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ABSTRACT

In the most severe hypothetical core heatup accidents in High
Temperature Gas Cooled Reactors, the heatup of the concrete reactor
vessel can result in gas release from degrading concrete which can
ultimately lead to containment building failure. This gas release
is largely affected by the moisture migration during concrete heat-
up. Moisture migration in concrete is also of interest in Light
Water Reactors (LWR) core meltdown accidents. Therefore, the
general problem of moisture migration in a heated concrete slab, has
been analyzed including the effect of water evaporating close to the
heated surface and recondensing in cooler regions. Results for
early phases of core heatup transients are being given. Their
implication on the accident progression is being discussed.

INTRODUCTION

During hypothetical Unrestricted Core Heatup Accidents (UCHA) in High
Temperature Gas Cooled Reactors (HTGR) the Liner Cooling System (LCS) assumes
a crucial role. This system of water cooled pipes is designed to protect the
liner and the prestressed concrete reactor vessel (PCRV). If the LCS fails
during UCHA scenarios and is not restored to service within about 2 days the
PCRV concrete will heatup, and thermal barrier and liner failures will result
at about 40-70 hr [1,2]. The concrete decomposition gases (predominantly H2O
and CO2), can ultimately cause containment building failure due to over-
pressurization. The amount and timing of this gas release strongly depend on
the migration of the physically and chemically bound water in the concrete
during the gradual but severe heatup.

Vapor migration in concrete slabs heated on one side is also of interest
in severe accidents for Light Water Reactors (LWR). While this paper presents
an analysis of vapor migration in HTGR accident scenarios, the analysis and
the code VAPMIG are equally applicable to LWR accidents.

The basic process of moisture migration during concrete heatup can be
described as follows: As the porous medium is heated at its exposed surface,
some of the water is vaporized, causing a pressure increase and a flow of gas
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The process of vapor migration in concrete slabs subject to severe
"heating is also of interest in severe accident investigations for Light Water
Reactors (LWR). While this paper concentrates on the application of the vapor
migration analysis to HTGR accident scenarios, the analysis and the code
VAPMIG are equally applicable to LWR accident scenarios.

The basic process of moisture migration during concrete heatup can be
described as follows: As the porous medium is heated at its exposed surface,
some of the water is vaporized, causing a pressure increase and a flow of gas
and liquid phase into cooler regions, where recondensation can occur. When
concrete temperatures exceed the local vapor saturation temperature, a "dry
region" is formed in which water only exists in the vapor phase. This dry
region expands with an "evaporation front" moving into the concrete. Beyond
the front, water exists as liquid and as vapor, in equilibrium. This region
is called the "wet region". A further important aspect affecting the process

* significantly is the presence of a non-condensible gas (generally air) in the
porous structure. The problem is essentially one of a phase change front
motion with a thermally driven flow field, but with significant feed back from
the flow field to the temperature field.

The general problem of moisture migration in porous media has been of
interest not only for the nuclear industry but also for a variety of other
applications, as for instance in drying processes[3], or in the behavior of
building structures during fires[4], This work extends a previous strongly
idealized model of the current authors[5] and a more comprehensive listing of
recent literature on vapor migration in porous media can be found there. Of
importance for the nuclear industry are primarily the analytical work of Dayan
and Gluekler[6,7] as well as the permeability measurements of McCormack
et al.[8].

Dayan[7] solved the vapor migration problem without presence of a non-
condensable gas and for a permeable outer surface using similarity solutions.
Our work[5] extended that work by including the effects of the presence of a
non-condensable gas, and by considering as second outer boundary condition the
case of an impermeable surface, which applies in HTGR scenarios up to the time
of liner failure. The disadvantages of these idealized solutions is that they
cannot represent the actual process with time varying boundary conditions and
temperature dependent material properties. However, with their simplicity
they do provide valuable insight into the basic phenomena and permit rapid
parametric evaluations.

