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ARSTRACT

This report is a user's manual for the intelligent application of
PROGRAM USINT which is for calculation of heat and mass transfer in
concrete subjected to high heating rates. The describing differential
equations for energy, mass transfer of water and CO2 are provided
along with appropriate boundary and initial conditions. The concrete
is considered to contain two basic regions: wet and dry. In the wet
region, steam, 002 and liquid water may co-exist but in the dry region
there is no liquid water. There is also the possibility of a third
region in which there is only liquid water and no gases. Decomposi-
tion of the concrete is treated by utilizing first order chemical
kinetic equations; three reactions are assumed that treat evaporable
water, chemically bound water and COZ' A modified Clausius-Clapeyron
equation is used as the equation of state in the wet region.

The finite difference representations of the partial differential
equations are provided including details regarding several models for
Darcy's law for two phase flow. The energy equation and certain mass
transfer equations are essentially parabolic for which reliable tech-
niques are known; a general implicit procedure is employed that con-
tains the Crank-Nicolson approximation. These procedures permit much
larger time steps that the explicit procedure utilized by others.

For each time step a very efficient analytical technique is provided
for the solution of kinetic equationms.

A test case is included that also provides a comparison of the
program with some test data. The temperatures, pressures and water

release are compared and show excellent agreement. The complote
program is available on a microfiche card that is attached.
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NCMENCLATURE

specific heat

specific heat of water vapor

specific heat of CO2

Darcy constant defined by eq. (31b)

Arrhenius activation energy

exponential integral defined by eq. (56a)
related to orthogonal coordinates

heat of vaporization of water

related to orthogonal coordinates

change in enthalpy due to forming vapor from the
evaporable water per unit mass of evaporable
water

change in enthalpy due to forming vapor from the
chemically bound water per unit mass of chemi-
cally bound water

change in enthalpy due to forming 002 gas per
unit mass of CO

thermal conductivity

permeability

Arrhenius frequency factor; see egs. (13)=(15).
constant in Darcy's law for liquid water;
constant in Narcy's law; see egs. (7) and (20f)
initial length of concrete

total pressure in the pores

partial pressure of the water vapor

partial pressure of the 002
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surface heat flux

heat source term

universal gas constant

gas constant for water vapcr
source of free water; see eq. (9)
source of CO2
source term for liquid water; see eq. (20i)

time

temperature

velocity

temperature

velocity of gas mixture

velocity of liquid water

volume of the voids

total volume of the concrete

coordinate measured from the heated surface
evaporable water mass fraction

chemically bound mass fraction

CO2 mass fraction

parameter in permeabllity relation given by (8b)

porosity, see eq. (2¢)

volume fraction of vapor; varies from 0 (only
liquid) to e(dry).

viscosity of the mixture
viscosity of liquid water

density
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initial density of ronertt:-
density of water vapcr
density of CO2 gas

density of water

density of CO, in its solid state bound

in concrete 2

total mass of concrete that can be lost as
evaporable water per unit volume of original
goncrete

total mass of concrete that can be lost
as chemically bound water per unit volume
of concrete

total mass of concrete that can be lost
as 002 gas per unit volume of concrete

surface tension



User's Manual for USINT

1. INTRODUCTION

This report presents a model for heat and mass transfer
in concrete, finite difference approximations of the equations
cf the model and discussion of a computer program (USINT)
for solut'on of the finite difference equations. Comparisons
of the temperature, pressure and water release predicted by
the program and measured values are provided.

For the event of an hypothetical core disruptive accident
(HCDA) in the current generation of fast reactors, the inherent
retention capabilities of concrete and other construction
materials must be understocd. In an HCDA the high temperature
liquid metal coolants and molten core materials are retained by
a structure predominantly composel of concrete.

The major phenomena treated include 1) conductive energy
transport, 2) chemical decomposition of concrete ~nd
3) two phase=three component heat and mass transfer of the
decomposition products: steam, ligquid water and carbon dioxide.
Another unique aspect of the mcdel is the provision for the
porosity to increase as the water and CO2 are formed from the

concrete.

In the numerical solution of several of the finite differ-
ence equations, an implicit approach is used. A parameter, n,
is incorporated in the eguations that permit the equations
to vary from forward difference to backward differenc2 approxi-
mations; I1f n 1s equal to 0.5, a Crank-Nicolson type approxi-
mation is used. The eguations using these approximations have
dependent variables cf temperature and partial pressure of
the water vapor. Kinetlic equations for the decomposition of
the concrete are solved exactly for one time step to another
assuming that the temperature is known for one time step to
the next and varies linearly with time. This method of exact
solution greatly reduces the computatiocn thrt would be required



1f the kinetic equations were solved using finite differences.
The implicit approach in the equatlions for temperature and
partial pressure also has the great advantage over the explicit
approach (forward differences) in that much larger time steps
can be taken without stability problems.

The numerical procedure has other features that should be
mentioned. One of these is that iteration at each time step
1s not required. In each step a particular order of solution
of the equations is used ana as the quantities for the next
time step become known, they are introduced as needed for the
quantities yet to be found. For cxample, the energy equation
15 first in each iteration. It produces the temperatures ac
the next time which can be used in the decomposition equations
and mass conservation equations. Another feature is that there
are fixed nodes in the code even though *there 1s a moving dry-
wet interface. Such nodes are easier to consider because the
derivation and programming of the equations is much easier

than for moving nodes.

2. DESCRIPTION OF MODEL

Upon heatling to sufficiently high temperatures the concrete
decomposes with a resulting increase in pcrosity. At the
lowest decomposition temperatures (about 350 K), evaporable
water btegins to be released. At the somewhat higher temperature
of 600 K chemically constituted water begins to be significantly
released. Above 900 K carbon dioxide gas is formed and released.
The model to be described includes all three of these possible
chemical reactions. Since the experiments to date usually have F
had concrete temperatures below 900 K, the emphasis in the com=-
puter program has been on the evaporable and chemically con=
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stituteu water; though parts of the program consider C02, the
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program 1s not fully operational for 002.

In developing the mathematical description of the heat and

mass transfer in terms of partial differential equations,

equations of state and constitutive relations, the concrete is

assumed to have two regions. The first is called

a "wet" region in which water and steam coexist at the same

pressure and temperature conditions. This occurs at the lower

temperatures. The second main region is a "dry" region in

which there is steam and CO2 gas=-no liquid water 1is present.

If one wishes to include air initially in the pores of the con-

crete, then it could be simulated by having an initial concen=-

tration of CO2 >

are not greatly different. Until, however, USINT is checked out

for CO2 this treatment of the air is not permitted by USINT

but the equations to be given can be interpreted as including

002. A third region is for only water present. This region

is usually quite small so that it 1is not treated by special

treatment of che differential equations. Instead a simple

constraint is used that is discussed below.

instead since the gas constants of air and CO

2.1 Assumptions

The major assumptions for the heat and mass transfer in con-
crete subjected to high heat fluxes are given below.
1. Concrete is 1dealized as being homogeneous and hence permits
one-dimensional analysis provided the heating is uniform over
the surface and the geometry can be considered to be a flat
plate, lcng cylinder or other simple basic geometry in which
a single space variable is sufficient. Concrete, in reality,
is a complex, heterogeneous material in which the temperature
and pressure distributions are three-dimensional even for simple
basic geometries with uniform-in-space boundary conditions.
Consequently, the dependent variables (temperature and pressure,



for example) are considered to b= averages over space norma.

to the space (independent) variable utilized.

2. Concrete is assumed to be a porous medlum with connected
pores. The porosity, initially uniform in the body, 1s postu-
lated to increase linearly with the volume loss of evaporable
water, chemi ally constituted water and carbon dioxide.

3. Local thermodynamic equilibrium 1s considered to exist
between the solld concrete and any vapor or liquid passing through
the concrete.

4, The liquid that may be present is water and it may move.

5. The water may evaporate or condense. When both water and
steam are present, a special equation of state 1s used to relate
the pressure and temperature. The relation 1is a modified

form of the Clausius-Clapeyron equation. This latter equatlon
is not strictly valid because the pores are extremely small.

6., In addition to steam, CO2 may be present in the gaseous
phase.

7. Dalton's law is valld.

8., The perfect gas law 1s used for both the water vapor and

C02.

9. Darcy's law can be used for the water vapor, CO2 and liquid
water. The water and the gases need not have the same velocity

but the components of the steam—CO2 mixture have the same velocity.
10. The process 1s assumed to involve two reglons: dry and ' et.

In the dry reglon, only water vapor and CO? exist in the pores
while in the wet region the pores may contain water vapor,

liquid water and 002.

11. Mass transfer caused by one gas diffusing into another 1is

neglected.

2.2 Model for Dry Reglon

The models are somewhat different in the dry and wet reglons.
In each region the basic equations 1include conservation of energy
(one equation), conservation of mass (two equations, one for



water of both phases and the cther for 002) and three empirical
kinetic model: given by D. Powers (Ref. 1) for the decomposition
events yielding volatile products. These three events are
assigneda to (a) loss of evaporable water, (b) loss of chemically
bound water and (c) loss of carbon dicxide.

Energy Eguation

The energy equation for the dry region includes net energy
transport by conduction, rate of change in internal energy of
the concrete, net energy transport by the moving fluid and a
heat source term due to decomposition, condensation and/or
evaporation. The energy equation is

aT AT 3 (9T ;
s &
Pep it * P tm 5% T Bx Uax) * 9 a
where
pe,. = po¢, (l-€) + epc (2a)
Pg 0°p, Pe
pc = p.C + p.cC (2b)
Py 1py 2Py
v ids
€ = -%9——— = porosity (2¢)
0
Py = initial density of concrete, kg/m3
= | 3
vvoids volume of the voids, m

3

V., = total volume, m

¢_ = specific heat, kJ/kg-K

k = thermal conductivity, W/m=K



T = temperature, K (In USINT, T is given the
symbol U.)

x = distance measured from the heated surface, m

- mixture velocity, m/s

The subs:ript 1 denotes water vapor and 2 denotes 002. The
porosity € 1s a function of time and position. The heat source
term, a, is present mainly as result of the endothermic
reactions involving the production of the CO2 gas and the water
vapor; it is given by

. da da Ja
5l & 0 3 o 2 , 3(pe)
Q = =p;.8hy, 3% Pymbhyw 377 = P80, 5=+ % (3)

where

pi' = total mass of original concrete that can be lost
as evaporable water per unit volume of original
concrete, kg free water/m3 concrete

Pyn = total mass of concrete that can be lost as chemi-
cally bound water per unit volume of concrete,
Kz chemically bound water/m3 concrete

o = total mass of concrete that can be lost as 002
3

gas per unit volume of concrete, kg C02/m concrete

Ah = change in enthalpy due to forming vapor from the

1'
evaporable water per unit mass of evaporable water,
JAKE
Ahl" = change in enthalpy due to forming vapor from the

chemically bound water per unit mass of chemically
bound water, J/Kg

Ah = change in enthalpy due to forming 002 gas per unit
mass of 002, J/kg



al, = evaporable water mass fraction; ratio of the mass
of evaporable water converted to water to the mass
of initially available evaporable water in the
concrete, kg/m3 converted evap. H20 to kg/m3 initial

evdp. H20.

an = chemically bound mass fraction; ratio of the mass
of chemlically bound water converted to water to
the mass of initially available chemically bound
water in the concrete

a2 - 002 mass fraction; ratio of the mass of CO2 in

concrete converted to C02 gas to the initial mass
of CO2 in the concrete

p = total pressure in the pores, N/m2

Continuity Equations

Conservation of mass equations are needed for both the water
vapor and COQ. The water vapor mass conservation equation for
the dry region 1is

3(ple) a(plum) .

at * 3x ' sl ()

The u>rsity p1 aof the water vapor in a small void is the mass
of the water vapor in this void divided by the volume of this
vold. This density is related to its partial pressure pl and
temperature T by the perfect gas law,

P, = plﬁlT (5)

where R, 1s the pas constant for water vapor. The total pres-
sure p for both water vapor and CO? gas being present is the sum



of their partial pressures,
P=py*tp, (6)

which is a statement of Dalton's law for this case.
The velocity of the mixture of the water vapor and 002,
U is found using Darcy's law in the form

k k 3(p,*p,)
= « I'M 3P o, _ I'M 1 "2
Y v » 55' Mo . (1)

3 x

where
viscosity of the mixture, kg/m-s

=
"

p = total pressure, N/m2

K = permeability, m2

krm = ] for no liquid present
Many relations have been proposed for the permeability K in
terms of the porosity €. One of these is on page 141 of
Scheidegger 12],

3

O PP (8a)
550(1-8)

K =

which is called the Kozeny-Carman equation and where S0 is
Carman's "specific" surface exposed to the fluid. This expres-
sion 1s used in USINT in the form
e3Bk
K = SR (8b)
(1=-¢) .

where Bk is a constant to be found from tests by utilizing

parameter estimation.




