s
3 —;;5—(1' =) ’ _ (74)
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dp
where we have set 332 = - C (a constant), and g = 0, F = 0 and %& = 0 in

Equations (4) and (9). For simplicity we have solved a problem identical to

that sketched in Figure 3 with the identifications

Y.xk, C
K»22t (75)
H, ,
xkzc ’
a 3 . (76)
Hy .

With the problem thus defined, the analytic solutions in the previous sec-

tion apply. We set the parameters as follows:

Po = 0.1m C =5.EY4 Pa

h = 0.1 X& s, = 0.
] £
ms
x = 10" ¥2p2 s =0.8 .
(o]
K, = 0.1 $ = 0.5

In addition, we set the problem temperature to a value of 293 K, which will
yield a constant ¥y = 1.E-3 %%;.' These parameters yield the same eigen-
values as before. The resulting comparison is shown in Table II, and

agreement is within 1.6% for all points checked.
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Table II.

r=20 r=20.1

t s(0) Sanalyticw) ¢ Error s(0.1) Sanalytic(o'l) ¢ Error
planar:
101.01 0.7872 0.7891 0.24° 0.4417 0.4409 0.1
715.62 0.3981 0.4111 1.6 0.1907 0.1948 0.5
eylindrical: : .
77.428 0.78u49 0.7838 0.13 0.4352 0.4344 0.094
565.05 0.2524 0.2521 0.03 0.1147 0.1148 0.015

C. Vapor Transport

To check the numerical solution of the two coupled vapor pressure equa-
tions, previous numerical calculations [1] are used for comparison. These
previous calculations were performed using a different numerical method
entirely, but solving identical equations. They involve a steady state
boundary value problem, in which water vapor from a fully saturated region
diffuses through a dry region of a porous medium towards a boundary main-
tained at 1 atmosphere of dry air. This problem was run for a wide range of
perﬁxeabilities and thus incorporates all three vapor transport mechanisms
(Darecy flow, binary gaseous diffusion, and Knudsen diffusion). The solu-
tions for a constant temperature of 383 K (110°C) are shown in Figure 4.
These solutions were reproduced s0 closely by PETROS that the two sets of
curves would be indistinguishable 1If plotted together. Parameters used in

this run were

‘/BK
& ¢
¢ = 0.25

IG = 0 (planar geometry)
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Pressure solver test solutions (permeabilities are 1n m )
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APPENDIX A: USER INPUT INSTRUCTIONS

Data Deck

The input data deck 1s used to specify all information needed to run a
problem, with the possible exception of user supplied subroutines or func-
tions (described later). The deck is read in free format (list-directed
format) with blanks or commas used to separate numbers. Fioating point
numbers may be listed in either decimal or scientific notation (E-notation),
but must contain a decimal point. Several identical numbers may be listed
by the use of an asﬁerisk as a repetition character; thus

4.3 ¥3 5.6 7 *2
would be read as

4,3 4,3 4,3 4,35.6 777 .
If data for a single card occupies more than 80 columns, a continuation card
may be used to list the remaining data, subject to the following rules
1) the break must be between numbers, not dividing'a single number,
2) the continuation chaﬁacter "C" should be separated from the last digit
read by a space or comma.
Example:

4.3 6.4E4 T7.93 5.6E2 C

3.66E5 5.593

Each data section is introduced by a command card which must begin in
Column 1 and appear exactly as shown below. Data pertinent to each cbmmand
card then follows that card Iin the order designated. These command card
"data sections" may appear in any order except that the $REGION card and
" data must precede the $PROP data section. This is necessary to specify how
many regions there are, and consequently how many property values are to be

read in on each card. Certain data sections may sometimes be omitted
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altogether. For example, if the code is to be run without advancing the
temperature, then the $TEMPBC data section, which specifies temperature
boundary conditions, may be omitted. Below is a list of input variables for
each data section:
$HEADER
PROBLEM DESCRIPTION
The problem description may contain up to 80_characters
$REGION
NREG, IG,IREG(2),IREG(3),....IREG(NREG+1)
RR(1),RR(2),....RR(NREG+1)
RATIO(?),RATIO(Z).....RATIO(NREG)
These variables are as follows:
NREG = number of problem regions (j < NREG s 10)