Dayan and Gluekler[6] solved the vapor migration in concrete subject to
severe surface heating in a more general numerical analysis without explicit
tracking of a phase change front. While such solutions are simpler to obtain,
it has been generally recognized!9] that in phase change problems, solutions
which explicitly track the front are harder to develop, but are ultimately
more accurate and more reliable, in particular, when applied to a variety of
conditions.

The current work, therefore, represents a finite difference solution of
the full partial differential equations of mass and energy conservation with
Darcy's momentum equation considering two separate regions, a "dry" region and
a "wet" region, separated by a moving phase change front. As pointed out be-
fore[5,8] the motion of gas and liquid in concrete heated beyond 100°C is pre-
dominantly due to pressure gradients, and the vapor motion by molecular dif-
fusion is therefore being neglected.



THE MODEL

A semi-infinite (or finite) slab of concrete is being considered with
no-flux boundary conditions at the far end. The domain is divided into a dry
region, containing concrete and superheated vapor, and a wet region containing
concrete, water in liquid as well as in saturated vapor form, and air. The
absence of air from the dry region is a result of the gas flow from the
evaporation front, as was shown in Reference 5. Local thermodynamic equili-
brium (equal temperature of all phases at any time and location) is assumed.
The thermal boundary condition at the outer surface (z=0) is that of a pre-
scribed time varying source temperature, and outside heat transfer coeffi-
cient. The flow boundary condition can either be that of an impermeable sur-
face, which applies prior to liner failure, or that of outflow with prescribed
surface pressure, which applies subsequent to liner failure.

The resulting conservation equations for the dry region are
vapor mass

mixture energy

pv u
g
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where the dry region mixture internal energy is

e = (1-e) (pc)s(e - 6ref) + mve^ (3)

The vapor flow follows from Darcy's law as
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The current model uses spline functions of high accuracy for the water
properties. In the dry region these are generally solved as

Pv = PT = P (Pv»6) (5)

where

Pv= -J (6)

but solutions for p = p (p,6) are also provided.

The conservation equations for the wet region are

water mass
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where the mixture internal energy is

and of course

e « (1-e) (pc)s(9 -

m = m + m . (11)
w v Jt

The wet region Darcy flow relationships are

K 3pT K

Equation (12) allows for the use of separate liquid and vapor permeabilities,
to simulate the effect of reduced liquid flow which has been suggested by some
authors[4,6]. Furthermore, in particular for large liquid volume fractions an
impairment of the gas flow has been suggested. To simulate that effect the
factor ag was added in the gas flow equation. Optionally this factor can be
set to 1.0 (no gas flow reduction) or to &„ = Sg » °g^e» where oeg is
the volume fraction of gas in the porous structure.

The wet region state relationships for water are obtained from spline
fits to the 1967 IFC formulation, except for the liquid density which was
assumed as constant (1000 kg/m3). Air was treated as an ideal gas. All
phases were assumed to be locally in thermodynamic equilibrium. The total
pressure is then the sum of the partial pressures

PT = Pv + Pa- (13)

At the vaporization front, mass and energy must be conserved. As was shown in
Reference 5, if molecular diffusion is being neglected, the air concentration
in the dry region is zero and mass conservation of air at the vaporization
front does not have to be considered explicitly.

Mass conservation of water for a vaporization front moving with velocity
Ufr requires

(mvrmw2) Ufr " pvlugl " K u g + ptulh (14)

where subscripts 1 and 2 refer to front properties on the dry side and on the
wet side respectively.

Energy conservation at the front requires

<V«2> Ufr - t k S l " t k B 2
 + (pvVg>l " K \ Y P * V J 2

 (15>
where e± and e2 follow from Equations 3 and 10 respectively. Note that the
uf in Equations 14 and 15 are superficial velocities while the front velo-
city Ufr is an actual velocity.

The concrete heatup begins from an originally almost isothermal state.
As the heatup progresses over days gradually larger parts of the PCRV are
affected. To model this process efficiently, the current work solves the
above equations in a moving coordinate system.

