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Steam flow through the volumetrically heated particle bed
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Abstract

The paper is devoted to the problem of ex-vessel debris bed coolability, in particular, coolability and quenching of a particulate corium
debris bed by water. A number of experiments were performed in the POMECO (POrous MEdia COolability) facility to measure the dry out
heat flux in a self-heated bed. A mathematical model for the description of flow of a compressible fluid (steam) through the volumetrically
heated porous bed with particular consideration of the non-thermal local equilibrium is formulated and solved numerically using the split step
method. It is shown that initial thermodynamic perturbations which, if they grow, will lead to a temperature escalation at a specific location.
Furthermore, the data from the RIT (Royal Institute of Technology) POMECO (POrous MEdia COolability) experiments are used for the
validation of the model.
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1. Introduction and background flux as the limiting parameter for steady state removal of the
decay heat by boiling of the coolant has been the subject of
Coolability of a heat-generating porous beds has beenmany theoretical and experimental investigations during the
of concern, since the LMFBR (Liquid Metal Fast Breeder |ast two decades. The long-term coolability of debris beds
Reactor) days. In the LWR (Light Water Reactor) severe js essential to keep the bed temperatures below the melting
accident scenario, particulate debris beds are formed Wher‘temperatures of the bed.
corium melt comes in contact with water. This may occur  An early theoretical and experimental study of the ther-
in-vessel in the lower head when melt is discharged from 5 hydraulic characteristics of single phase flow through a
the core to the lower head (e.g., TMI-2 (Three-Miles-Island 4, metrically heated porous layer is that of Choudhary and
reactor)), and, may occur ex-vessel, when meltis dlschargedEl_Wakil [2]. They solved the coupled linear energy equa-

from _the vessel_ _fa||ure S'te. to the conta_lnment. Some tion for the solid and gas phase using an implicit modified
containment cavities are designed to remain dry (German .
Crank—Nicholson method.

PWR), however most others will have varying depths of Dhir and Catton [3] made experimental observations of

water. The Swedish BWRs (Boiling Water Reactor), in he d h ﬂ for inductively h q icul
particular, employ the severe accident management (SAM)t e dryout heat fluxes for inductively heated particulate

scheme in which a deep water pool is established in the lowerP€ds cooled from the top. This study dealt with two bed
dry-well to fragment the melt into, hopefully, a coolable configurations, shallow and deep. Different mechanisms for

debris bed. The melt-water interaction scenario will, most the dryoutin these beds were identified. It was concluded
probably, produce a stratified bed, quite akin to that found that the deep bed dries out at a particular section primarily
in the FARO tests [1]. The small size particles will be lifted, in the lower regions of the bed where gravity can no
by the steam produced, into the containment atmosphere andonger maintain the flow rate necessary to compensate
will later on deposit as a dense layer on top. The dryout heatfor the evaporation rate, or, in other words, when the
evaporation rate is greater than what can be sustained by

BEIPN _ the average downward superficial velocity of the coolant.
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Nomenclature
p Pressure. . ...t Pa Da Darcy number
K permeability coeffcient................... n  Gr Grasshoff number
C specific heat capacity ............ kg~1.K-1 Nu Nusselt number
T temperature ... K Fo Fourier number
k thermal conductivity ............ wh-l.K-1 Ra Rayleigh number
a thermal diffusivity ................... 5L Greek symbols
Os specific solid-liquid interface heat flux. Wi—3 _ s
Oy heat SOUICE . . .. ..o oo W3 o density..........ooiiiiiiiii kg .
R universal gas constant. . . . .. 3amol-1.K-1 o stress t_en;or. R EEEERRRERY NN
t time ... sec M dy”a”_"c VISCOSILY v sa
H heightofthesystem ...................... m ¢ porosity . _
; i 1 B thermal expansion...................... k
u horizontal velocity component......... -N
w vertical velocity component ........... gt Subscripts/Superscripts
X horizontal coordinate ..................... m Q values at Specified constant temperature
Z vertical coordinate........................ m 1 fluid phase
g gravitational acceleration.............. 9T 2 solid phase
Pe Peclet number 3 ambient media
Re Reynolds number k layer number