The source of the free water, 81 i the evaporable water
and chemically bound water in the concrete; 1t 1s given by

. da, , 90,y
0 2 0 1 (9)

8) = P 35 Y Pv 3%

There are several ways that the water vapor continuity equa-
tion, (4), can be written. A form is ¢’ ysen for which the partial
pressures appear explicitly. Introduc..g (5), (6), (7), and
(9) into (4) ylelds the water vapor continuity equation for the
dry region,

k K 3(p.+p.) da da
-—a 1 pl o 1! o 1"
3T ('IT X [ ax ] ey 3t P 3 (10D
The primary dependent variable in (10) 1is Py If CO2 is not
considered, then P, is dropped in (10).
The continuity equaticn for C02 for the dry region is
3 (p,€) : a(ozum) - P
ot ax 2
which can be given in a similar manner as (10) by
ot R2 X R2Tum ax 223

Both (10) and (12) involve a first derivative of pressure
with respect to time and a second derivative of pressure with
respect to x. Hence, an initial condition and two boundary
conditions are needed for each pressure. The equations display
mainly a "parabolic" or diffusive character rather than pre-
dominantly an "hyperbolic" or wave behavior. They can be solved
numerically in a similar way as the energy equation (1), which
is also predominantly diffusive in character for the range of
property values of interest. Both continuity equations and the
energy equation are nonlinear so that a numerical method of

solution is necessary.



Kinetic Equations

The kinetic equations describing the decomposition of the
concrete have been given by Powers ll]. They are first order,

Arrhenius rate equations,

301,

50 = Kppo (1=ay,)exp(-E, ,/RT) (13)

30.1"

=t " KAln(l-Gl")exp(-El,,/RT) (14)
8&2
T = KA2(l—uz)cxp(-Ez/RT) (15)

where the subscripts 1', 1" and 2 refer respectively to evapor-
able water, chemically bound water and C02. As before, T 1s
temperature in degrees kelvin. The a's refer to the fraction
of reactant decomposed and start at zero and increase to a
maximum of unity. KA is an Arrhenius frequency factor with units
of s-l; E 1s the Arrhenius activation energy (J/kg); R 1s the
universal gas constant (J/kg=K); and t 1s time in seconds. The
ratio E/R has been given by Powers [1] to be 5557, 20560 and
19362K for evaporable water, chemically bound water and COZ’
respectively, for calcareous concrete used in Sandia's light
water reactor safety program. The corresponding values of KA

are 21497, 3.2864E10 and 3.296ES5 s-l.

The above constants are incorporated into the program
but can be changed as better data become available. Since
the values were obtained for concrete powders, at one atmos-
phere and at relatively low, constant rates of temperature rise,
the values may not be accurate for solid concrete structures,
up to eight atmospheres of internal pressure and for arbitrary
and variable rates of temperature rise.




rosity Equation

P

O

A relation between the porosity and certain dependent vari-
ables is also needed and is given in subroutine PORE. An assump-
tion made by several investigators is that ¢ is constant. It
i{s more reasonable to assume that it increases as the concrete
decomposes. In USINT a linear relation between € and °1" °1"
and a, is utilized. It 1is

> $
P [ ™ -
;.CO#—RQ 010 + <

"
P3 1

& Py Prs (16)

2

where co is the porosity of the virgin concrete, p3 is the
density of water and Prg is the density of the 002 in its
solid state when chemically bound in the concrete, A relation
such as (16) for the porosity predicts that € can increase
quite appreciably. For example, for magnetite concrete the
{nitial porosity might be 0.047 but increases to 0.232 as a
result of the evaporable and chemically bound water being
formed. The 002 decomposition would result in ¢ increasing
substantially more. Thonguthal and Bazant |3 lhave given an
expression similar to (16) but even larger increases in €
are permitted by an additional multiplicative factor on the

right hand side of (1€).

Dependent Variables

There are six dependent variables for the dry region: T,
Pys Pos @yes @y no and Gy The porosity € could also be con-
sidered a dependent variable but i1t can be eliminated by using

(16). Also note that

o
PO, Ullpe LI 1, e P (it -
3t 3t ) at P 3t ;
3 3 2s

which can be used in (10) and (12).
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A recommended set of equations for the dry regicn iz “he
energy equation (1) which needs (2), (3) and (7); the continuity
equations, (10) and (12); the kinetic eguations /(12) /1h) snAd
(15); and the porosity equation (16).

2.3 Model for Wet Region

In the wet reglion, water, steam and 002 are considered to

be in the pores,

Energy Equation

The energy equation for the wet region is

aT aT . 3 s o n
DcpS 5t + (pcpgum + O3Cp3u3) i i (k ax) +Q (19)
where
pe = pc (l=g) + pc_ 6 + p.c_ (e=08) (20a)
Pg 0P, Py 37pq

'
g = —Y3POT = ysjyme fraction of vapor (including CO

gas) (20b)
vtotal .
pe = p.C + p.cC (20¢)
PE 1 Py 2 Py
k 3(p,*p,) -
u = e <E8 K %2 g . %f 2 (20d)
m M X " X
k k 3(p,+p,)
ar. & M ri K ap ri I =g (20e)
3 u ax 9X
3 3
u3 = yiscosity of water
9 o | 8
krm 9y | - -.1 for 1.1 < = <1
_ [:] 1 (20f)
0 for 0 < . < S |
0, (20g)
kr£ - (1" E) g



(20h)

(201)

Expressions (20f) and (20g) are given by Scheidegger (Ref. 2,
pP.255).

The quantity ® defined by (20b) is the fraction of a ele-
ment of the total volume of the concrete that is occupiled
by vapor. If 6 is equal to the porosity €, the voids are only
tilled with vapor=--that is, no liquid water 1s present. This
{s the case for the dry region. The other extreme 8 value
is zero. 1In this case the voids are completely filled with
liquid water,

Mass Transfer Equations

The conservation equation for water vapor and liquid can
be derived to be

3(p,8) 3(pyu ) 3(pu)] ’
1 1 m 3_ d &
ittt T [ac pyle=08) + e sy (21)

where ;1 is given by (9). Notice that the te?m inside the
brackets of (21) %s equal to the negative.of 33, which 1s defined
by (201). Using S3 in (21), and putting S5 on the right hand
side indicates that the bracketed term can be considered Po be

a source term for a water vapor continuity equation; the 33 term
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would represent a source of liquid water.
If Darcy's law is introduced in (21), the water vapor and
liquid continuity equation becomes

k Pk da da

2 -0y « 2 |kc2iem o O3%r2yap), o Thir , o T%ie
at |”1° ¥ pyle 9)] ) ale( et F1 MRS Ul iU
(22)

An equation of state 1s needed in the wet region to
relate the pressure and temperature of the water vapor. A number
of investigators have used the Clausius-Clapeyron equation for
this purpose. One of these is Dayan I“ Ialthough he did not
explicitly state how it was utilized. For a liquid being in
equilibrium with its vapor, Ref. 'SI gives

ph ph

a@p . _fg._T¢
s o (2%

where the perfect gas law is used and the volume of the 1liquid
1s neglected compared to the volume of the vapor. The p in
(23) is the partial pressure Py of the water vapor and R is
the water vapor gas constant. If hfg is independent of tr:
temperature T, (23) can be integrated from P; ® Py to Pis and

T = TO to T to get

h
- poexs|- ¢

] L

1
Pis - 5-)] (24a)

0

The exp(hrg/RTo) term could also be included in the constant
before the exponential. If that is done, one can fit the
recommended valiues given by Irvine and Hartnett [6 lto within
2% between one and six atmospheres by the equation

Prg ® 4,76E10 exp(-4872/T) (24b)

where P1s is in N/m° and T 1s in kelvin.

|



Unfortunately (24b) is not completely satisfactory as an
equation of state inside the concrete even though Dayan [ hl
and others have been able to fit the measured pressures fairly
well using this model. Postma, McCormack and Schur [ 7]
have also matched their data with a model but their model

includes more complex relations than the Clausius-Clapeyron
equation. Postma et al relate the amount of sorbed water held
in the concrete at any position and time to the local tempera-
ture and relative humidity (pl/ps. where Pg is the saturation
pressure for a given temperature and is given by Pig of (24b).)
In thelr view there are three water phass: “hat are in local
thermodynamic equilibrium: vapor water, liquid water and solid
water., (In the present model the same view is taken although
the same terms are not used.) By vapor water is meant ordinary
steam that fills a portion of the pores. Liquid water is
ordinary unbound water also in a portion of the pores; in their
view liquld water can exist only for relative humidities of
unity. Solid water is water sorbed by the cement paste and
they state that it includes gel water, capillary water and
chemically bound water. (In the present paper "evaporable"
and chemically bound water are considered.) In effect, the
Postma et al l? , relationships involving the sorbed (solid)
water and a modified perfect gas relationship provide their
equation of state; at least 6 empirical constants are involved.
Another approach similar to that taken by Postma et al l7
is that due to Bazant and Thonguthai l 3]. They give sorption
isotherms (Fig. 2a in |3 |) which are the free water to cement
ratio versus relative humidity for fixed temperatures. They
also use empirical relations, some of which were found using
parameter estimation. The sorption isotherms have three r:igions:
relative humidities 0 to .96, .96 to 1.04 and finally larger
than 1.04, Notice that Bazant and Thonguthai |3 specifically
include relative humidities zreater than unity.
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A8 pointed cut by Bazant and Thongutha? [ 3] and alse
wWhitaker l Bl, the liquid water being in extremely small
capillaries has the effect of greatly increasing the pressure
over that given by the Clausius-Clapeyron relation unless the
vapor-liquid interface is flat. When surface tension effects
are important, one must take into account the effect of curva-
ture and surface tension on the vapor pressure-temperature
relation. In the capillary condensation region Defay et al
I 8, p. 237' suggest that t.» vapor isotherms can be repre-
sented by the Kelvin equation in the form

B poexp(-2o/ra RT) (25)

P1s 3

Here r 1s the " acius of the capillary meniscus and ¢ is the
water surfa e tension., Whitaker |8 'combines the Kelvin equa-
tion and th. viausius-Clapeyron equation to get

Pyg * poexpl I (- - —-)]' (26)

which has exactly the same explicit dependence on temperature
T as does the Clausius-Clapeyron equation.

Rather than utilize the relatively complex relations for
the equation of state given in | 3 | and { 7], which are
different and involve a number of empirical constants, it was
decided to modify the Clausius-Clapeyron equation. Ir the future
as more consistent information becomes available a hetter
equation of state can be introduced into computer program
USINT.

For the lower temperatures an equation of the Clausius-
Clapeyron form 1s chosen that gives approximately one atmosphere
partial pressure at room temperature. The expression is

Pyg = 2.65ET e™1594/T (27)



from the lowest temperatures to 437.6 K above which (24t) 1=
utilized. At 286 K, (27) gives a partial pressure of about
one atmosphere,

The steam density in the wet region is found by using
the perfect gas law with the pressure replaced by either (27)
for T < 437.6 K and (24b) above 437.6 K. More explicitly
CZ/T
py = C,/(R;Te ) for T < 437.6 K (28a)

C“/T
0, * c3/(81'r e )y for T > 437.6 K (28b)

where C, = 2.654E7, 02 = 1594, C3 = 4,76E10 and Cy = ugr2.
Consider (22) again., The dependent variable 1s 6. The

steam density 1is simply a function of temperature as indicated

by (28). The water density p3 is also a function of temperature

and is

o, = 1000/ [1 + ((1-273.15)7475)%] (29)
which glves water density values accurate to 2% to about 600 K.
Even considerably below that temperature, our calculations (and
measurements of others) indicate liquid water would not be
present. The pressure p on the right side of (22) 1is Py + P,
but p, is given by Pig? (24b) or (27). Furthermore, € and T
can also be considered known in (22). Hence the dependent
variable is © as stated above; O appears explicitly on the left
of (22) and implicitly on the right through krm and krz which
are given by (20f) and (20g). Unllike the other partial dif-
ferential equations, (22) does not involve a second derivative
in space of the dependent variable.