IG = indicator for .problem geometry

0 planar
= 1 cylindrical
2 spherical

IREG(L) = mesh point number that begins region L. IREG(1) =1
always, so is not input. IREG(NREG+1) = IMAX the total
number of mesh points in the problem (s101)

RR(L) = spatial position that begins region L

RR(1) = left boundary position

RR(NREG#J) = right boundary position
RATIO(L) = zoning ratio for regionL

>? mesh size incréasing with r

<1 mesh size decreasing with r

=1 mesh size constant

-40-



$INIT
TEMP, SAT (or "VAR")
IEDIT, ISTOP,TSTOP,DTINIT
TEMP = initial constant problem temperature
SAT = initial constant problem saturation
If initial conditions for S,T are not constant these vari-
ables are replaced by a card containing "VAR" in columns_1-
3, and a subroutine ICOND provided (see Appendix B).
IEDIT = number of time steps between edits
ISTOP = total number of problem time steps allowed (typlcally a
. few hundred)
TSTOP = maximum problem time (sec)
Execution halts and an edit is disblayed whenever ISTOP
time steps have been computed or real problem time =
TSTOP, whichever comes first.
DTINIT = 1n1t1g1 time step
-This variable should usually be set smaller than the user
thinks is appropriate, in order to get the run off to a
smooth start. If initially set too small, the time step
will accelerate to more reasonable values in just a few
steps.
$SATBC
ILEFT,IRIGHT.VLEE;T,VRIGHT (or "VAR")
ILEFT = type of saturation boundary condition (B.C.) at left

)

boundary (r = Poin
0 -- Dirichlet B.C., 8 = constant

1 == Neumann B.C., liquid mass flux = constant
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IRIGHT = type of saturation boundary condition at right boundary
(r = rmax) :
0 -~ Dirichlet B.C., 3 = constant
1 =-- Neumann B.C., liquid mass flux = constant
VLEFT = value of left boundary condition (either saturation or
mass flux). Mass flux positive in the direction of in-
creasing r. |
VRIGHT = valﬁelof right boundary conditioﬂ (either saturation or
mass flux). Mass flux positive in the direction of
increasing r.
If either boundary condition is not one of these types, this card

is replaced by a card containing "VAR" in Columns 1-3, and a

subrouting SATBC provided (see Appendix B).

$VAPBC

EE(1,1),EE(1,2),EE(2,1),EE(2,2),FF(1),FF(2) l

¢(1,1),6(1,2),6(2,1),G6(2,2),H(1),H(2)

‘ (or "VAR")

The matrices EE and G and vectors FF and H are as defined in
Equations (51) and (52). For more general boundary conditions,
replace both cards by a single card containing "VAR" in Columns

1-3, and provide subroutine VAPBC (see Appendix B).

$TEMPBC

ILEFT, IRIGHT,VLEFT,VRIGHT (or "VAR")

ILEFT = temperature boundary condition type at left boundary
)

(r = r'min
- 0 -- Dirichlet B.C. T = constant

1 == Neumann B.C. heat flux = constant
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IRIGHT = temperature boundary condition type at right boundary
(r = rmax)
0 -- Dirichlet B.C. T = constant
1 == Neumann B.C. heat flux = constant
VLEFT = value of left boundary condition (either temperaturé or
heat flux). Heat flux positive in the direction of in-
creasing r.
VRIGHT = value of right boundary condition (either temperature or
heat flux). Heat flux positive in the direction of
increasing r.
If either boundary condition is not one of these types, this card
is replaced by a card containing "VAR" in Columns 1-3, and a
subroutine TEMPBC provided (see Appendix B).
$PROP
CAPPA(1),CAPPA(2),....CAPPA(NREG)
PHI(1),PHI(2),....PHI(NREG)
"~ PORE(1),PORE(2),....PORE(NREG)
PC(1),PC(2),....PC(NREG) (or "VAR")
IRELW,IRELG

TCWET(1),TCWET(2),....TCWET(NREG)

(or "VAR")
TCDRY(1),TCDRY(2),....TCDRY(NREG)

RCPMAT(1),RCPMAT(?),....RCPMAT(NREG)
CAPPA(L) = permeability of region L in m2
PHI(L) = porosity of region L
PORE(L) = average pore radius for region L. This parameter is

denoted @ 1in Equation (65) and is used only to com-

pute the Knudsen diffusion coefficient
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PC(L) = capillary pressure for region L. This number is used to
scale the Leverett curve included internally in the code.
If the user wishes to supply a curve, this card is re-
placed by a single card containing "VAR" in Columns 1-3

and functions PCAP and DPCDS provided (see Appendix B).