Vasiliev and Mairov [4,5] analyzed heat transfer, pressure for momentum, mass and energy, gives a saturation distrib-
drop and stability characteristics of a volumetrically heated ution for dryout condition. But no satisfactory comparison
porous layer cooled with forced flow evaporation. Depend- was achieved with experimental data.
ing on the physical properties of the coolant, they dividedthe ~ Considerable interest was generated in employing hy-
porous layer into three regions—subcooled, saturated twodrodynamic models for predicting dryout, since, clearly,
phase mixture and superheated steam. For each region, thegounter-current flooding generally controls dryout in porous
solved the energy equations with appropriate boundary andmedia made up of large size particles. Several experimen-
interfacial conditions to obtain temperature distribution in tal and analytical studies on hydrodynamic aspects of two-
the solid and the fluid. But the of flow direction in this study phase flow through porous media were performed, as sum-
is normal to the body force, whereas in physical situations marized by Schulenberg and Mdller [8]. It is unfortunate
of interest in reactor safety, the gravity acts in a direction that most of these studies were carried out for the ideal-
parallel to the flow. ized condition of a one-dimensional homogeneous porous

Later, Naik and Dhir [6] experimentally investigated a layer, whereas those encountered in actual practice are multi-
volumetrically heated porous layer with coolant flowing dimensional and may be composed of regions with widely
through that. The purpose of this work was to obtain the varying permeabilities and heating conditions.
data for the steady state temperature profile and pressure Tsaiin [9] measured dryout heat fluxes in axi-symmetric
drop of an evaporating two-phase coolant flowing vertically. porous layers with partial volumetric heating. His numerical
A model for the temperature profile, based on the solution of solution was obtained by a finite difference scheme without
the one-dimensional energy equations for the particles andthe interfacial drag term. Capillary pressure was included
the coolant with assumption of no differences between the in his solutions through the use of the Lawrett function. In
solid and liquid temperatures, was developed. The two-phasethis work the solutions were obtained with “pseudo stream
pressure drop was evaluated by a separated flow model basefiinctions” to include the source terms due to the volumetric
on the empirical relations obtained from the experiments. In heating. But such an approach exists only for certain
this model, the void fraction was correlated as a function distribution of volumetric heating in the porous layers.
of the flow quality and mass flow rate. The model worked A hydrodynamic model was developed by Tung and
reasonably well for water-steam at atmospheric pressure,Dhir [10] to predict void fractions and pressure gradient
however not as well for fluid mixtures with a higher vapor/ for one-dimensional two-phase flow through porous media.
liquid volume ratio. The particle-gas drag, particle-liquid drag and liquid-gas

Hofmann [7] presented the results of experimental and interfacial drag were evaluated theoretically for the flow
analytical investigation on dryout heat flux in inductively configurations associated with different flow regimes. The
heated beds for, both, top and top-and-bottom fed condi- drag models were then employed in conjunction with force
tions. His model, which calculates the heat flux as a func- balances on the two phases to obtain the void fraction and
tion of the saturation by solving the conservation equations pressure gradient as functions of liquid and gas superficial



I.V. Kazachkov, M.J. Konovalikhin / International Journal of Thermal Sciences 41 (2002) 1077-1087 1079

velocities. This mechanistic model was modified and solved [19,20] the thermal behavior of the three-dimensional porous

numerically in [11] by the same authors. The numerical bed during non-thermal equilibrium fluid flow through it,

scheme, based on the finite element model, called forwith assumption of constant thermal, physical and transport

elimination of velocities in favor of pressure and void properties.

fraction to predict dryout heat flux. The finite element The present work describes the determination of the dry-

model allowed the existence of several regions of different out location by introducing initial thermodynamic perturba-

permeabilities in the domain. Solutions were obtained both tions which, if they grow, will lead to a temperature escala-

in two-dimensional cartesian and in the axi-symmetric tion at a specific location. An analysis of the steam thermal

coordinate system. behavior in the two-dimensional homogeneous and stratified
The modeling approach of channeling of self-heated porous beds with temperature dependent thermal conductiv-

particle beds is exemplified by the Lipinski model [12]. ity coefficient has been performed.