A continuity equation 1s also required for the CO2 gas in
the wet region. One form for it 1s

3(928) X
at 3 x

a(pzum) : p° Ja
2 9t

n

(30)

@

7



whirh can also be written as

p.,o p ap ap da
at ‘mT T ax [RZT DGx *ax )|t P2 an (31a)
where krmK
D1 = -u—m— (31b)

and Py is the known function of T as given by (24b) and (27).
Here the dependenc variable is p2 and (3la) appears to be in
the form of a nonlinear parabolic (or diffusion) equation.

Dependent Variables

For the wet region the dependent variables are T, 8, p2,

Gpes Gqum and oy There is a coupling between all the equations
but each equation can be identified with a particular dependent
variable. The temperature T is found from the energy equation,
(19). The kinetic equations, (13), (14) and (15), are the same
as for the dry region and are associated with al,, @y n and %y
respectively. The pressure of the CO2 gas, P, is identified
with (31) and 6 with (22).

2.4 Interface Considerations

At the interface between the dry and wet regions the
solution for the two regions must be matched. There must be
continuity of T, Pys p2 and 8 in the x=-direction. In addition
there must be conservation of energy and mass.

Some of the equations pose little difficulty since they
are solved in a finite difference procedure in exactly the
same manner on either side of the interfs e. The kinetic
equations (13), (14) and (15) have this characteristic. The
energy equations (1) and (19) are quite similar for both regions.
For this reason the energy equation approximated by finite



difference equations issolved for both regions simultaneously.
The Py equations for both regions are also nearly the same.
The continuity equations for the water, however, must be

treated in quite different ways in the two regions. In the

dry region, (10) has p, as the dependent variable and the
equation is similar in structure to the energy and Py equa-
tions, that 1s, a first derivative on time and a second deri-
vative in space are present. In the wet region 6 1s the
dependent variable. At the interface 6 = € and there must be

conservation of mass of the water.

3. FINITE DIFFERENCE EQUATIONS

In this section a set of finite difference equations is
given that closely approximates those in USINT. Since the
program at present does not have the CO2 option checked-out,
the CO2 terms are not considered for all the equations.

The program was written to permit various one-dimensional
systems rather than just the cartesian coordinate x. For this
reason the x derivatives have been written as

3 U 3 AU
T (A 5;) b Gl e (02A 5;—) (32a)
) i
3U U
X * 03 3’1 (32b)

1
g. - (33a)
1 " RBAg
h.h
G, * —%—5 , 1,3,k eyelic (3°b)
1
G, = -,-ll (33¢)
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For carteslian coordinates the hi's are all unity. For cylindri-
cal coordinates the hi's are

h, =1, h, = r, h3 =1 (r,0,z) (34)

and for spherical polar coordinates,

h, = 1, h, = r, h3 =prsin 6 (r,6,8) (35)
Another change in the program from the notation given above 1is
that U represents temperature instead of T which denotes time
in USINT.

In all the partlial differential equations of the parabolic
type (that 1s, all except 6 and a)a Crank-Nicolson type approxi-
mation is utilized. Parameters called ETA and ZETA are introduced
that permit a forward difference approximation by setting ETA
and ZETA equal to zero, Crank-Nicolson by setting equal to 0.5
and backward difference (fully implicit) approximation by setting
ETAand ZETA equal to unity.

The basic subroutines that are used for the dry and wet
regions simultaneously existing (the most commonly occurring
case) are the following:

1. M1DP - for temperature, denoted U(I)

2. DECOMP - for fraction of reactants decomposed; for

evaporable water Al(I), for chemically bound water
A2(I), and for CO2 gas A3(I)

3. PORE - for calculating the porosity 1in the concrete,
denoted EP(I)

4, PIWET - for calculating the steam pressure in the wet
region, denoted P1(I). (This subroutine contains
the modified Clausius-Clapeyron equations.)

5. P1DH20 - for calculating the steam pressure in the dry
region, denoted P1(I)



difference equations issolved for both regions simultaneously.

The p2 equations for both regions are also nearly the same.

The continuity equations for the water, however, must be
treated in quite different ways in the two regions. In the
dry region, (10) has Py as the dependent variable and the
equation is similar in structure to the energy and p2 equa=-
tions, that is, a first derivative on time and a second deri-
vative in space are present. In the wet region 6 is the
dependent variable. At the interfacg 6 = € and there must be
conservation of mass of the water.

3. FINITE DIFFERENCE EQUATIONS

In this section a set of finite difference equations 1is
given that closely approximates those 1in USINT. Since the
program at present does not have the 002 option checked-out,
the CO2
The program was written to permit various one-dimensional
systems rather than just the cartesian coordinate x. For this
reason the x derivatives have been written as

terms are not considered for all the equations.

3 au L) aU

ax A ax) T O e (Gt ey (o)
CRY) U
ax * 930x; \328)

1
G1 - T (33a)
i R i
h.h
G, = 4% , 1,3,k eyelie (33b)
i
—
G3 ol (33¢)
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For cartesian coordinates the h,'s are all unity. For cylindri-

cal coordinates the hi's are

i

h, =1, h,=r, h, =1 (r,6,z) (34)

3

and for spherical polar coordinates,

h, =1, h, =r, h3 =prsin® (r,8,8) (35)
Another change in the program from the notation given above is
that U represents temperature instead of T which denotes time

in USINT.

In all the partial differential equations of the parabolic
type (that is,all except 6 and a)a Crank-Nicolson type approxi-
mation is utilized. Parameters called ETA and ZETA are introduced
that permit a forward difference approximation by setting ETA
and ZETA equal to zero, Crank-Nicolson by setting equal to 0.5
and backward difference (fully implicit) aprroximation by setting
ETA and ZETA equal to unity.

The basic subroutines that are used for the dry and wet
regions simultaneously existing (the most commonly occurring
case) are the following:

1. HIDP - for temperature, denoted U(I)

2. DECOMP - for fraction of reactants decomposed; for

evaporable water Al(I), for chemically bound water
A2(I), and for CO2 gas A3(I)

3. PORE - for calculating the porosity in the concrete,

denoted EP(I)

4, PIWET - for calculating the steam pressure in the wet

region, denoted P1(I). (This subroutine contains
the modified Clausius-Clapeyron equations.)

5. P1DH20 -« for calculating the steam pressure in the dry

region, denoted P1(I)



6. THWH20 - for calculating © in the we: region, denoted
THETA(I)

For a given time step the basic equations are solved in the

order indicated by these subroutines: U, Uyps Gqms O €, pl

and 8. No iteration at each time step is used. Note, however,
that U values at times t_ and el ("present" and "future" times)
can be used for all the other variables, € can be calculated

using the a's at times t and tn+1’ and so on. The temperatures
U2+l (for locations Xy and times tn+l) must be calculated, however,

using quantities known only at time tn.

Energy Equation

The energy equation for both the wet and dry regions (which
are coded in subroutine H1DP) can be written in the form

U a_ Uy _ ¢ U 4 &
ey 3t = O 3% (Gk 3%) R p3°p3“3)G3 x T ¢ (36)
A finite difference form of this equation for node xi and time
tn is
(pe. )7 n
Ps’t it _ yny - 11092 ezaf el o+
At i i (Ax)2 i+l

G, (G, k)Y

(Ax)c 1-1
s Ureayien - )] Fo8 (pe_ u_ T ek
n 1 1-1 2ax ‘P Py M P3% P3 ;& ShE
\ n+l n+1 n ‘n+n
[l - vt ¢ a-mag,, - Ui-l)l A (37)

The symbol n in (37) is denoted ETA in the program and 1s a

Crank-Nicolson parameter mentioned above.
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Define for convenience the following where a FORTRAN-like nota-

tion 1s used:

(pe )2
n _ Pg
Clli At
n n
C121 B Glliki+1/2
where
6,485 441/2
Gll1 = 5
(Ax)
n n
1Yy = M2 Kee1/e
where
G1495 4. /2
(Ax)
n
Clu1 013i(pcp um + p3cp
A 3
where

G

813, '+ gpe

Using the above definiti

terms permits writing

Al o
1 1+] i

pn*l
* -

- - -

n+n
u3)1

(38)

(39a)

(390)

(40a)

(40b)

(41a)

(41b)

(42a)

(42b)

ons (38=41) in (37) and collecting

(43)



. n _ n
A1 n(cC12 Cl“i)

i

BT = c11™ + n(c12™ + c13i)

i i i

n

Cy

R n n
n\Cl31 % Clui)

= c11™0" + (1-n)|c12™ (" L - U?)

n n n
1Yy 1Ug4q = Uy) + €23, (U,

1 ‘n+n
)| + qf

n

+ 01u?(u U (4l4q)

_ mn
i-1 i+l" ]

Let the one-dimensional segment of concrete have the length of
L = (IM=-1)Ax (45)

where IM is the number of nodes which is one more than the
number of Ax's. Then (43) can be used to generate finite dif-
ference equations for nodes i=2,..,.,1M=1.

At present there are two boundary conditions permitted at
x=0, a constant prescribed heat flux and a time-temperature his-
tory of arbitrary time dependence that is entered through a
table of temperatures with a corresponding time table. Another
prescribed temperature history can be specified at x=L. A pre-
scribed surface temperature is easily incorporated into the
program, Suppose that the surface at x=0 is to have a specified
temperature at time el of Tn+l. Then (43) would be replaced
by
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or in other symbols, i=1, Ai = Si e 91-1 and Di = ‘
The tridiagonal set of equations formed from (43) and
appropriate boundary condition equations comprises a set of
algebraic equations that can be solved very efficiently. The
algorithm used is the one given on page 200 of Richtmyer and

Morton [9].
Heat Flux Boundary Condition

The heat flux boundary con’:tion used in USINT is
Q= -k §¢ (47)
x=0

where q 1s the surface heat flux and is given by QFLUX in the
program. In the present form of the program q may only be
a constant value but 1t is not difficult to programn a time
variable condition. The boundary condition given by (47) does
not include any terms for ablation or movement of gases through
the surface. The energy carried by gases through the surface
may not be large, however,

The first node 1s located at x=0 and the second one is at
x=4x but the finite volume associated with the first node is
from x=0 to Ax/2. Assume now that the various terms in the
partial differential equation given by (36) is to be evaluated
at x=Ax/4. Hence

U.,=U
. AU =1[, av au s 27°1
K glk = + k3 ]~ 5[ q+ Kyn i3 l (48a)
Ax/4 x=0 Ax/2
. C.q U.=U
tRY z1).23U R ¢ 2le e .
¢ ox 2l9 3 x R ]” 2[ Ky ¥ C3/2 Ax ] (48b)
Ax/ 4 x=0 Ax/4




: -2 |g e s P l (48c)
*Bx |"1,372%3/72 Bx— T %109 ¢

The time derivative is approximated using

ghtl_gn Un+1_U
17— 1 -3 2 2
T A it + (1=2) X (48d4)

The best choice of A is usually 0.75. (The input symbol

for A is LAMBA and it is declared real.)
Introducing the above relations in (36) and rearranging
in the form
n+l n+l _
BlUl - A1U2 D1 (50a)

one finds the Bl’ Cl’ and Dl coefficients to be

Bl = Cl4 + Cl0 - C17 (50b)
A, = Cl0 - C15 = C17 (50¢)
2G G Coy )
- n n n+l 1.3/2°2:1 11
D, = Cl4 Uy + C15 U, + nq [———*3K;——*— ¥ =ik
2k,
PR L [c 0 v3-u1 : qn]_ c13€16
n Ax 2,3/2%3/2 T Ax 2.3 2
n -
. 1_21;} + gt (50d)
zjkn 1
1
where n
2nG G K
c1d. = 1,3/27°2,3/2"3/2

(Ax)
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Cll = |(pc. u + p.c_ u.)G
+ s 1”
e [(""pg“m "3‘::3“3’“’311

c13 = %(011 + C12)

Cl4 =

[Ape_n
Sl < |
j &% 11

[(l-A)oc ]n

C15 = T 2
n .n
Us=Uy

Ax

Cl6 =

C17 = 2

The one subscript refers to node 1 (at the hea‘ed surface,
x=0); the two subscript refers to node 2; and the 3/2 subscript

refers to midway between nodes 1 and 2.