The dry region non-dimensional space coordinate is

C = z/zfr (t).
(16)

The wet region width was defined as



AZy * const v'Kyt (17)

where the constant for the thermal analysis only could be taken as about 5 to
8. However, for the prevailing concrete data to be used below, it was found
that the flow field extended deeper into the semi-infinite concrete than the
temperature field and a constant of 18 was used for all computations reported
here.

The wet region non-dimensional space coordinate was then defined as

z - z CO
g • ' + Az(t)

In this coordinate system the dry region extends from 0<£<l, and the wet
region from 1<5<2.

The equations were solved in a completely conservative finite difference
formulation for 5 and t as independent variables. Details regarding this
forimlation and the experience obtained with it will be documented in a future
report.

RESULTS

For the application to PCRV heatup transients, two flow boundary condi-
tions at the heated surface are of interest (the thermal boundary condition
used at all times is one of prescribed time varying source temperature and
heat transfer coefficient). Up to the time of liner failure, the heated sur-
face is impermeable to flow, and the boundary condition is

u=|j=O; z = 0 (19)

Subsequent to liner failure, vapor can flow into the core cavity and the
core inside pressure will provide the pressure boundary condition at the out-
side surface of the concrete, thus:

P = Pcore?

At first, a general application of the model was considered, to facili-
tate comparison with previous work. Considering impermeable wall boundary
conditions, a step change itt temperature to 250°C was imposed at the outer
surface of a semi-infinite slab, assuming an initial liquid fraction of
Sj^o=0.2. The other input data used for this case correspond to those of
Reference 5 and are summarized in Table 1.

The resulting vaporization front velocity and the front pressures and
temperatures are shown in Figure 1* The results show that the previous
approximations of Reference 5, assuming a constant front temperature for the
case of a step change in wall temperature was well justified. Also the
approximate front progression of

z f r



Table 1

Properties and Input Data for Case of Step Change in Wall Temperature

kD - 0.35 V/mK p =

1.60 W/mK v 2
(-) = 2.4xlO~e m
MO bar s

<pc) - 1.7xlO 6-^- „ , „
b m3K (-) = lOT^-)

e - 20°c v w g

e 0.32

is confirmed by Figure 1 to be accurate within 1% over the time range from
60 s to 4 hr. Figure 2 shows typical temperature, pressure and liquid frac-
tion distributions. The front temperatures and pressures shown are slightly
lower than those of Reference 5, which is apparently due to the simplified
latent heat relationships used there compared to the more accurate state
relationships being used here. Altogether, the close agreement with the re-
sults of Reference 5 confirms the validity of the simplified model used there,
which is of value for rapid parametric evaluations, and it establishes confi-
dence in this new and more general model.

As a further applications, the model was applied to the early phases of
PCRV heatup under UCHA conditions. Typical thermal barrier core side tempera-
tures will range from about 300°C to 1000°C over the period of 0 - 80 hr when
thermal barrier failure begins. For such a transient source temperature and
a thermal barrier of kaowool insulation the transient heatup and moisture
migration in a semi-infinite slab of concrete were analyzed. A summary of
the properties being used for this application is given in Table 2. (Please
note that the code does provide for temperature dependent properties, and that
constant values were applied here only to keep the demonstration cases as
simple as possible). The concrete thermal properties are representative of
those of Appendix E of the Fort St. Vrain Safety Analysis Report [10], while
the assumed best estimate permeabilities are based on the data of Reference 8.

Results for the initial PCRV heatup prior to liner failure are shown in
Figure 3. The core side thermal barrier temperature which is the source
temperature in the current simulation is included in Frame (a). Two cases are
are being considered: The best estimate permeabilities for concrete were used
in the first case (BE PERM). In the other case, following a frequently sug-
gested assumption that the liquid phase is immobile or moves at a much reduced
rate [4,6], the liquid permeability was reduced by two orders (LL PERM). In
this second case the evaporation front will be slowed down as all liquid must
essentially be evaporated first to then move as vapor into colder regions of
the concrete, while in the first case a significant part of the mass transfer
into cooler regions is due to liquid flow.