It was assumed in this model that the vapor pressure

at the bottom of a channel is sufficient to offset the

weight of the overlying particles plus liquid and the flow 2. Experimental study

resistances in the channeled region are neglegible. Later on,

Lipinski [13] introduced the idea of a sticking factdt, An experimental investigation named POMECO (POrous

which means that the vapor pressure mustShetimes MEdiia COolability) on dryout heat flux of a particulate

the overlying bed pressure at the bottom of a channel. bed was performed. Both homogeneous and stratified debris

However, it appears that a nondimensionalization of this beds were recently employed at RIT and some results were

sticking pressure leads straightforwardly to the sticking reported [21].

factor concept. The sticking factor model relies upon the  The objectives of the POMECO program are to provide

analysis of the motion of particles caused by the upward the data base and the models to resolve the following issues:

displacement of a piston through the bed. Such a simulation

is regarded as representative of the onset of channeling. e Is a deep, stratified, low-porosity, bed coolable at low

Stubos and Buchlin [14] extended Lipinski's model by pressure in a deep pool of water?

applying a force balance to a single bottom particle which e Can the dryout heat flux be enhanced, i.e., coolability
included the weight of the overlying particles and the potential enhanced?

friction force. In details, they investigated [15] the behavior e What are the feasible back-fits and what is the enhance-
of vapor channels traversing the upper part of a boiling, ment in the dryout heat flux?

unconstricted, homogeneous debris bed and suggested a
theoretical model for the dryout heat flux in a channeled  Focus is placed on low porosity, small particle size and
bed. A multi-dimensional mathematical model for numerical relatively large scale debris beds. Bed stratification is an im-
analysis was developed and presented in [16] by Stubosportant parameter for investigations. Most debris bed coola-
and Buchlin assuming local thermal equilibrium (LTE) bility experiments have been performed with steel balls of
between the solid and liquid phases (thermally homogeneoudifferent size, generally heated by induction. We have taken
medium). But this assumption may not be satisfactory for the a different approach. Since corium debris have a particle size
step change problems in which, during the early stages of thedistribution and are more like sand, our debris beds were
transport processes there may be considerable differencesuilt with sand of different particle size distributions, heated
between the temperatures of the flowing fluid and solid with a network of thin heaters, distributed uniformly in the
particles. This is also true even during the later stages of thesand bed to produce uniform volumetric heat generation.
transport processes in high speed flows in which the fluid to The experiments were conducted on low porosity beds, since
solid interaction time may not be large enough to bring the they are the most difficult to cool with top flooding. For en-
temperatures of the fluid and solid phases close enough forhancement of the dryout heat flux, we reasoned that since
LTE to be a reasonable assumption. water addition from bottom has been shown to be a more
Non-thermal equilibrium flow through a porous bed is a efficient mode of cooling in earlier experiments, as well as
subject of essential interest. S6zen and Vafai[17] presented an the COMET experiments [22] for melt coolability, wa-
general set of volume-averaged governing equations for non-ter should be channeled to the bottom of the debris bed.
thermal equilibrium condensing forced flow through a latent A similar approach was proposed by late Prof. Becker of
heat storage porous media and comprehensive numerical inRIT [23], who performed some small scale scoping experi-
vestigations of the phenomenon were carried out. Kuznetsovments. The downcomer(s) were built in the debris bed which
[18] made such an analysis based on solution, by the per-would channel the water from the water overlayer to the bot-
turbation technique, of the full energy equations for in- tom of the bed and develop a two phase natural circulation
compressible fluid and solid phases, without neglecting any flow loop, providing greater mass flow rate in the bed. The
terms in the equations. He showed that the temperature befollowing parameters were varied in the experients: (i) the
tween the fluid and solid phases in a semi-infinite packed beddowncomer flow area, (i) downcomer geometry, e.g., with
forms a wave localized in space. Later on, he investigated holes along bed height.
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1= Feed Water 8= Pressure Transducer
2,69=TC 10= Vapors
3.14= Heaters. 11=DAS
4,16= Ball valves 12= Level Guage.

5= Drain pipe. 13= Downcomer.

7= Steam Flow meter, 19 Porous plate.

Fig. 1. Schematic of the POMECO facility.

2.1. Experimental facility installed in the upper part of the test section to monitor the
water level variation during the experiment.