Kinetic Equations

The kinetic equations for evaporable water, chemically
bound water and CO2 are solved in subroutine DECOMP.
A typical kinetic equation can be written as

aa

5T = KA(l-a)exp(-E/RU) (51)

It is assumed from one time step to another that the tempera-
ture U varies linearly with time. The temperature at time tn

1s U™ and at time tn+l is Un+l. For convenience, define the
rate of change of temperature with time at a particular location
as B,
n+l n
ey el .
B v (52)

If U varies linearly with time over some interval, then a can
be considered to be a function of U,

at) = a(u(t)) (53a)

where the svace dependence of a is omitted. Differentiating a
with respect to t, permits (53a) to be written as

3a

@
o}

@
=]

= 303U _ J3a
3t - aU 3t = B3u (53b)
Using (53b) in (51) then gives
8% = K (1-a)exp(~E/RU) (54)
U A ’

Separating the variables in (SU) and integrating gives
n+l
o

f o —‘-‘-/ ‘E/R"du (55a)
n a8 )

4 )




which has the solution

n+l K

a =1 - (l-an)expi- E&[ pres

@ <Tr) g (—-—)” (550)

The function Ez(') is an exponential integral and is defined by

@

E,(x) = ft-ze-Xtdt (56a)
) §

which for large values of the argument x can be closely
approximated by

-
Ez(x) - (56b)
v 4F. . 2
1 + -
x+2.6

In realistic cases for concrete and using measured values of
E/R, the argument of E2(') should be about 10 and larger. For
x=5, the error is less than .1l% and for x > 10, the error is
at ost in the 6th significant figure.

If due to a problem with stability the calculated tempera-
tures become much too large, then anotlier abproximation can be
used; it is

n+l
a

AAtexp(-E/RUn), (56¢)

= 1 - (l-an)exp[- K

which is used in DECOMP if

E
RU

= < 0.01 (564)



This modification helps to prevent DECOMP from becoming a cause
of the program becoming unstable.

MASS TRANSFER EQUATION FOR DRY REGION

The finite difference approximations of the mass transfer
equ: tic.. for the water vapor in the dry region is coded in
subroutine P1H20. The partial differential equation to be
approximated can be obtained from (10). The finite difference
equation in P1H20 does not include 002 so that p2 is dropped
in (10). In addition, T is replaced by U, krmK/um is replaced
by Dl and generalized orthogonal coordinates are used. The
resulting equation 1is

W A B W
o T e e O T (57a)

Q
(24

or
p ap G.D 0,60,
.3._..1_ — B (sl
o) % 5% ax Cuv o Pt A pl % i R151 (570)

Because €=0 in the dry region, the finite difference approxi-
mation in P1H20 starts with

@ p y*l o (@ p . 8 [( p

v P1’y 8 U Ry T P 1+1
G.D G.D

ey on ] n+l n+l N 221  ne1
(=55~ P3Py 3e = P30 * O “)l( T P1lisl
G.D

2 1 n+l } n .
- (5% pl)i-ll (Py,141 pl,i-l)l

nAt (Clccpl n+l n+l n+l )

T P)i(Py ier - P11 Y P10




G,D

G
(l=-n)At 12 1 n+l n n n
+ ( p,) (p - 2p +p )
+ RlAt s?:i (58)

Notice that the nonlinear terms are handled in such a manner
that n=0 does not yield an explicit procedure. This approximation
is more accurate than the more common Crank-Nicolson procedure
in which all the terms with the (l=-n) coefficient are evaluated
at time tn.
Define in a FORTRAN-like form the following:

CT11 = At/(U(Ax)Q) (59a)
CT20 = At/(Ax)2 (59b)
GlI = G11 (59¢)
G21 = Gy (594)
G,,At
ﬁloi i g G1lI®*CT11 (60a)
4(Ax)
G..G.. At
11, = 21 2L ~ o giregor®cT20 (GOb)
i 2
(Ax)
G.D G.D
16 =i T ! N i : n .
C10, dlof}[‘ 5 P1)ier - % pl)i_l] (60:)

c11y =H10(1- ) (60d)

3 n - n
1 Py 341 = Py 142



D.p

n _ 1140 ;
C12i Hllf( T )i (60e)
n = la n - n n

Using the above definitions in (58) yields

n+l n+l

n
) 1,141 = Pi,1-1)

n
4 *+ Cl04 (p

8 o yntl (8

v ona? [zt p ymed (2201 p yntl
1 T P1’141 v Pi1'i-1
D.p .
n n+l n+l n+l n 1sn+l n+n
+ = + b b §
€12, () 343 = Wy * Py g * AR (SR T Kbty
(61)
which can be simplified and written as
n_n+l n_n+l n_n+l n
- + =
AjPy,1e1 ¥ ByPyy = C4Py 3q = Dy (62)
where
A" = 210" + c11® (E—El)n+l + c12” (63a)
§ ey 1 U ‘141 1
P & ()0l 4 50107 - 013(El)n+1 (63b)
1 = g1 key U1
G.D
B o n _ n _ n, 2-1\n+l
Cy = Cl2, = Cl0, = C11,(~55%)y (63c)
n _ 8 n ‘n+n
Dy = (§ Pyly + R4t 8y (63d)
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In the coefficients A, B and C certain terms are tc be evaluated
at time tn+1‘ This 1s done whenever possible; it can be done,
for example, for U and also for s?I" which 1is

T3 = n 801+ (1-n)sT, (64)
where ;1 is defined by (9). This 1s because in a given time
step U and the a's have been calculated prior to p, for the
dry region. On the other hand, Dl is a function of e€(a function
of the a's) and 6, Here 8 cannot be used at Lo+l because it
has not been evaluated.

A boundary condition for pl at x=0 1is a prescribed value,
denoted P1B in the input.

MASS TRANSFER EQUATION FOR WET REGION

The wet region finite difference approximations for the
mass transfer of steam and liquid water are given in subroutine
THWH20. The dependent variable of interest is 8. The pressure
in this region is first calculated using subroutine P1WET
which uses the modified Clausius=-Calpeyron equations, (24b)
and (27). Using this latter subroutine the pressure is

found as a function of U;*l.

The mass transfer equation for both water vapor and liquid

water can be written as
' g + (e=8)] = G A (p,D, + p,D )iEL] + s (65)
at |°1 Py 1 3% 211 T PV ex 1

A difference approximation of this equation 1is

1 n+l n
It 'I(ol - 03)6 + 936]1 - !(ol - 03)6 + °3€|1



G,.G
= __].'.ul.i_t];/-g + n+n n+n]
5 (p,D) *+ p5D3)y " + (p Dy *+ p3D3)uyy
24x
- n+l _ ontl - n .
[n(pl’1+1 Piy ) + (1 n)(pl’1+1 pli)]
G495 4.1/2 n+n n+n
— CaTolC
+ 5 (pyDy # p3D3)1 + (°1D1 + p3D3)1_1]
2Ax
. ntl _ _n+l " n _— -n+n
(n(pl’i.1 Py )+ (2 “)(91,1-1 pli)] + sy (66)

n+l

The unknown in this equation 1s @ which appears explicitly
n+l

in the left and implicitly in Dgil and D3 . The implicit
dependence in solving for ® is neglected. Though tedious, it

is not difficult to solve (66) for e?*l.

INTERFACE CONDITIONS FOR THE MASS TRANSFER EQUATIONS

Since the mass .ransfer equations for the wet and dry
regions must be solved in different ways, an interface condi-
tion is needed. Though at some time it might be desirable to
develop a moving interface condition, USINT uses the more
simple and straightforward method of fixed nodes, even for the
interface. This then causes the lo-ation of the interface
to jump from one node to the next one further in the body.

The condition used to indicate when the interface has moved

is that # in the wet region becomes :qual to €. In the cal=-
culations thus far this node 1s always the one adjacent to

the interface. Actually the 6 values in the wet region invari-
ably drop quite appreciably near the near interface, reach

a minimum at some location and finally increase deeper inside

i3



the body. This is illustrated 1n later figures.

For the wet region, 6 1s calculated; the interface condi-
tion for ® 1is simply 6=e. For the dry region the interface
condition is that the interface pressure pl is equal to the
value of pressure given by the modified Clausius-Clapeyron
equation of state for the temperature at the present interface
node just before the interface last moved. This causes the
pressure p1 to be constant at the interface until the inter-
face moves, In reality the calculations indicate that the
pressure p1 tends to drop with distance from the interface in
the dry region. In other words the pressure Py tends to be
at or near 1its maximum at the inte.face and this interface
moves deeper into the body as it is heated. Hence, for a
fixed location just inside the dry region the pressure should
tend to decrease slowly with time (after the interface has
passed by). The approximation used in the program (subroutine
P1DH20) uses the constant Py condition (until the interface
moves) at the interface node. Actually the true interface
would have mo '=2d “2eper into the body at that time and as a
consequence the correct pressure might have decreased at that
location, This interface condition is considerably better
and more stable than some other conditions that were investi-
gated.

One of these latter conditions involved calculating the
interface node pressure p1 using the temperature existing at
the node in the modified Clausius-Clapeyron equations of state.
This caused the interface node pressure (for a given node)
to continually increase in time when the surface of the concrete
is heated. Since the Clausius-Clapeyron relations are highly
dependent on temperature, the interface node pressure could
then increase very considerably while the interface was assumed
to be at that node. But as mentioned above, the true interface
would have moved deeper into the body resulting in a possible




drop, rather than increase, in the pressure at that location.
Hence, this approach is not satisfactory.

Another approximation for the interface treats @ as
mentioned above but the pressure boundary condition for p1
of the dry region is that calculated from the temperature one
node inside the wet region. This allows the pressure to vary
with time at the interface but again tends to increase the
pressure with time at a given interface node. It works
fairly well, but the constant pl condition at the interlace
mentioned above appears to be better.

PORES COMPLETELY FILLED WITH LIQUID (6=0)

In addition to the dry and wet regions another region is
possible. This is the case of the pores being completely
filled with water. Sometimes this region is very narrow or
not even exists in the calculations. For this reason the
program simply restricts 6 to being not less than. zero since
=0 corresponds to the pores being completely filled with
water. The vapor pressure is still found using a modified
Clausius-Clapeyron equation of state. This treatment of
the 0=0 region is a part of the program that could be improved
upon in the future.

4 INPUT PARAMETERS

The present version of USINT has most input quantities
separate from the programming and is intended for batch pro-
cessing. Hence it is convenient to discuss the input in a
card co card basis. For each input card, 80 spaces are divided
into 8 blocks nf 10 spaces. In each block a single number
appears so that at most each card contains eight numbers.

The subroutine INPUTS 1s used for the input into the
program. It also prints out with headers the input in the same




form that it was

S N L T r— Sp— - S R R — — ——— —

entered. The nuaberc that are printeg 2:°

are the same as the input except for the situation in which
the measured temperature histories are in degrees Fahrenheit
and kelvin is desired. In this exception (assoriated with
the index IPTOK being 1) the input is in °F but the values
used later in the program and those printed cut are in K.
Anocther feature of INPUTS is that it contains a dictionary
of input and other guantities used in USINT,

A consistent set of units, such as SI, should be used

in the input.