’0 internally supplied relative permeability

IRELW = curve for water

l1 user supplied relative permeability curve for
water. Requires function XKL (see Appendix B)

0 internally supplied relative

IRELG = permeability curve for gas

1 user-supplied relative permeability curve for
gas. Requires function XKV (see Appendix B)

.TCWETUJ - thermal conductivity for f&lly saturated medium
(region L) _
TCDRY(L) = thermal conductivity for dry medium (region L). If
the user wishes to supply a variable thermal conduc-
tivity; both cards are replaced by a single card
containing "VAR" in columns 1;3. and function TC
provided (see Appendix B)
_RCPMATUJ = product of density and specific heat for matrix

material only (region L). Units are J/(m**3-K)

$CON
I,CON(I)

J,CON(J)

etc.
DONE -44-



This data section is optional and allows the user to change problem
constants stored in the equivaleﬁced arrays CON and ICON. A complete
list of problem constants accessible to the user as well as thelir
default values is included in Appendix C. (Other CON array eléments
are used for storing data read in from the data deck.)

I = array index (see Appendix C) |

CON(I) = desired value (may be fixed or floating point depending

on parameter)
DONE = iiteral occupying Columns 148 to Inform data deck reader
that all data from this section has been read
$END

Data deck terminator (mandatory) .

Control Cards

The existing version of PETROS is written in FORTRAN IV, and intended
for execution on the CDC 7600 system. No external math libraries are re-
quired unless the user desires to use additional software (such as spline-
fitting foutines) to compliment some user-defined subroutine. The user then
needs only to compile the source code plus any user~defined functions or
subroutines and then execute. For Sandia users this {s accomplished on the
CDC 7600 using the following job stream:

ATTACH,FXMATH.
FTN, I=INPUT,L=0.
FTN, I=INPUT.
LIBRARY,FXMATH,

LGO, PL=TT7000.
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The second FTN card is only included if a file of user-supplied subroutines
or functions is intended to be used. The FXMATH cards are only needed if
such routines are needed by user-defined functiona. The input records are

then inserted in the order

PETROS source (record #1)
user-supplied FORTRAN routines (record #2)
data deck . (record #3)
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APPENDIX B: USER-SUPPLIED ROUTINES

Below is a list of optional subroutines or functions that the code may
expect, depending on the values of certain parameters in the data deck or

CON 1list (see Appendix A or C).

FUNCTION XKL(S,IR)
This function subprogram evaluates the liquid relative per-

meability XKL in region IR at a point where the saturation is S.

FUNCTION XKV(S,IR)
This function subprogram evaluates the gas phase relatgve per~

meability XKV in region IR at a point where the saturation is S.

FUNCTION PCAP(S,IR)
This function subprogram evaluates the capillary pressure (Pa) at
a point in region IR where the saturation is S. The user is referred

~ to Appendix D for information on methods for interpolating data tables.

FUNCTION DPCDS(S,IR)

This function subprogram evaluates the derivative with respect to
S of the capillary pressure curve provided by FUNCTION PCAP. If it is
desired to numerically differentiate using calls to PCAP, care should
be taken so that the resulting derivative 1is not discontinuous at mesh
points. Otherwise, it may be advisable to differentiate the curve
prior to runtime, store the derivatives in a DATA statement, and inter-

polate the derivative data table.
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FUNCTION TC(S,T,IR)
This function subprogram evaluates the thermal conductivity at a

point in region IR whose saturation is S and whose temperature is T.

SUBROUTINE TEMPBC(ILEFT,IRIGHT,VLEFT,VRIGHT,TM,T,S,NB,IMAX)
DIMENSION T(IMAX),S(IMAX)

This subroutine sets the temperature boundary condition barameters
ILEFT,IRIGHT,VLEFT,VRIGHT (described in. Appendix A) at time TM. The
saturation and temperature arrays are S and T. The parameter NB has
the value 1 when left boundary conditions are to be set, and 2 when
right boundary conditions are to be set. (This feature may be ignored

if speed is unimportant.) IMAX = mesh point at right boundary.