The schematic of POMECO facility is shown in Fig. 1 , i )
and described in more detail in [21]. The POMECO facility 2.2. Experimental results and discussion
consists of water supply system, test section, heater system,
measurement and DAS systems.

Different size sand particles are chosen to construct the
porous particle bed with different characteristics, e.g., mean

Six series of experiments were performed for both homo-
geneous and stratified particle beds. The effects of porosity,
mean particle size, and stratification of the particle bed on

ticle si it d stratification. The t ¢ f the dryout heat flux have been measured. The first test series
particie size, porosity, and stratiication. The lop surtace ot g9 1 .21, .3.1 and strat-1.1, -2.1, -3.1, -4.1) was con-

the particle bed is covered by grids with small size holes to ducted without downcomer, the second (homo-1.2, -2.2, -3.2
avoid channel formation in the particle bed and fly off of ;4 ciac12 22 3.2, _4_’2) with the downcomer: the third
small sand particle. _ _ (homo-3.3and strat-1.3, -2.3, -3.3, -4.3) with the downcomer
The test section is a stainless steel vessel whose deta”%vith the holes, the fourth (homo-3.4 and strat-2.4, -4.4) with
are presented in Fig. 1. The cross-sectional area of the tes{je qowncomer with twice the number of the holes, the fifth
section is 350x 350 mm rectangular. The height of the  (homo-3.5 and strat-2.5, -4.5) with four additional down-
lower part is 500 mm and the height of the upper part is comers, which increase the total flow area by a factor of two
900 mm. The maximum height of the sand can be 450 mm. an the sixth (homo-3.6 and strat-2.6, -4.6) with four down-
A porous plate was placed 50 mm above the bottom of the comers to investigate the influence of the change of down-
test section to provide enough space for the water comingcomer geometry with no change of the flow area.
from the downcomer, for disribution into the sand bed. It Three homogeneous sand particle beds are tested, in
is a 350 x 350 stainless steel plate, in which there are which the porosities of the particle beds are varied from
about 100 holes with a diameter of 10 mm. The downcomer 0,258 to 0.397, the mean (mass-averaged) particle sizes are
fixed to the porous plate is a tube of stainless steel with smaller than 1 mm.
500 mm height and 30 mm internal diameter, it is fixed  Table 1 shows the experimental results on the dryout heat
on the porous plate. Later, the downcomer was drilled with flux for the homogeneous particle beds both with and with-
holes along vertical direction, and then, this number of holes out a downcomer. The predictions of dryout heat flux by Lip-
was doubled. Before the sand bed is formed, a grid is placedinski’s zero-dimension model [12] for the particle bed with-
on this porous plate in order to prevent fine sand particles out a downcomer are also listed in this table. It seen that ex-
from falling into the bottom space. A water level gauge is cept for the particle beds with very small mean particle sizes
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Table 1 Table 2
Experimental results for homogeneous particle beds Experimental results for stratified particle beds
Test Sand bed Down  Dryout h. flux ~ Enhanc. Test Sand bed Down Dryouth. flux Enhanc.
number characteristics comer K2 by dwem number characteristics comer K2 by dwem
Exp. Lipinsky % Experiment %
model strat-1.1  U. layer: H= 130 mm
homo-1.1  porosity= 0.4, No 90 23 porosity= 0.4,
Dmean= 0.2 mm Dmean= 0.2 mm No 87
homo-1.2  same as homo-1.1  Yes 183 104 L. layer: H= 240 mm
. porosity= 0.36,
homo-2.1  porosity= 0.36, No 222 215 -
Dmean=1 mm
homo-2.2 ~ sameashomo-21  Yes 331 49 strat-1.2 same as strat-1.1 Yes 186 113
homo-3.1  porosity= 0.26, No 111 100 strat-1.3 same as strat-1.1 Yes 210 140
Dmean= 0.8 mm