Card 1, (format:

CASE -
DATE -
ETA -

LAMBA -

NPRNT -

NOPT -

o~

STATE -

Card 2, (format:

DX -
I -

§r10.0, 2110, F10.0, I10)

case number (not used in program)

te (not used in program)
Crank=-Nicclson parameter n
heat flux boundary condition parameter 2.
See (484).
printing index, =1 to print each time
step, =2 to print every other time step, etc.
index to sclve simple heat conduction model,
=0 to skip all subroutines except HIDP (hence
simple conduction model), =1 for heat and
mass transfer model
Crank=Nfcolson parameter in THWH20 (8 calculations)
eguation of state index used in PIWET, =0
for Clausius-Clapeyron equation of state, #0
for modified egquation of state

F10.0, 7I10)

Ax width, m
Total number of nodes, length of body 1is
(IM-1)4x



Card

LDEBUG -

ICOEFF -

IHEAT -

IDARCY -

IP1DH -

IVDAR -

3, (format:

DT -
NTS -
IDARCO -

MDARCO -

UMIN1 -

UMINZ2 -

UMIN3 -

D10C -

=0 for omitting NAMELIST DEBUG in subroutine
THWH20, =1 for calling NAMELIST DEBUG

=0 for omitting NAMELIST COEFF in subroutine
H1DP, =1 for calling NAMELIST COEFF

=0 for omitting NAMELIST HEAT in subroutine
H1DP, =1 for calling NAMELIST HEAT

=0 for omitting NAMELIST DARCY in subroutine
CARCO, =1 for calling NAMELIST DARCY

=0 for omitting NAMELIST P1DH in subroutine
P1DH20; =1,2,3,*++ for calling NAMELIST 1,2,3,°**
times

=0,1 for omitting NAMELIST VDAR in subroutine
VDARCY, =2 for printing NAMELIST VDAR

F10.0, 3I10, 4F10.0)

time step, s

total number of time steps

=Maximum number of times that subroutine
DARCO is to be called; usually IDARCO>NTS

Fixes Darcy coefficlents at the value at the
time index equal to IDARCO.

=0 for HEDL form of Parcy coefflcients

=1 for HEDL form of Darcy coefficients with
void fraction corrections

=2 for GE form of Darcy coefficients

=3 for form of Darcy coefficients described
above in this report, has corrections for
void fraction and porosity

lowest temperature for which decomposition
for evaporable water is calculated, K
lowest temperature for whi-n decomposition
for chemically bound water is calculated, K
lowest temperature for which decomposition
for CO2 is calculated, K

Darcy factor for MDARCO =2 or 3 (See discus-

sicr on payxes 39=41.)



The index MDARCO is used to designate several different
forms of the Darcy coefficients, as indicated above, Each of
these models is given in subroutine DARCO. The units for the
Darcy ccefficient D1 are m3-s/kg for SI units. The vapor and
liquid water velocities are given by

E - 22 =E - 22-
u D1 3x ¢ Y3 03 e (67)
where Dl and D3 are given by
K K
1 L 3 u3

where K is called the permeability and u is the viscosity.

For DARCO equal to zero, the HEDL [ 7] expressions are
given for K for magnetite. They are functions of temperature
only (not vorosity and/or 8). These functions are for
temperatures below 230°F,

K= 3,16E-27 exp(0.038376T) (69a)

and above 230°F,

K= 2,54E=-21 exp(0.01867T) (69b)
where T is in degrees Rankine and K is in ftz. At 230°F (690°R)
the K value given by both these equations is about 101212
which is about the value shown | 7 'on Figures 9 and 11 which
are for magnetite and limestone concrete. At 1200°F, however,
(69b) gives the value of 7.3E-Sft2 which is almost 8 orders of
magnitude larger. Though the above mentioned figures in | 7
show a strong temperature dependence, it is not that large.

For example, Fig. 9 which is said to ve for magnetite concrete[? I



has 2 XK value of about 2E=12 ftP. This value is abnout 2
orders of magunitude larger than the 230°F value; though the
temperature dependence 1s large 1t 1s not nearly as severe as
predicted by (69b). Because of this extremely large temperature
dependence given by (69b) and also because it does not fit

the data given by Fig. 9 for magnetite concrete another expres-

sion 1s used instead of (69b) in DARCO; it is
K= 4,2510E - 18 exp(0.007869T) (69¢)

where again T is in °R. This equation was found by fitting
the exponential at 230°F (690°R) to the values of 1E-15 and
2E=12 ft° mentioned above. Hence, the MDARCO = 0 optian though
called the HEDL values utilizes (69a,c), one of which was not
given explicitly by HEDL. Conversion factors are used in DARCO
to change the temperature in OR to K and the units from ft2
to m°.

Also the viscosities of steam and liquid water are given

by curve fits. The expresslons are

TR 1.24
o, * Z'SE-7(336) (702)
TF -1.15
U3 = 1.&2:.-5(-1—6-6) (70b0)

where u 1s in lbf-s/ftz, TR is in °R and TF is in °F. Proper
conversion factors are again used for SI units.

The values calculated forthe Darcy coefficients (D=K/u)
at 383K(230°F) using (69a,c) and (70a,b) are

D, = 7.9E-12 m?/N-s

D, = 3.8E-13 m?/N-s

and at 589K (600°F),



D, = 9.3E-11 m>/N-8

3

If MDARCO = 1, the "HEDL"™ values discussed above are
multiplied by the 8 corrections given by (20f,g).

For MDARCO = 2 the General Electric l 41 form of the Carcy
coefficients is utilized in the program. GE also used (67)

and (68) with D1 and D3 given by

D, = 2.3E-11 mu/N-s

D, = Kce/(eum)

1

Dy ™ Kc/u3 (71)

3

and hence, the vapor Darcy coefficient has a void fraction
dependence. (It seems that GE like HEDL keep € constant through-
out the calculations.) The quantity Kc is simply the perme-
ability of dry concrete. A Kc/u value chosen by GE [ 4

for water vapor 1is 5E-l1l mu/N-s and the corresponding Kc/u

for water is 5E=15 mu/N-s. In other words the Darcy coefficient
for the liquid water 1s one lohth of the water vapor. In
another GE report '10] the permeability/viscosity (gas)is given
the value 2.4E=-11 m2/N-s and the permeability/viscosity (wet)

i{s given the same value; these values are assoclated with
magnetite concrete. At 383K the liquid water to water vapor
ratio for viscosity 1is about 21 while at 589K it has dropped

to about 4., Hence, a ratio of 10u is much too high while a
ratio of 1 is tco low. The MDARCO = 2 ratio is taken to be

lOu because this value 1s explicitly given by GE. The magnitude
of the coefficient is arbitrary, however, and is spe;ified by
the last number, D10C, on card 3 and a factor of 10720 to make
the coefficient about 1. More explicitly for MDARCO = 2 the

Darcy coefficients are given by

D, = D10C - 10°1%,¢ (72a)




p, = D1oc + 107 (72b)
The MDARCO = 3 option is the one discussed in Section 2
of this report. A 8 and € dependence is included and a tempera-
ture effect enters through the temperature dependence of the
viscosities. The same viscosity-temperature relations, (70a,b),
proposed by HEDL are used. The expressions for D, and D

1 3
are
(e/e~)3D10C
D, = °2 (1.1 % = 0.1)207%0 (73a)
(1-¢) (.
1 e
for 1 - oy < ry < 1
. 6 -
Dl 0 for 0 < T <1l-v%y (73b)
(e/€..)3D10C
D, = °2 - 4::’-)310"20 (74)
(1-€)“u

3
Notice that in this case of MDARCO = 3 a factor of 10~ 0 is
assoclated with the multiplicative factor D10C; it is related to

8, of (8b) and the initial porosity €y bY
_ 3
D10C BREOE2O

Card 4, (format: 6F10.0, I10, F10.0)

Up - initial temperature, K

EPO - initial porosity

THETAO - initial theta (must be between zero and EPO)

P10 - initial partial pressure p1 of water vagor, N/m2

P20 - initial partial pressure P, of 002, N/m® (not
used presently)

VOLATM - volume of atmosphere in subroutine PATM, m3

(Used only for NFLAG=0)



Card

NFLAG

P1B

5, (format:

QFLUX

KBOUND

NTMBCA

NTMBCB

IFTOK

NKTEMP

NCTEMP
IKCAL

index in subroutine PATM

=0 for calculation of pressure in volume VOLATM
assumed at the heated surface

=] to set partial pressures at the surface equal

to zero.

=2 to set surface pl equal to P1B and surface
P, = 0.

surface pressure at x=0 for NFLAG = 2 (see
just above), N/rr.2

7F10.0, I1l0)

applied heat flux at x=0, W/m°. Used if

index KBOUND=0

boundary condition index.

= -1 for prescribed temperature condition

=0 to specify heat flux boundary condition

number of times for table of prescribed
temperature history at x=0 (1 < NTMBCA < 150)
number of times for table of prescribed
temperature history at x=L (1 < NIMBCB < 150)
index to indicate units of input tempera- e
ture histories at x=0 and L (and internally if giien)
=0 for input temperatures at x=0 and L in kelvin
=] for input temperatures at x=0 and L in degrees
Fahrenheit. These values are converted to

kelvin and the kelvin values are printed.

number of thermal conductivities in input table
(1 < NKTEMP < 20)

not used

=0 for omitting NAMELIST KCAL in subroutine

KCALC

=1,2,3,*** for calling NAMELIST KCAL 1,2,3,°**

times




Card

Card

Card

Card

Card

Card

6, (format:

Note: this

8F10.0)

"eaprd" and the following four may not be

only one "card" each

TIMA(1), I=1, NTMBCA

7, (format:

TBCA(I), I=1

8, (format:

TIMB(I), I=1, NTMBCB

9, (format:

TBCB(1), I=1, NTMBCB

10, (format:

t4imes associated with prescribed

surface temperature history at

x=0(3)

8F10.0)

, NTMECA - prescribed temperatures for x=0
associated with TIMA(I) (May be in
K or °F; see IFTOK on card 5.)

8F10.0)

times assocliated with prescribed

temperature history at x=L (s)

8F10.0)

prescribed temperatures for x=L
associated with times TIMB(I)(May be
in K or OF; see IFTOK on card 5.)

2F10.0)

TKPROP(IK) - temperature for IKth entry of conductivity

CK(IK) -

11, (format:

RHO1C -

RHO2C -

RHO3C -
RHOA4C -

table (K)
IKth thermal conductivity (W/m=K)

4F10.0)

density of concrete due to evaporable water,
(kg/m” of concrete)

density of concrete due to chemically constituted

water (kg/m3 of concrete)

density of concrete due to CO2 (kg/m3

of concrete)

density of concrete for all other constlituents
3

(kg/m~” of concrete)

43




Card 12, (format: F10.0)

CPO

- specific heat of concrete (J/kg=K)

Card 13, (format: 5I10, 3F10.0)

NULOC

NUTIM

NPLOC

NPTIM

NWRTIM

WEIGHT1

WEIGHT?2

WEIGHT3

Program
minimizing a

- number of locations for experimental tempera-
ture histories (0 < NULOC < 5)

- number of times for experimental temperature
histories (0 < NUTIM < 150)

- number of locations for experimental pressure
histories (0 < NPLOC < 4)

- number of times for experimental pressure
histories (0 < NPTIM < 150)

- number of times for experimental water release
(0 < NWRTIM < 150)

- estimated standard deviation for experimental
temperatures (a weighting factor in sum of
squares function)

- estimated standard deviation for pressures
measured inside concrete

- estimated standard deviation for experimental
water release

USINT can be used for estimating parameters ty
sum of squares. The sum of squares is calculated

using the equation,

2 1
? 'E z (Y’I‘U = Uyy)" WETGHTIY:
23
\| 2 1
B 21: % (Ypu = Pyy)" VETGETI¥S
2 1
s Z ¥y, = ¥)° EroRTe : (75)
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Y is the measured temperature at time ti and location

T

& X.s

J

UiJ is the calculated temperature at time ti and xJ,
Ypij is the measured pressure at time ti and location xJ,
Pyy is the calculated pressure at ti and xJ,
!w is the measured water release at time ti and

i
w1 is the calculated water release at time ti.