Frame (b) shows the front progression for both cases, indicating that the
dry region forms at about 3 hrs, and is of substantial width in either case at
the time of currently anticipated liner failure (about 60 to 80 hrs). At that
time the dry region temperatures (Frame (a)) extend up to about 600°C which
could result in further release of soms of the chemically bound water with
further pressure increases and flow towards the wet region. While this effect
can be included in the VAPMIG code, it was not part of the current sample
application, which only considered the physically bound water.



Table 2

Properties and input Data for Case of Simulated PCRV Heatup

Thermal Conductivities

kaowool 0.54 W/mK
concrete dry 2.8 W/mK
concrete wet 3.2 W/mK

Permeability

gas (*)g - 1x10-5

liquid (^ - (^) x $ g - .05 x (S)g

(pc)c = 1.92 x 106 — (w/o voids)
m K.

p = 1 bar; 6 = 20°C

e = 0.35; S. = 0.4

kaowool insulation thickness 67 mm

Frame (c) shows that for typical concrete permeabilities of Table 2
(BE PERM) the dry region pressures only build up to about 2 bars with a front
temperature of about 120°C. (Similar to the above case of a step change in
surface temperatures, Figure 2, with an impermeable outer surfaces the pres-
sure remains virtually constant across the dry region). As shown in
Frame (d), in the wet region adjacent to the front the pore volume is practi-
cally completely filled with liquid.

In the extreme case of reduced liquid mobility (LL PERM) the dry region
pressures become quite significant and exceed 8 bars at 80 hrs. If these per-
meabilities should be representative of actual PCRV heatup conditions, it
could lead to earlier liner failures. The liner anchoring to the PCRV is
generally designed for fluid pressures on the PCRV side of about 6 bars, to
accommodate potential leaks of the LCS which operates at that pressure. How-
ever, the design pressure corresponds to LCS temperature levels of 30 to
50°C. Whether the liner and its anchors can accommodate these back pressures
at 300 to 600°C is questionable. It, therefore, appears that earlier thermal
barrier failure could possibly be initiated by liner failure due to excessive
back pressure at 40 to 60 hrs, rather than by failure of the coverplate
anchors due to excessive core side surface temperatures, which is the
currently assumed failure mechanism. Further, more detailed investigations of
PCRV concrete permeabilities, and a sensitivity stud}7 on the input data of
this analysis would be required to confirm or reject this potential earlier
failure mechanism.



Currently liner failure during UCHA scenarios without LCS is generally
anticipated to occur not too long after thermal barrier (coverplate) failure,
at about 60 to 80 hrs, both failures being due to excessive temperatures- Of
crucial effect on the further accident progression is the water ingress from
the FCRV moisture into the core cavity subsequent to liner failure. The simu-
lations of Figure 3 were therefore extended, assuming liner failure and a cor-
responding flow boundary condition at z = 0 subsequent to failure. Some of
the results are shown in Figure 4. There was virtually no change in the
evaporation front velocity at failure time and the front progression into
cooler regions continued undisturbed. In the case of best estimate permea-
bilities (BE PERM) front temperatures and pressures did not change visibly and
continued there very slight upward trend. However, for the case of reduced
liquid mobility (LL PERM) the liner failure essentially terminated the upward
trend of front temperature and pressure, which dropped slightly at failure
time and then remained roughly constant. The resulting mass flows of vapor
into the core cavity are shown in Frame (b). For the best estimate case the
actual ingress settles out at a value of about 0.035 kg/m2hr while for the
case of reduced liquid mobility it remains about an order higher at
0.5 kg/m2 hr. It should be noted that the PCRV heatup rates used here corres-
pond to the severest arfca, the center of the core side barrel. Thus either of
these values is significantly lower than previously assumed values[2,11] of
about constant ingress of 1 kg/m2hr averaged over the total core cavity sur-
face. Such reduced water ingress could significantly extend the estimates for
CB failure time beyond the current estimate of 10 days.