SUBROUTINE SATBC(ILEFT,IRIGHT,VLEFT,VRIGHT,TM,T,S,NB,IMAX)
DIMENSION T(IMAX),S(IMAX)

This subroutine sets the saturation boundary condition parameters
ILEFT,IRIGHT,VLEFT,VRIGHT (described in Appendix A) at time TM. Other

parameters are identical to those for TEMPBC.

SUBROUTINE VAPBC(EE,FF,G,H,T™M,T,S,R,DR,NB, IMAX)

DIMENSION EE(2,2),G(2,2),FF(2),H(2),T(IMAX),S(IMAX),R(IMAX),DR(IMAX)
This subroutine evaluates the boundary condition parameters for

vapor transport described by Equations (51) and (52). R(I) is the

position coordinaté at mesh point I, and DR(I) = R(I+1) - R(I). Other

parameters are identical to those for TEMPBC. If needed, the user may

employ éhe internal function PVAP(T), which evaluates the equilibrium

vapor pressure at temperature T.
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SUBROUTINE ICOND(IRG,T,S,R,IMAX)
DIMENSION IRG(IMAX),T(IMAX),S(IMAX),R(IMAX)

This subroutine evaluates the arrays T, S to define initial condi-~
tions on temperature and saturation. R(I) is the position coordinate
at mesh point I, is preset by the code, and must not be changed.

IRG(I) is the region number between mesh points I and I+1.
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APPENDIX C: CON ARRAY

Here we list elements of the equivalenced arrays CON, ICON which may be

changed by the user (all units MKS).

ARRAY
INDEX

10

1

12

?3
TH
?5
16

17

18

NAME DEFAULT VALUE
SS 1.25
CEvVA 1.E-5
GAMMAL 1000.
EPS 1.E-3
NPROV 5
IAIR 1
G 9.792
SMIN 0.005
CPL 4200.
Ccpa 1000.
CpV 2000.
DLDT =-3573.
LO 2.256E6
ERRV 1.E-7
ERRA 1.E-3

MEANING

: ra;
square root of mass ratio‘/ m_ (& in

Equation (23)) v

evaporation rate coefficient (c in
Equation (3)). Set ¢ = 10° /<

density of liquid water

time step truncation error (s in
Equation (57))

number of time step subintervals
(Section’VI)

0 no air in problem

1 air included
acceleration of gravity

dryout threshold (for problem
termination)

specific heat for liquid water

specific heat for air (constant
pressure)

specific heat for water vapor (constant
pressure)

derivative of latent heat of vaporiza-
tion w.r.t. temperature

latent heat of vaporization of water
at 373 K

relative error tolerance (water vapor
component) for convergence of pressure

- 80lver

relative error tolerance (air
component) for convergence of pressure
solver
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19
20
21

78

156
157

158

180

181

182

183

204

205
206

207
208

XMV
XMuv
XK

DLNSDT

PAGUESS

COEF

SZERO

SONE

IEQUIL

ALPHA

POWER

ITSOLVE

ISSOLVE

IPSOLVE

ITERMAX

TORT

3.5-26
2.E-5
1.38E-23
-2,42E-3

1.E5

22.8

0.

0.005

20

mass of water molecule
gas mixture viscosity
Boltzmann's constant

temperature derivative of &n (surface
tension)

initial guess for air pressure

coefficient for Knudsen diffusion (see
Equation (65))

saturation cutoff for internal liquid
relative permeability model (so in
Equation (67))

saturation cutoff for equilibrium model
(31 in Equation (2))

0 non-equilibrium model

1 equilibrium model

mixing factor for time step advance
algorithm (see Section VI)

exponent of s in expression for liquid
relative permeability (n in Equation
(67)) :

indicator for temperature time
advancement - 0 no temperature
advancement; 1 advances temperature
with time

indicator for saturation solution -
0 no call to solver; 1 calls solver

indicator for pressure solution -
0 no call to solver; 1 calls solver

max. no. of pressure solver lterations

tortuosity factor for gas diffusion
coefficlents
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APPENDIX D: INTERPOLATION OF DATA TABLES