In this summation the calculated temperature UiJ must correspond
to the measured temperature YTiJ and same 1s true for the pressure
and water release, It 1s not necessary, however, that the
locations and times be the same for the temperatures, pressures,
and water release. Notice that the tables given below permit
different locations for temperature and water release and also
permit different time entries for temperature, pressure and
water release, Each temperature history has the same assoclated
time values. This 1s also true for the pressures but the time
table need not be the same as for the temperatures., Calculated
values must occur at times at which measurements are but
there may be many times at which values are calculated
measured quantities are unknown. Usually the measured U, p and
water release values are taken at convenient uniformly-spaced
times., This is not true, however, for the locations of the
sensors. For this reason a node need not be positioned at each
sensor; instead linear interpolation in space is employed to
obtain calculated temperatures and pressures when a sensor does

not happen to be at a node. "



If NULOC = 0, go to card 17.
Card 14, (format: B8F10.0)

TIMEU(I), I=1, NUTIM - time for measured temperatures, s

Card 15, (format: F10.0)

EULOC(J) = location of Jth temperaiure sensor, m

Card 16, (format: B8F10.0)
EU(I,J), I=1, NUTIM - measured temperatures at

location EULOC(J)
If IFTOK=0, these temperatures are in
kelvin. If IFTOK=1l, these temperatures
are in °F and are converted to K by
the program. Note that the boundary
condition temperatures and the

measured temperatures should have the
same units, either °F or K.

Cards 15 and 16 are alternately read in until all the NULOC
locations are considered.

If NPLOC = 0, go to card 20.

Card 17, (format: 8F10.0)

TIMEP(I), I=1, NPTIM - times for experimental pressures, s

card 18, (format: F10.0)

EPLOC(J) <« loeation of the Jth pressure sensor, m

Card 19, (format: B8F10.0)

EPR(I,J), J=1, NPTIM - pressures assoclated with measured
pressures at location EPLOC(J),
N/m*©




Cards 18 and 19 are alternately read in until all the NPLCC
locations are considered.
If NWRTIM = 0, no further input 1s needed.

Card 20, (format: 8F10.0)

TIMEWR(I), I=1, NWRTIM - times for the measured water
release, s

Card 21, (format: 8F10.0)

EINTWR(I), I=1, NWRTIM - measured values of the water
release, kg/m2

5., TEST CASE

In order to illustrate the use of program USINT a test
cas» 1s provided. This case corresponds to the Test 1 data
given in a HEDL report l 7'. A magnetite concrete slab 12
inches thick was heated by an electrically heated steel plate
on one side with a gap for venting of the steam. On the oppo-
site face there were cooling coils. On both surfaces the
water release was measured but for Test 1 the water release
at the cooled surface was less than 5% of that at the heated
surface.

Input data for the test case is given in Table 1. The
input is quite extensive so that each input number cannot be
discussed but a few are noted. Though the slab is one foot
thick, measured temperature histories are impressed at the
location of the first thermocouple (x=0) and the last one
(x=0,938 ft=0.2859m). In the calculation IM=31 nodes are
chosen. Hence, there are 30 Ax's so that Ax=DX=,2859/30=.00953m.

The time steps, D:., are each 60 seconds and there are 420
time steps so that the maximum time is 60(420)=25200s=7 hours.
A short numerical study was performed to determine the time
and space steps mentioned. For the same thermal properties
and other parameters, DX and DT were varied and the cverall sum



of squares was noted; for this particular case it was found
that these values of DX=.00953m and DT=60s gave acceptable
accuracy. Reducing DX and DT <¢id not significantly affect
the accuracy but can affect the computer running time considerably.

These large time steps of 60s are possible due to the
implicit calculational procedure. (In a similar calculation
performed by GE with Ax=,00762m, slightly less than .00953m,
the step times had to be as small as 0.037s as a result of the
explicit calculational procedure. Explicit methods are much
easler to program but may have severe time limitations.)

Measured temperature histories are prescribed at both x=0
and x=0,2859m. Experimental internal temperature histories
are given at x=,0351m, .0872m, .1335m, .1777m and .2365m.
These experimental temperatures are used in the sum of squares
function along with pressures measured at .r3505 and .1777 m
and also the measured water release at v-u. The input times
in each case are in seconds. The pri .ed temperatures are in
kKelvin, the pressures are in N/m2 and the water release in
kg/mz.

The different contributions to the density are 111.6,
73.4, 975, and 2579 kg/m3 for evaporable water, chemically
bound water, CO2 and concrete, respectively. See RHO1C, etec.
A constant concrete specific heat of 800 J/kg is used.

The thermal conductivity is specified as three linear
segments from 0K to 1200K but the values below 290K and above
800K are not relevant for the calculations as the temperatures
in the body are between 290 and 800K during the time interval
of interest, l.e., to DTENTS = 60%420 = 25200s.




Sample output produced by USINT for the input data given
in Table 1 is displayed in Tables 2 and 3. The ccuplete set
of cutput for this case 1is recorded on an attached microfiche
card. The initial conditions of temperature, pressure, ar,

6 and other quantit?es are provided in Table 2. Temperature is
denoted U; QDOT is Q.defined by (20h); Al.is ais S1DOT is for
steam and is called sl in (21); S2DOT is s, glven by the right
slde of (30) which is for 002; and S3DOT is for liquid water and
i1s defined by (201). On the second page of Table 2, Pl is the
pressure pl in N/m2; EP stands for epsilon €, the porosity;

P 1s pressure; A2 1is a3 THETA 1s 6; and V1 is vapor velocity

in m/s. For every time except zero the EP column contains the
porosity valuies; the time=0 entries are the atmospheric pressure
entered as 220.

At the end of Table 2 are five lines that are not initial
quantities. Instead they contain output of measured and calcu-
lated values of pressure and water release at 1800s. Since
the time step, DT, is 60s and the temperatures, pressures and so
on are to be printed every 60 time steps (since NPRNT=60), the first
time after zero that complete spatial information 1is to be printed 1is
602-36005. The measured temperatures are given at 3600s inter-
vals and the measured pressures and water release are given at
1800s steps. Conseguently the bottom five lines of Table 2
are glven before the first printed calculated spatial quantities
which are at 3600s.

At 1800s and .03505 m the measured pressure is about 1
atm, or ,101E6 N/m° and the corresponding calculated value is
.191E6 N/mz. The difference of these values is

PINT-EPR = -.903E5

which when divided by WEIGHT2=E5 and squared is equal to SUM=,815,
The next pressure location is .1777 m and the pressure difference



is ~.141E5; dividing this latter value by WFIGHT2, squaring
and adding to the previous sum yields the new sum of .83%.
Two of the terms of the sum of squares functior defined by (75)
are obtained in the manner just described. A third term is
obtained from the water release data on the bottom line of
Table 2.

The first time beyond zero of spatial output is listed in
Table 3. These are given after 60 time steps of 60s each. The

surface temperatures of U480.48 and 297.32K are prescribed values.

See the TBCA and TBCB arrays in Table 1. The temperatures

drop smoothly down from the maximum value at x=0 to about the
initial value of 294K and then inc»ease slightly near x=L. The
QDOT behavior is much different from U in that QDOT is both
positive and negative and varies over many orders of magnitude.
The negative values can denote endothermic reactions in which
heat is absorbed such as the production of water. Loss of
energy for change of phase from water to steam can also cause
QDOT to be negative; this is what i1s occurring at x=.0191lm.

The positive QDOT at x=,0286m indicates that net condensation
or net production of water from steam is occurring.

The Al column of Table 3 (which is for ar) has some zero
and nonzerc values. The zeros are a result of the production
of evaporable water being restricted to being above 350K, the
value of UMIN1 given in Table 1. There are three values of
Al=1 and thus for these nodes all the possible evaporable water
has been produced.

The last column of the first page of Table 3 lists S3DOT values

with positive values denoting net production of liquid water.
Notice that the greatest production is at x=.0477m which 1s also

where S1DOT is the largest. This occurs at the location where Al

has the greatest change with time.
On the second page and second line of Table 3 there is a

quantity IGPM which is equal to 2. This means that the interface




between the wet and dry regions is at node 2. Notice that EP
and THETA are equal only for the first two nodes and that the
largest partial pressure (p1 = S.UESN/mZ) occurs at the second
node, the interface.

Plots of results given by USINT for the input data of Table
1 have been obtained. The results to be displayed, however,
come from a calculation which uses finer time and space steps
but the resulting values are nearly the same. The time step
1s 20s rather than 60s and there are 46 nodes (with an appro-
priate DX value) rather than 3l.

To make the plotting simpler, USINT produces a file called
TAPE20, that c.ntains input experimental temperatures, pressures
and water release values and the corresponding calculated values.
This is done in the main program.

Figures 1-5 provide a comparison of the measured and cal-
culated temperatures for five locations. The calculated values
are illustrated by the continuous lines and the measured values
with dots. The time scale goes out to 25200s or 7 hours. The
agreement of the calculated temperatures with the experimental
values is good. Since the heated surface has the temperature
prescribed, the measured temperature histories near the surface
usually would be expected to be calculated most accurately and
those deepest in the body the least accurately. For the curves
shown, however, all of the calculated temperature histories agree
quite well with the measured values.

In Figures 6 and 7 the measured pressure histories at two
locations are shown along with the calculated values. The results
for x=.0351m which are shown by Fig. 6 zives reasonably good agree-
ment but the Fig. 7 results for x=,1777 do not show good agree=
ment. This lack of agreement in Fig. 7 can be attributed to
several different factors. One of these 1is that the model in the
program is not adequate and another is that the experimental condi-
tions may be different from those expected. Many possibilities



exist regarding discrepancy in the experimental conditions. One
of these is that there may be cracking of the concrete in the
vicinity of the pressure gensor and another 1s that the sensor may
not be located at the given depth.

Other aspects of the difficulty with the pressure measure-
ments are suggested in Ref. 7. HEDL ran two tests reported in
Ref. 7 only one of which 1is analyzed herein. In Test 2 (called
WRD-2 by HEDL) the temperatures rose to considerably higher values
than in Test 1 but the maximum pore pressure measured was less
than two atmospheres while in Test 1 the pressures reached 8
atmospheres. HEDL [7] stated that "the very low pressures
measured in WRD-2 may be anomalous, and tend to cast doubt upon
the validity of the method used. In particular, abnormally low
pressures would be measured in the case of cracking or poor
bonding of the pressure taps to the concrete." Further improve-
ments in methods of pressure measurement inside concrete are clearly
needed.

Tne integrated water release 1n kg/m3 for both measured and
calculated values 1s shown in Fig. 8. In general the agreement
is quite good between the two with the maximum difference occurring
at 25200s and being about 15%.

Concluding Comments on the Analysis of Data

In the above test case agreement was obtained between the
measured values and calculated values by varying three parameters:
the low and temperature thermal conductivities and the Darcy
factor D10C. The procedure in determining these parameters was
to vary the parameters in a more or less systematic way and to
observe the value of the sum of squares, called SUM in the output.
This is an inefficient procedure and much better methol's are
avallable lq for estimating parameters simultaneously and auto-
matically. One difficulty, however, 1s that the calculations
for the parameters require many complete solutions of the tempera-



ture, pressure, etc., histories and thus the computer time for
solution may be in excess of what is practical on a time-sharing
system. For the data given in Table 1 about 1l4s of CDC6600 time
is used for each case. A computer program to automatically
search for the minimum sum of squares might take 50 complete
solutions or about 700s which is excessive for normal CDC6600
time-sharing usage. It could readily be handled on the CD27600
which would require considerable less time to perform the same
calculations.

There 1s another problem in addition to computer capacity,
however. As USI'T is presently written, the interface jumps
from one node to an adjacent one. TIhis "Jumping" can cause
difficulties in automatic seeking of the minimum sum of squares
because the sum may have several local minima.

Advantages of the present relatively inefficient method of
estimating parameters include that it is very flexible since
any particular combination of parameters may be found. Moreover
it 1s capable of finding the global minimum even though local
minima exist, although this depends on the skill of the one
doing the search.
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TABLE 1
SANPLE INPUT DATA FOR USINT

NOFT
.