strat-2.1  U. layer: H= 130 mm

homo-3.2 same as homo-3.1  Yes 202 82 porosity= 0.26,
homo-3.3 sameashomo-3.1 Yes 200 80 D —08mm No 54
mean .
homo-3.4~ same as homo-3.1  Yes 258 132 L. layer: H= 240 mm
homo-3.5 same as homo-3.1 Yes(5) 313 182 porosity— 0.36,
homo-3.6  same as homo-3.1 Yes (4) 209 88 Dmean= 1 mm
strat-2.2 same as strat-2.1 Yes 138 157
strat-2.3 same as strat-2.1 Yes 212 295
(test homo-1.1) the experimental results on dryout heat flux strat-2.4 same as strat-2.1 Yes 226 321
agree quite well with the predictions by Lipinski's model.  strat-2.5 same as strat-2.1 Yes (5) 319 494
For the test homo-1.1, the experimental result on dryout heat Stat-2.6 same as strat-2.1 Yes (4) 114 112
flux is much higher than the prediction by Lipinski's model,  strat-3.1 U. layer: H= 240 mm
even though the porosity is not low. This indicates that ei- porosity= 0.4,
ther the Lipinskimodel does not extend to mean particle size Dmean= 0.2 mm No 55

L. layer: H= 130 mm
porosity= 0.36,
Dmean= 1 mm

of 0.2 mm or for these small particle beds, capillary force
contributes substantially to the flow in the bed.

From Table 1 it can also be seen that there is a large strat-3.2 same as strat-3.1 Yes 190 242
enhancement of the dryout heat flux by the downcomer, strat-3.3 same as strat-3.1 Yes 205 268
the natural circulation flow that gets established. Water is gyat4.1  U. layer: H= 240 mm
channeled to the bottom of the particle bed through the porosity= 0.26,
downcomer. The dryout heat flux consists of two parts: one Dmean= 0.8 mm No 122
is the contribution from the water penetrations from the top L. layer: H= 130 mm
of the particle bed, which is governed by counter-current pDoros'tzzlo'%’

. .. . mean= 1 mm
flooding limitation (CCFL) and is the dryout heat flux of  gyat42 same as strat-4.1 Yes 235 93
the particle bed without a downcomer; the second is the strat-4.3 same as strat-4.1 Yes 258 111
contribution from the heat transferred to the water channeled strat-4.4 same as strat-4.1 Yes 280 129
to the bottom of the particle bed through the downcomer, ~ Strat-4.5  same as strat-4.1 Yes (5) 315 159

. strat-4.6 same as strat-4.1 Yes (4 201 65
The experimental results show that larger enhancement @

of dryout heat flux by the downcomer occurs for the particle
beds with fine particles or will low porosity. This clearly the particle bed of experiment homo-3.1, which has low
indicates that the capillary force contributes to the driving porosity. Experimental results on the dryout heat flux in
head of the natural circulation in the pool. The provision of these three cases (see Tables 1 and 2) show that stratification
a downcomer to channel the coolant to the bottom of the bedof the particle beds does not decrease the dryout heat flux.
has a significant effect on the dryout heat flux. This observation is different from the analytical model and
Focus of the stratified bed experiments is on the effects of the experimental observation of Lipinski.
particle bed characteristics (such as porosity, mean particle The thickness of the fine particle layer has different
size and the thickness of the fine particle layer, resting on effect from that of low porosity. Comparing the particle
the top of another layer) on the dryout heat flux. In all bed configurations of homo-1.1, strat-1.1 and strat-3.1,
the experiments, the lower particle layer employs the sameand experimental results on dryout heat flux for these
particle configuration (mean size and porosity). three experiments in Tables 1 and 2, it appears that the
Table 2 shows the experimental results for the dryout stratification decreases the dryout heat flux a little. The
heat flux for the stratified particle beds both with and decrease of the dryout heat flux may be caused by the
without a downcomer. Comparing the experiments strat-2.1 reduction of the porosity at the interface between the layers.
and strat-4.1 with experiment homo-3.1, the upper particle However, when the particle size of the upper layer is very
layer of experiments strat-2.1 and strat-4.1 is the same assmall, the capillary force may increase the water penetration
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flow. Therefore, the thickness of fine particle layer has little goes to the cooled down area, whether the heat front can
effect on the dryout heat flux. propagate faster in this area than the next portion of water

It can also be seen in Table 2 that the effect of the will be there. For this purpose the Laplace’s solution for
downcomer on the dryout heat flux is significant. The linear flow of heat described in [25]. The solution is:
downcomers can enhance the dryout heat flux from 50 to atx }

600%. Greater enhancement occurs with larger downcomer, = = V[erf a-x +erf
flow area, as it can be seen from the fifth test series. The sixth 2 2./ (k*1) 2/ (k*1)

test series showed that changing the downcomer geometryyhere v and V are variable and constant temperatures
with no change of the flow area does not modify the increase respectivelyq is character size of the system with constant
in the dryout heat flux. temperaturek* = % is thermal diffusivity and is time.