In many situations, user-defined functions are not easily represented
analytically. 1In such situations it is convenient to provide a data table
covering the abscissas of interest, and then interpolate the table. This
section is provided to assist the user who may be unfamiliar with such
procedures. Two examples are given for supplying the function PCAP using
data tableiinterpolation. The first utilizes a quadratic interpolator
ihternal to the code. The second example uses spline fitting Eoutines
available from MATHLIB. The latter routines are more complicated to code,
but provide continuous first derivatives, since they represent cubic fits.
Example 1 |

~ FUNCTION PCAP(S,IR)
DIMENSION C(11)
DATA C/2.5,0.68,0.55,0.51,0.48,0.47,0.46,
X0.45,0.43,0.405,0./,N,DS/11, .1/

CALL INTERP(C,N,DS,S,PCAP,SLP)

RETURN

END

The arguments for INTERP are

C name of array to be interpolated
N dimension of array C

DS abscissa spacing (must be uniform)
S input abscissa - abscissa of C(1)

PCAP output ordinate

SLP curve derivative at S
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Since INTERP is a quadratic interpolator, the derivative may not be
continuous across a mesh point. This condition may pose problems if the
slope is to be used (say, for a capillary pressure derivative computation)f
Example 2

- FUNCTION PCAP(S,IR)

DIMENSION PARR(15),SARR(15),YP(15),YPP(15),W(50)

DATA SARR/0.04,0.256,0.398,0.47,0.635,0.725,

x°'751'0'78’0‘8'5'0'855'0'905'0'967’01985'°t997'1f/

DATA PARR/1510.,510.,280;,210.,?00.,60.,50.;

XUO.,BO.,ZO.,10f,0.,-10.,-20.,-30./

DATA INIT,N/0,15/

IF(INIT.EQ.1) GO TO 10

CALL SPLIFT(SARR.PARR,YP,YPP,N,W,IERR,0,0,0,0,0>

INIT=1

10 CALL SPLINT (SARR,PARR,YPP,N,S,%CAP,PD,YPPI,1,KERR)

PCAP=PCAP¥9,T14E3

_ RETURN

END

More detail concerning the call list for tﬁe routines SPLIFT and SPLINT is

. avallable in Reference 8.
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APPENDIX E: SAMPLE PROBLEM

Consider an initially saturated multilayered soil, as shown in
Figure 5. At time t = 0, the soill is dried from above by applying a con-
stant heat flux and a drying atmosphere blowing across the top surface at
zero relative humidity. We then wish to compute the saturation and tempera-
ture profileé as functions of time. .

For this problem, we will utilize the internal capillary pressure

function and simply scale the capillary pressure in each region by (7]

p, = o 2 (77

where ¢ = 0.072 nt/m is the surface tension of water. Also we will assume

that pore radii follow the law [1]

2 yE o (0

Boundary conditions will be modeled as follows:
1) Heat
We impose a constant heat flui of 1000 W/m2 at the top boundary and
an adiabatic bottom boundary.

2) Mass

Here we use a simple mass flux boundary condition of the form

Jz = hs(o) , x = 0, (79)
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x=0

K=1.E-13m?2 ¢=0.4

x=0.1
K=1E=-12 $=0.4

4.E-14 ©-0.3 x=0.3

K=4.E- =0.

x=0.36
K=1.E-12 $=0.35

x=0.56
K=1.E-13 b =0.35

x=0.76
K=1.E-14 ¢ =0.35

T X—1.0
‘ IMPERMEABLE BOUNDARY

Figure 5. Sample problem: drying of multilayered soil. Numbers shown are soil
porosity and permeability. Depths are in m and permeabilities
in m<,
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where h is a mass transfer coefficient, and

Jy, =0, x =1, = (80)

3) Vapor Flow

Here we set

P, * 1.0 x 105'- P,
x=0 (81)
P, = s(o)o'zpvap(T(O)) |
and zero mass flux at x = 1, The exponent 0.'2 has been chosen to
drop p v to zero smoothly as the top surface dries.