In the case of reduced liquid mobility significant dry region pressures
were developed, and earlier liner failures from overpressure in the PCRV are
not impossible. Therefore, earlier liner failure at 40 hr was considered as
an additional case. The resulting water ingress for that case is included in
Frame (b) of Figure 4. It is quantitatively about equal to the outflow at
later liner failure, except that this flow now arises 40 hr earlier. But
again, the water ingress rates remain much lower than previously estimated,
and our current CB failure estimates appear to be even more conservative than
previously realized. The formation of a dry region and removal of most of the
moisture beyond the evaporation front protects the core cavity from most of
the original water in the concrete. As this front is driven by the heatup of
the concrete, a reversal would only be possible with concrete cooldown, which
cannot occur in this accident scenario.

It should further be noted, that our use of a one-dimensional cartesian
geometry is conservative with regard to the actual PCRV heatup: At the core
side barrel the radial divergence will provide more flow area and volume for
the escaping water, resulting in a larger dry region and a lower pressure.
The fact that the thermal barrier temperatures vary in axial direction, while
we have used the highest temperatures which occur only at the center elevation
further adds to this conservatism.

In the preceding simulations we assumed two different cases of concrete
permeability and obtained significantly different results. The case of re-
duced liquid permeability can be considered as an upper limit for potential
water ingress. Whether actual PCRV behavior would be closer to this limit or
closer to the best estimate case would have to be determined by experimental
efforts, since current available permeability data are not sufficiently de-
tailed to provide sufficient inputs to the model. As special efforts are made
to obtain high thermal conductivities in PCRV concretes[10] and since this re-
quires dense structures, it could be that actual PCRV behavior might tend
towards the case of reduced liquid mobility.

The exponential increase of concrete permeability with temperature, and
the hysteresis effect[8] will be included in future simulations. However, as
we do not incur any cooldown over the time span of interest, the hysteresis
effect should not affect our evaluations. The strong increase of permeability



with temperature is only expected to effect the outer parts of the dry region
which contain very little vapor. Thus, it is not expected that these future
simulations will significantly alter our current conclusions.

CONCLUSION

A generalized model of vapor migration in porous concrete being heated at
one side has been presented. A general application of the model agrees well
with previous results, thus confirming some of the assumptions made in the
previous work and establishing confidence in the new model.

Applying the model to PCRV heatup conditions it is found that significant
pressures can possibly be generated in a large dry region close to the liner,
potentially leading to earlier liner and thermal barrier failure. However,
due to the significant thickness of the dry region of 40 to 80 cm, the pre-
viously used estimates of water ingress into the core after liner failure
appear to have been excessive. With significantly reduced water ingress rates
the estimated time of containment building failure could increase signifi-
cantly beyond the current estimate of 10 days.

Further work is suggested, to obtain improved PCRV concrete permeability
data and to consider such effects as the observed significant increase in con-
crete permeability with temperature as well as the increase in containment
building pressure with time.

NOTATION
c specific heat
e. internal energy of species i per unit volume of porous medium

e' internal energy of species i per unit mass of species i
h enthalpy
k thermal conductivity (D=dry region; W=wet region)
K permeability
m mass of species i per unit volume of porous medium
p air pressure
p total pressure
p vapor pressure
sY fraction of pore volume occupied by phase i (i=gas, or liquid)
1 (Si=ai/e)
t time
u. volumetric flow per unit area of species i (superficial velocity)
U, evaporation front velocity
z axial coordinate
z, evaporation front position
a. volume fraction (for i = solid, liquid, gas)
e concrete porosity
5 dimensionless space coordinate (eqn's 16 and 18).
8 temperature
6 f reference temperature for zero internal energy (0°C used here).
K thermal diffusivity
p. density of species i



Subscripts

D dry T total
fr at evaporation front v vapor
g gas W wet
I liquid w water
S solid «° initial uniform value
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Figure 1. Front position, temperature and pressure during transient heatup
with step change in surface temperature.
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reduced liquid (LL PERM).
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