1 DARCY
e
minz
4%, 30
oA
R

IFTOK NETEwS
2 4

18000 . 00
46200 .90
75500.00
104400 ,00

715,82
845,99
@1.71
897,15

18000 .00
“ﬁm.w
75600 .00

302.71
354,43
342.37
345,43

wEIGHT!

ZETA

- 40000
b

s

LUeiNg

450,000

NG

2

215600 .00
534U0, X
79200.3C
i0800C .00

745,95
8%2.59
W5.26
899,54

21400,00
SCe00,. 0
792%0.00
108000, 00

307.20
334,15
343.25%
a8, .48

WEIGET2

CASE DATE EIA Lhusa weENT
35, 0000 7.0300 «S000 <5000 &0
ox - 10E iCoe [ HEAT
« 009530 3 C 0 2
(114 NTS 10ASCS wiASCO SRl N
40 . 3000 &20 45000 3 350 .000
o THETAD EPC Pi0 220
2%2.90 0450 0470 114880.0 101325.0
SFLUX KS50UND NTHBCA NTes(3
0. 'l ” ”
TIMACL) D=1 ,STu3CA
0.00 3600, 00 7200.00 10800,00 14400,00
28800,00 32400,00 36000,00 39400.00 +3200.00
£7600.00 41200,00 44200.00 458400.00 72000.00
86400.00 90000,00 $3600,00 97200.00 10080C.00
11%200.00 11#300,00 122400,.00 126000,.00
TSCACI) 1=1  NT#SCA
292.97 480, 45 573.21 835,48 581,54
789,15 804,53 817.98 A29.59 838,32
843, 32 287.54 ar,. 7 ars.7i 372,87
891.04 BY2 .48 Eve. 0 895.32 29%.93
898,75 898,50 893,48 207 .Ca
TINS(1) =1 ,NTH3CAE
0.90 3400,00 7200.00 1090G.00 14400,00
28800,00 32400.00 35000,00 395600.00 432 00,00
£7600,00 #1200,00 44300,00 &8400.00 72000,.00
86400,.00 90000.00 $3600,20 97200.00 100200.00
115200.00 1I8800.00 §122400.00 126000.920
TBC8( 1), I=1,NTu8CH
293.00 297,32 7.98 299,32 301.37
314,43 326.76 324,25 327.09 330,82
337,04 339,93 34C .87 341,210 341 .57
340,817 3&2.97 342,02 344 .53 345,57
Jal. T 347.71 347 .48 387,45
TEPRUP THERW . COND.
0.000 2.800
373,000 2.300
800,000 + 100
1200,.000 « 200
INITIAL COECRETE DENS [TY=2540 i CoRH02C o X403 o 554040 VAPOR CONTREISUTION
5. AR 1 020 O el
111,60 73.40 975,00 2579.00
CPUSCONCRETE SP. HT.
800.00
NULoC NUTIw NeLoC T wmaT e
5 25 2 ¥ e

10.0

100000 .0

ISTATE
10
fwias
o
Di10C
115,000
1B
L+

NCTENP IKCAL
i 0

25200.00
S4000, 0
82200.00
§11600.00

25200.00
54000 .00
82%00.00
$11600.00

31i.78
337.59
340,98
347.37

WEIGHTZ
l.'m




TIMEUCTI) JI=1,NUTIM

TABLE |

0.00 3600.00 7200.00
28300.00 32400,00 36000.00
57600.00 61200.00 64800.00
86400,00 90000.00 93600.00
115200,00 118800,00 122400.00
EXPERIMENTAL TEMPERATURES AT

293.43 384,82 437.59
636.82 654,43 673,54
7133.15 7139.09 744,15
166.09 169.54 771.87
780.98 781,71 781.87
EXPEXIMENTAL TEMPSRATURES AT
293.43 321.7 365.98
498,582 516.65 534.48
599.93 605,48 610,65
633.54 636,09 638,98
651.93 653.26 652,04
EXPERIMENTAL TEMPERATUR.S AT
293.59 314,26 325.82
426,21 428,98 436.93
502.54 508.87 514,43
538,76 541,93 544,43
557.32 558,09 558,59
EXPERIMENTAL TEMPERATURES AT
293,37 298, 32 303.26
388,82 396.32 404,26
432.54 436,2. 439.48
456.32 460.0¢ 462.87
476.71 473,04 479,37
EXPERIMENTAL TEMPERATURES AT
293.09 298,26 303.43
347,37 353.93 360,21
378.87 381.09 382,93
392.82 393.48 395.21
400, 32 400, 37 400.32

TIMEP(I) 41=1,NPTIM

0.00 1800.00 3600,00
14400.00 16200,00 18000,00
EXPERIMENTAL PRESSURES AT X=
101000.00 101000.00 411000.00
668000,00 612000,00 566000.00
EXPERIMENTAL PRESSURES AT X=
101000.20 101000,00 101000,00
632000.00 625000,00 615000.00

(CONTINUED)
10800.00 14400.00
39600,00 43200,00
68400,00 72000, 00
97200,00 100800.00

126000.00
X= 035100
484 ,43 526.93
688,76 700.71
748,93 753.43
773.76 176.09
781.76
X= 087200
398,93 422.98
550,26 564 .54
615.3¢ 619,21
541,48 644,37
654, 37
X= . 133500
353.43 374 .43
452.15 466.15
519.87 524,54
546,82 549,48
560,09
X= L1 T77700
317.87 336.32
410,21 415,21
443,04 446,32
465,71 468,21
479.87
X= . 236500
308,82 313.76
364,26 367.54
384,54 386.43
396,37 397.54
400,21
5400, 00 7200, 00
19800,00 21600.00
.035050

443000.00 655000, 00
532000.00 504000. 00
. 177700
101000.00 336000.00
604000.00 593000. 00

TIMEWR(I) , I=1 NARTIM

0.00 1800. Q0 3600,00
14400,00 16200.00 18000,00
EINTWR(I) I=1 NRWTIM

0.00 .09 t.13

9.73 11.03 12.23

5400.00 7200.00
19800,00 21600.00
2.75 4,14
13.45 14,52

18000, 00
46800, 00
75600. 00
104400.00

563.26
710,37
757.87
177.71

441,26
576.21
623.48
646,48

391.87
477.43
529.21
551,82

353.87
420,21
449,65
470,65

321.76
371.26
388,15
398,48

9000, 00
23400,00

820000, 00
482000.00

508000.00
581000, 00

9000. 00
23400.00

5.57
15,58

21600.00
50400, 00
79200.00
108000, 00

591,54
718,93
761.59
779.26

461,21
585.71
627.48
648,59

406,32
486.98
531.98
553.93

368.43
424,59
451.32
472.54

330.87
373.87
390.65
398,82

'0800. 00
25200.,00

784000, 00
462000, 00

571000.00
568000, 00

10800. 00
25200.00

6.95
16.59

25200, 00
54000.00
82800.00
111600.00

616.65
726.59
763.82
780.26

481.26
593.32
630.59
650.43

417.32
495,37
535.26
555.71

380.87
423,87
453.76
475.09

339.71
376.54
391.04
399.98

12600, 00
27000, 00

738000, 00
444000, 00

616000. 00
553000.00

12600.00
27000.00

8.33
17.62



SAMPLE OUTPUT FOCR USINT.

FIELD QUANTITIES AT o =

X1
U+ Q000
+00YH
L0191
0236
<0381
a7/
Ob72
L0667
J0I162
+UHOH
-0(713
« 1048
144
o 1239
o) 334
« 1430
s 19525
« 1620
+ 1718
«+78114
196
21
2097
L2192
o 2247
+2383
2478
2T
« 2698
2164
« 2899

U
2.9290E+02
2.92905+02
2.9290E+02
2.9290E:+402
2.9290E+02
2.9290E+02
2.9290E+02
2.9290k+0.
2.9290E402
249290E+02
2.9290r+02
2.9290E402
2.9290E+02
2.9290E+02
2.9290E4+02
2.9200-+02
2+ 9290E+02
2.9290E+02
2.Y2Y0E+0?
2.9290E+02
2.92V0E+02
2.,92901:402
2.9290E+02
2.9290E+02
2:7290:+02
2.9290kE+4072
2e9290E+02
2.9290r+02
2.9290E+02
2.9290E+02
2.9290E+02

QpoT
O.
C.
0.
U
0.
0.
O.

;Ad;.(. -

U AND T = 0O,

Al

TIME EQUALS Z:RO

SEC = O,

SIDOT(ST™)
Ue
O,
Qe
0.
0.
0.
Us
0.
Q.
0.
Q.
Ue
O.
0.
Ve
Q.
O,
0.
Ue
0.
Qe
O.
Ue
Q.
Q.
0.
0.
0.
Q.
U.
0.

S2DOT(CO2)
Ue
Do

MIN
S3DOT(LID)

O,

U

0.

Ue

0.

o.



TABLE 2 (CONTINUED)

vB 0. XB = 0. INCIDENT FLUX = O,

Xcn) Pl EP P A2 THETA
0.0000 1,1488E+05 1,0133E+405 2,1821E+05 O. 4.5000E~-02

<0095 1,14B8E+05 1.0133E+405 2.1621E+05 O, 4,5000E-02
<0191  1.1488BE+05 1,0133E+05 2,1621E+05 O. 4,.5000E~-02
<0286 1.1488E+05 1.0133E+05 2,1621E405 O, 4.5000E~-02
<0381  1.148BE+05 1.0133E+405 2,1621E405 0. 4,5000E-02
«0477 1,1488E+05 1,0133E+05 2,.1621E+405 O, 4.5000E-02
0572 1.1488E+05 1,0133E+05 2.1621E+405 0. 4.5000E-02
<0667 1.1488E+05 1,0133E+05 2.1621E+05 0. 4.5000E-02
<0762 1.148BBE+05 1.0133E+05 2,1621E+05 O, 4.5000E-02
0858 1,148BE+405 1.0133E+05 2.1621E+05 0. 4,5000E-02
<0953 1.148BE+05 1.0133E+05 2,1621E+05 0. 4,.5000E-02
«1048 1,1488E405 1.0133E+05 2.1621E+05 O, 4.5000E-02
«1144 1,14B8E+405 1,0133E+405 2.1621E+05 0. 4,5000E-02
<1239 1,1488BE+405 1,0133E+05 2.1621E+05 0. 4,.5000E-02
<1334 1.148BE+05 1.0133E+405 2,.1621E+05 O, 4.5000E-02
«1430 1.1488E+05 1.0133E+05 2.1621E+05 O. 4,5000E~-02
<1525 1.1488E+05 1,0133E+05 2.1621E+05 O, 4.5000E-02
<1620 1.148BE+05 1,0133E+05 2.1621E+05 0. 4.5000E-02
<1715 1.148BE+05 1,0133E+05 2.1621E+05 O, 4,5000E-02
<1811 1.1488F+05 1,0133E+05 2,1521E+05 0. 4,.5000E-02
«1906 1.1488E+05 1.0133E+05 2.1621E+05% O, 4.5000E-02
«2001  1,148BE+05 1,0133E+05 2.1621E+05 0. 4,5000E-02
«2097 1,1488BE+05 !,0133E+405 2.1621E+05 O. 4.5000E-02
«2192 1,148BE+05 1.0133E+05 2.1621E+05 O, 4.5000E~-02
<2287 1.1488E+05 1.0133E+05 2.1621E+05 O, 4.50C00E-02
<2383 1.1488E+05 1.0133E+05 2.1621E+05 O, 4,.5000E-02
«2478  1,1488E+05 1,0133E+05 2.1621E+05 O, 4.5000E-02
«2573 1.148BE+05 1.0133E+05 2,1621E+05 O, 4,5000E~-02
<2668 1,1488E+05 1.0133E+05 2.1621E+05 O, 4.5000E~02
«2764 1,148BBE+05 1,0133E+05 2.1621E+05 0. 4.5000E-02
«2859 1,1488E+05 1,0133E+405 2.1621E+05 O. 4.5000E-02
EXP. TIME LOCATION EPRC(IC,JJ) PINT PRDIF SUM

1800, 00 «03505 «1O1E+06 «191E+06 ~.Q03E+05 «.815E+00

1800, 00 17770 «101E+06 « | ISE+06 ~,i41E+05 .835E+00
EXP. TIME EINTWR(IC) NATREL WNATDIF SUM

1800.0 +093000 1.,147883 ~1.,054883 « 19480E+0]