The data deck and auxiliary subroutines necessary to run this problem
are shown in Figures 6 and 7. The zoning was chosen to give approximately
uniform zones except near the drying surface where gradients are often
steep. This problem ran in 400 seconds on the CDC 7600 compn;lter. The
resulting saturation profiles are shown in Figure 8. Code output (Table
III) consists of a series of short lines giving time step information,
followed by periodic edits. The first two lines of each edit give the step
number, time, time step, net evaporation rate and total liquid volume.
These latter two quantities are explained in detall in Section VI. For each
mesh point are then listed (in order, left to right) position, temperature
(X), saturation, water vapor pressure, saturation pressure, air pressure,
total pl:'essure (pv + pa]. water vapor mass flux, liquid mass flux, evapora-

tion rate, and air mass flux. All units are MKS. Note that whereas
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$HEADER

SAMPLE DRYING PROBLEM

$REGION

6 0 21 40 46 66 86 101
0. 0.1 0.3 0.36 0.56 O. 76
1.09 [1.%3° 1.07

$INIT

300. 0.999

50 ‘700" 5.E5 1.

$SATBC : e

VAR

$VAPBC

VAR

$TEMPBC

1 1 1000. O.

$PROP :

1.0

1.E-13,1.E-12,4,.E-14,1,E~ 12 1. E 13, 1 E-1u

0.4,0.%,0.3,0.35,%2

1. 413E-6 B,46E-6,1 033E-6 k, 77E-6 1 51E-6 c

4, 7TE-T

1.44E5,4 .55E4,1.9TES, 4. 27Eu c
1.35E5,4. 27E5 © * -
00

1.5 ¥5

0.8 %5

2.E6 ¥5

$CON

182 0.5

183 3

DONE

$END

Figure 6.

Data deck for sample problem.
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SUBROUTINE SATBC(ILEFT,IRIGHT,VLEFT,VRIGHT,TM,T,S,NB, IMAX)
DIMENSION T(IMAX),S(IMAX)

ILEFT=1

IRIGHT =1

VLEFT=~1 ,E-2%S(1)

VRIGHT=0.

RETURN

END

SUBROUTINE VAPBC(EE,FF,G,H,TM,T,S,R,DR,NB,IMAX)
DIMENSION EE(2,2),G(2, 2) FF(Z) H(Z) T(IMAX) S(IMAX),R(IMAX),DR(IMAX)
IF(NB.EQ.2)GO TO 10
DO 1 "I=1,2
DO 1 J=1,2
EE(I.J)-O.
1 FF(I)=0.
FF(1)=(S(1)*%0, 2)*pvap(r(1))
FF(2)=1. E5 FF(1)
RETURN"
10 DO 2 I=1,2
" DO 2 J=1,2
G(I,J)=0.
2'H(I)=0. -
G(1,1)s1.
6(2'2)-1 .
RETURN -
END

Figure 7. User defined subroutines for sample problem
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EPTH (m)

o

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

K CURVE TIME (s)

T T T T T T T R’
e \jl 10-13 2779
—\r— A—
-\ _ 10-12 ——— 8399
__l____\_\_________;____ e e 15475
e e e e e e e . e o e e 4x10”14
- SN
A S
R AN 10-12
\
-L ———————————— ;—
- .
10-13
b ——————— (K Kk N X __X_ X ¥ ¥

0.0 0.10.20.3 0.40.5 0.6 0.70.80.9 1.0

S

Figure 8. Resulting saturation profiles at different_times for sample problem.
Permeabilities of soil layers (units are m2) are shown to aid in in-
terpretation,
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STEP
sTEe
srep
8TFP
STEP
3TPP
sTEP
8TVP
srep
srep
STEP
sTEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
sTFP

STEPS
NET E

[ o
BOUERLAUAEMIWN =

oo o s fu b 0 o G
VDRSS N

[ SR NSRS
N e O

COMPLETF==DTa
CONPLFTE=DTs
COMPLETFo=DTu
COMPLETE==DTw
COMPLFTE==DTa
CONPLETE==DTs
COMPLETF==DTa
CONPLFTE==DTw
CONPLETE==DTs
COMPLETF==DTa
COMPLETE==DTs
COMPLETE==DTm
COMPLFTE~=DTs
COMPLFTF=aDTu
COMPLETF==DTe
COMPLFTF==DTs
COMPLETFeehTs
COMPLETE==DTs
COMPLETE==DTs
CONPLETFe==DTn
CNMDLETE==DTx
COMPLETE~=DTa

50 T=
VAPNRATINM=

R T
0.0n000
«00136
200278
000428
«0058S
«007%0
+00923
.01104
«01295
«01496
2017086
«01927
« 02159
+02403
+ 02659
»02927
.03209
« 03808
.03816
+04143
«0448S
+04845
20%223

300.00
300,19
300,30
300,60
300,682
301,06
3r1,30
301,56
301.83
302,11
302.41
302,72
303.0%
3n3,40
303,17
304,164
304,57
305,00
305,45%
305,94
306.45
306.99
N7 ,.5R

531737403
+560752+0)
«50997E+03
+619%2E+03
«64931E+0)
«6T7896E+03
.TOB8TE+03
« 730448403
«76830E+01
«79828F+03
«82903E+03
285953€40)
+8R993E+03
«92045€+03
«9%123E+0)3
.992’“:003
2 10140E+04

" «1N474E+04

«10803F+04
«11140F+04
«11485E+04
«11840F¢04

«24NSKE+ QS

6957315

8
7307
« 7506
« 1506
« 750§
7304
« 7504
7503
«7503
- 73502

T #7502
»7302
7501
«7508
« 75014
« 1501
7503
<7501
«7501
7501
7501
«7501
. 7501
« 7501

DT=

Table II1I.

«11840g¢04

TOTAL LYQUID VOLu

py
« 354577+ 04
2354577404
«35887F+04
«I6IR0F4D4
«36842K+04
«3TI65F+04
«37922E+04
2 3R515F¢+04
«39147F+04
«39822F+04
«40542E+04
«41311F+04
«42117K+04
«420899F¢04
2437457404
« 44665404
456647404
«46753r+04

«4TIIGF+04 -

<49235F+04
,50653r+ng
" 52208E404
.51915E+n4

PVAP
+3%040F+04
«35451E+04
«35887F+04
+3R3IS0F+04
«3J6842F+04
«37365F+04
»37922€+04
«3IR515F 404
«39147E+04
«39622F+04
«30541F 4948
«41311F+04
«421177404
+42890E+04
+43745F¢04
+446R5F 04
-‘566‘:*04
+467%2F+04
«47939F404
«49235E+04
+50653F+04
»52207€404

«953915F+04

«29125E=n}

PA
«10000F=03
«10000F=-03
+10000E=03
«10000F«03
+10000E=03
+10000F=Nn3
«10000F =13
«10000E=03
«10000Fr~03
+10000F=0)
«10000F=03

«10000F=03

+«10000E=03
«10000F=0)
«10000F«n3
«10000F=03
«10000F=03
+10000F=03
«10000F=N3
+100NQOF-N3
«10000F=03
«10000F=03
«10000F=03

3
<3I5457E404
«35457E+04
«33BBTESO4
« 36350404
«36042E404
«37365E404
«379228404
«38535E404
«39147E404
«I9822E¢04
.40542E+04
041311E+04
0421178404
.42099E+404
<337458404
c 446657404
L45664E+04
«4R753E404
«47939F404
<49235E404
+S506%38+04
.52208E+04
«53915K404

Output from Sample Problem

VFLUX

0.

=,68560F=09
=, 70374F =08
=, 71242E=00
-.721‘9?-08
“,73114E=08
w,74142E~08
=,75238F=08
~,T8409E=08
-+ 77661E-08
=,78994E=08
«,788568F=08
«,72747€=08
=, 7%042F=08
e 77550F=08

=,00249E~08
=, 83159€=08
*,86303r=08
=+89710%=08
=.93411F=09
=.97441¥=08
=, 10184F=n7

*,10666E=07

, LFLUX

+14090E=10
“s12965F-09
~,88571F=08
=,16242E=07
©,23316E=07
=,30042E=-07
=, J6IBTE=0T7
=.42322E~07
«,47824F=07
©,52877F=07
=,57468E=07
=, 61599E=07
=, 660R82€=N7
«,69739E~07

=, 73022F=07
=, 76026E=07
=, 78982707
v, 81484KE=07
-, 8408107
=,86626F=07
=,89244E-07
=, 919R2E=07
=, 94905807

EVAP

0.