Vi
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FIELD
X1
0.,0000
. QU9
L0191
0236
0381
0417
05172
L6617
U762
+OH5HH
L0953
« 1048
.11 44
s 1239
.1 334
« 1430
1245
. 1620
1115
181
« 1906
2001
. 2097
2192
2281
2383
c24in
023,3
« 2069
o2 154
oa,’".) )

Av_e 3

OUTPUT FROW USINT FOR TEST CASE. TIME EQUALS 3600 S

AUANTITIES

U
4,8048E+02
4,41145+02
4,1003E+402
3.8672:+02
3.6151E+02
3.5223E402
3, 3984E+402
3.,2988E+02
3,2188E+02
3.1547E+02
3.,1036E+02
3.0630E+02
3.0310E402
3.0060E+02
2.95363E+02
2.9122E+02
2.9613c+02
2.95341:+402
2.9478E+402
2.7441+02
200"%E002
2.9408E+02
2.9409E+02
2.9419E+02
2.9437E+02
2.9464E+0°
2.9499E+02
2.994 3E+02
2.929%5E+02
2.9656:+402
2.9132E+02

AT N =
aLeT
-3,1894E+00
-7,0148E-02
-5,7452E+04
1. 3218E+04
-1, 1843E+04
-5,6007E+05
4,5128E+01
6.,0036E+00
5.2 332k=01
-2.1342E+00
-3,2K832E+00
-JQO'Q'E‘UO
~3.,2126E+00
-3.18662+00
-20 IOZQE’w
=2.,3241E+00
-1.9153E+00
=1 ,5605E+00
-] .2652E+00
-1.,0325E+00
-8,9551E-01
=7.2168E-01
-5, 4198E-01
-5,.9114E=01
-5.6833E-01
-5,687130E-01
-45.3238E-01
-6,0838E-01
-6, 3423E=01
-1, 101 2E+02
s 1

Al
1. 0000E+QU
1.,0000E+00
1  OOOOE+00
9.9894F=01
9.0084E-0]
1.5995E=01
0.
0.
O.
U.
U.
0.
O.
O.
0.
O.
0.

SIDOT(STM)
5.4896E-07
1,2074E-08
3.5"2E-'0
7.3335E-02
2.9750E-01
.
U
0.
0.
0.
.
0.
(08
0.
O,
Q.
0.
Ue
Ve
Ue
Q.
0.
O.
O,
Ue
O.
0.
Qe
O.
(0)8

60 AND T = 3,6000E+03 SkC = 6+ 0000E+0O1

S2D0(C0O2)

Qe
O
Ue
Ue
Q.
0.
Ue

Je
O
0.
i
0,
Ve
Q.
U
O.
e
Q.
0.
Q.
Je
0.

MIn
S3DOT(LIQ)
O
1).
=2.62E-02
®, 36E-03
R,49E-02
1 .19E=01
1 ,B3E=05
1 .43E-06
-Oog‘)":-O]
-1 .,64:=06
-1,99E-06
-2,02E-06
-1.89:-06
-1,67E=-05
-1,43E-05
-1, 19E~-06
-Q. 75E-OI
-7.91E=07
-4.,40e=017
‘D.ZlE"OT
-4,31=07
-3.,66E-07
-30235-07
=2.,98E=017
=2.87e=-07
-2.87e=-01
-2.,95:=07
-3,09E=07
-3,24E=-07
-1.,505=05
0.




TABLE 3 (CONTINUED)

VB = 0. XB = 0. INCIDENT FLUX = 9.2300E+03
[GPM= 2 INl = 3 IWDF = 0 ITHI = 3 IPIDM = 2
INTEGRATED WATER RELEASE= 2,279E+00KG/M2 WATER REL. RATE= 2.527E-03KG/M2=-SEC
) Pl EP P A2 THETA Vi
0.,0000 O. 1.5860E-01 O. 1. 7662E=06 |.5860E~01 O.
L0095 2,7331E+05 1.3860E-01 3.7464E+05 3,8560E-08 | «5960E-01 =1,28E-04
LOI91  9,.439%E+05  1,5860E-01 6.4528E+05 7,8450E-10 | +4564E-01 =2.70E-05
L0296 4,3034E+05 1,.5848E-01 5.3166E+05 O, 1,0847E-02 O,
JOSBI  3.4693E405 1,4753E-01 4,4825E+05 O. 9.7937E=03 1,79E-06
L0477 2.8741E+05 6.4850E-02 3.8874E+05 O, 9.12336=02 9.46E-07
L0572 2.4372E+405 4,7000E-02 3.4505E+05 O. 4,4965E-02 4.01E-07
L0667 2.1152E+405 4,7000E-02 3.1285E+05 0. 4,4981E-02 3,08BE-O07
L0762 1.8759E+05 4,7000E=-02 2.8391E+405 O. 4,4988E-02 2.37E-07
L0858 1,0964E+05 4,7000E-02 2.7096E+05 O. 4,4993E-02 1,.83E-07
L0953 1.,5608E+405 4,.7000E-02 2.5741E+05 O. 4,4996E=-02 1.41E-07
L1048 1,458 1E405  4,7000E-02 2.4713E405 O, 4,4998E-02 1.09E-07
L1144 1,3802E+05 4,7000E=02 2.3934E+05 O, 4,4999E-02 8, 33E-08
L1239 1.3213E+05 4,7000E-02 2. 3345E+05 O. 4,4999E-02 6.35E-08
L1334 1,2770E+405 4,7000E-02 2.2902E+05 O. 4,5000E-02 4.79E-08
L1430 1.2439E+05 4,7000E=02 2.2572E+05 0. 4,5000E-02 3,.58E-08
L1525 1.2196E+05 4,7000E=-02 2.2329E+05 O. 4,5000E=02 2.62E-08
L1620 1.,2021E405 4,7000E=02 2.2153E+05 O, 4,5000E=-02 1,.,87E-03
L7151, 1898E+05% 4,7000E=02 2.2031E+05 0. 4,5000E-02 !.29E-08
JBIL 1.1B1T7E+05 4,7000E-02 2.1949E+405 O, 4,5000E-02 8.19E-09
L1906 1.1768E+05 4,7000E-02 2.1901E+05 O, 4,5000E-02 4,41E-09
L2001 1.1747E+05 4,7000E-02 2.1830E+05 O. 4,5000E-02 1.27E-09
L2097 1.174BE+05 4,7000E=02 2.1881E+05 O. 4,5000E=02 =1.44E-09
L2192 1.1770E+405 4,/000E=02 2.1902E+C5 O. 4,5000E-02 -3.88E-0C9
L2287 1,1BI0E+05 4,7000E=02 2.1942E+05 O, 4 ,5000E~02 =6.19E-09
L2383  1.1868BE+05 4,7000E-02 2.2000E+405 O. 4,5000E=-02 =83,48E-09
L2418  1.1944E+0% 4,7000E-02 2,2077E+05 O. 4,5000E-02 -1 ,08E-08
2973 1.2040E+05 4,7000E-02 2.2172E+05 O. 4,5000E-02 -1,33E~-08
J2668 1,2156E405 4,7000E-02 2.2289E+05 O. 4,5000E-02 -1 .60E-08
L2764 1.2295E+05 4,7000E=02 2.2428E+05 O, 4,5150E=02 7.53E-07
2859 0, 4,7000E=-02 1.,0133E+05 O, 4,5000E-02 O.
EXP. TIME LOCATION EUCIC,Jd) TINT TDIF SUM
3600.00 .04 384,82 373,60 }i.2¢ « 3206 7E+01
3600.00 +09 321.71 314,70 7.00 « 36968E+01
3600.00 o3 314,26 298,617 15.59 «61273E+01
3600, 00 o 18 298,32 294,54 3.78 «62/01E+0OI
3600.00 .24 298,26 294,59 3.617 «64048E+0]
EXP. TIME LOCATION EPRCIC,JJ) PINT PRDIF SUM
3600, 00 .03505 .411E+06 .374E+06 « 372E+05 «654E+01
3600.00 L7770 .1 01E+06 « 11BE+06 =.175E+05 .65TE+0I
EXP. TIME EINTWRCIC) NA [REL WATDIF SUM
3600,0 1.,133000 2.279463 =1.146463 . 7888 1E+01
EXP. TIME LOCATION EPRC(IC,JJ) PINT PRDIF SUM
5400 ,00 .03505 . 443E+06 JH66E+06 ~-.123E+06 L941E+01
5400,00 LA7770 . 101E+QC6 L1 29E+06 ~.282E+05 .949E+01
EXP. TIME EINIWR(IC) WATREL WNATDIF SUM
5400,0 2.749000 34145776 =.396776 .96460E+01

59



10.

11.

REFERENCES

Powers, D., "Empirical Models for the Kinetics of Calcareous -
Concrete Decomposition,"™ Sandia memo to R.L. Knight, Jan. 28,

1977.

Scheidegger, A,E., Physics of Flow Through Porcus Media,
University of Toronto Press, 1974.

Bazant, Z.P., and Thonguthai, W., "Pore Pressure and Drying
of Concrete at High Temperature," ASCE Journal of the
Engineering Mechanics Division, Vol. 104, No. EM5 Oct., 1978,

pp. 1059=1079.

Dayan, A., "COWAR-2 User's Manual," General Electric
GEFR-00090(L), May 1977.

Keenan, J.H., Thermodynamics, John Wiley & Sons, Inc.,
N-Y. 19“1. p' v3_l‘79'

Irvine, T.F., Jr., and Hartnett, J.P., Steam and Air Tables
in 8I Units, Hemisphere Publishing Co., 1976.

Postma, A.K., McCormack, J.D. and Schur, J.A., "A Study of
water and Gas Release from Heated Concrete," Hanford
Engineering Development Laboratory, HEDL TC=996, Dec. 1977.

whitaker, S., "Simultaneous Heat, ''ass and Mementum Transfer
in Porous Media: A theory of Drying," Chapter in Advances
in Heat Transfer, Edited by Hartnett, J.P. and Irvin, T.F.,
Jr., Academic Press, New York, Veol. 13, 1977, pp 119-203.

Richtmyer, R.D., and Morton, K.W., Difference Methods for
Initial Value Problems, Second Edition, Interscience Pub-
lishers, New York, 10F7.

"pdvanced Safety Analysis Eleventh Quarterly Report March-
May 1977," General Electric, GEFR=-14038-11, UC=796, June 1977.

Beck, J.V., and Arnold, K.J., Parameter Estimation in

Engineering and Science, John Wiley & Sons, New York, 1977.




19

TEMPERATURE (DE6 K)

TEMPERATURE VS TIME

625. T r r v
600. F -
S73. P ~
S5S0. B -
S23. o
S00. .
475. -
450. o
425S. >
40n, ~
379. .
350. .
32S. ~
300. ~
27, 1 2 M N N N L L N
0.00 S.00 10.0 15.0 20.C 25.0
x10*

»
AF e L

TIME (SEC)

Plot
HEDL

of calculated and measured temperatures a

Test Nu.. 1 data [ 7].



e D TX
0°SZ

0°0Z

0°'S1

0°0t1

(J38)
0o0°"S

3WIL

W1l SA 3NLIVE3dHdW3L

‘o8z
"00€E
*0ZE
‘0OYE
‘09€E
*08BE
o0V
*o0ZY
R 2 4
09V
o8y

"00%

(% 930) 3¥N1VY3dN3L

62



£9

TEMPERATURE (DE6 X)
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TEMPERATURE (DEG K)
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PRESSURE (PASCAL)

850.
800.
750.
700.
630.
600.
S550.
S00.
450.
400.
350.
300.
250.
200.
130.
100.

PRESSURE VS TIME

-
-

P~

TIME (SEC)

10.0

15.0

20.0

2%.0
x10*



L9

x10”

PRESSURE (PASCAL)

650.
600.
550.
S00.
450.
400.
350.
300.
230.
200.
1S0.

100.

0.00
TIME (SEC)

{

PRESSURE VS TIME

i :

| § ad - L A —_ 3 A




WATER RELEASE
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