=e49310%=05
*,12423F=0%
=.56622E=07
=, 5631877«07
=¢57100E=07
=, 57912F=07
-, 58020F«07
“,59935E=07
=, 60964E=07
«e61791£=07

«59952E=08
.25591!‘0‘

-, 91895€=07
=, 95683r~07
«,98033F=07
*,10066E=06
©,10341€=06
«,10690F«06
=, 11059E=06
»,11472K=06
=.11932E-06
*,12447E=06

AFLUX

0.

=, 23269€=117
«,23865E-17
=, 24130E=17
-,24423¢=17
=,24726€=17
-, 25040E~37
*,25393F=17
=,257%7€=17
=, 26149E+17
,26565F =17
=,26485C«17
*,244007=17
=,251348-17
-, 28935717
=,26796E=17
©,2717124%=17
-, 8719€=17
©,29797€=17
=,3096350k=17
«,32234F=17
=,33615E=17
©,35124Fw1]

)



the primitive variables p,s, and T are defined at mesh points, all fluxes
are defined halfway between mesh points. Thus, for example, fluxes listed
opposite node 23 would be appropriate at the control volume’boundary between
nodes 23 and 24, For this reason, fluxes opposite IMAX are undefined and
always listed as zero. In a similar manner, the evaporation rate is defined

at interior mesh points and listed as zero at I=1 and IMAX.
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APPENDIX F:

CODE MESSAGES

PETROS contains a modest number of error messages and execution diag-

noatics which can aid the user as to what is taking place during an

execution. They are as follows:

Input Errors

COMMAND CARD ERROR

DATA CARD ERROR IN XXXXX SECTION

INPUT DATA ERROR --- ILLEGAL
CHARACTER

INPUT DATA ERROR =--- MISSING CARD

INPUT DATA ERROR - NO MANTISSA

WITH EXPONENT

Execution Errors

NO PRESSURE CONVERGENCE AFTER
XX ITERATIONS

MAX ERROR IN PV = XXXXX

MAX ERROR IN PA = XXXXX

Execution Diagnostics

STEP COMPLETE =-- DT=XXXX
REPEATING STEP —-—- NEW DT = XXXX

PROBLEM TERMINATION =-- TOTAL
DRYOUT

PRESSURE CONVERGENCE IN XX
ITERATIONS

T PR

Interpretation

One of the command cards is incorrect.
See Appendix A.

One of the data cards in the named
section has too many or too few
numbers.

The last input line printed has an
illegal character.

Reader encountered an EOF when trying
to read a data card.

The letter E has been read without a =
number preceeding it.

The pressure solver was unable to pro-
duce a self-consistent solution for

P, and p_ after ITERMAX iterations.
Relative errors listed show how close
the solver was to convergence and
which variable failed to converge.
This diagnostic occurs most often when
temperatures pass the boiling point in

a high permeability material.

A time step has been successfully
completed with time step of XXXX.

New time step too large, step i3 being
repeated with a smaller time step.

The problem has been terminated
because S < SMIN everywhere.

Pressure convergence achieved. This
message i3 only printed when more than
10 iterations were required.
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Post Office Box 153
Tonopah, NV 89049

Economic Development
Department

City of Las Vegas

400 East Stewart Avenue

Las Vegas, NV 89101

Director of Community
Planning

City of Boulder City

Post Office Box 367

Boulder City, NV 89005

Commission of the

European Communities
200 Rue de la Loi
B-1049 Brussels
BELGIUM

R. Harig

Parsons Brinckerhoff Quade &

Douglas, Inc.
1625 Van Ness Ave.

San Francisco, CA 94109-3678

Technical Information Center

Roy F. Weston, Inc.

2301 Research Boulevard
Third Floor

Rockville, MD 20850

6430 N.
3141 c.
3151 w,

errine (2)
. Bingham
. Hayden
Peters
. Blejwas

A. Klavetter
#. Zimmerman
R. Tillerson

J
s

. Hansure
innock

D. Weart

R
D

. Lappin
. Tyler

WMT Library (20)
D. R. Anderson

-67~

kS

8024 M. A.
DOE/TIC (28)
{3154-3, C. H. Dalin)

Ortiz
Ostrander (5)
Garner (3)
Pound
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