The parameten was taken 2« 103 m, as a radius of
wire of heater, assuming constant temperature in this area.
Thermophysical properties are presented below in Table 4:
3.1. Criteria of consideration of heat removal mechanism Calculations fork* give: kf,ng= 2.2 x 10°" m*s ™,

ki ater=1.6 x 100" m?.s7, k¥ieam=2x 105 m?.s71.
Fig. 2 depicts the schematic diagram of the problem under ~ Solution is presented graphically [25] for Fourier number

consideration. A two-dimensional self-heated porous packed Fo = K1 It shows that times of propagation of heat in sand

bed, wich consists of homogeneous layers, is filled with and water are of same order, but heat propagates through the
the fluid, which moves from the bottom to the top, and is Steam faster by two orders. Comparison with time of water
initially at an uniform temperature. penetration into the layer gives the following:
In all POMECO tests temperatures inside the beds were
obtained in the range 105-136. Such temperaturesrequire e time of water penetration through 20 cm layer (from top
water pressures about 1.3-1.5 bar [24]. But such pressures or bottom) is 800 sec (maximum velocity, Table 3);
could not be reached in these tests because of geometry of e time of heat propagation through sand or water is
test section. The overpressure at the bottom is about 0.04 100 sec;
par. Velocities of water penetration in the particle layers e time of heat propagation through steam is 1 sec.
calculated with the use of Darcy’s law, and which correspond
well to experimental data on steam discharge flow rate under  In other words it shows that when water penetrates about
dryout conditions (Table 3), show that the whole amount of 2.5 mm inside the bed, the heat front can propagate on
flowing water will be vaporized at the entrances (layer top 0.2 m through the steam, from the middle of layer to it's
and bottom) of penetrating. boundaries. Such a ratio of propagation times can be taken
The next question is about heat removal mechanism. as criteria for choosing of heat removal mechanism. It is
There is the race: or water takes the heat and the next portiorclear that this ratio is depending on characteristics of the
system such as geometry, thermophysical properties and
initial water penetration condition (flow rate).

3. Analysis

Saturated

Wat
et Table 3
X Results of calculations of flow rates in different particle beds
W.ater&Vapor Bed Uy, layen Lvaporiz Gcalc Gexp
Mixture parameters g1 m(at20 KW) kgs1 kgs1
=04 1x 1074 3x 1078 001 001
Dmean= 0.2 mm
e =0.36 24x 1074 9x 1077 0.02  0.019
H Vapor Zone Dmean= 0.9 mm
e=0.26 2x 1074 3x 1077 0.012 0.0115

Dmean= 0.8 mm

— Table 4

Water& Vapor Thermophysical properties of materials used in calculations

Mixture Material  Thermal conductivity, ~Density, Heat capacity,

- . -1-1 -3 -1K-1

Saturated W-m—=-K kgm Jkg™K

Water sand 0.27 1515 800
water 0.68 1000 4200
steam 0.025 0.58 2060

Fig. 2. Steam flow configuration.



I.V. Kazachkov, M.J. Konovalikhin / International Journal of Thermal Sciences 41 (2002) 1077-1087

Finally, in establishing a model for analyzing this prob-
lem, the following assumptions were employed:

1083

3.3. Boundary conditions

The initial conditions of this system are taken as follow-

o the fluid phase is single phase and is compressibleing:

(steam);

o the particle sizes are significantly larger than molecular-
kinetic sizes, but they are significantly less than charac-
teristic size of the system;

e the physical properties such as thermal conductivity co-

efficient, dynamic viscosity etc. are temperature depen-

dent;
o solid particles are immovable and porosity is constantin
each layer.

3.2. Mathematical formulation of the problem

Employing the equations of the saturated granular layer

which were introduced by Nigmatulin [26] and then de-
veloped by Kazachkov [27] for two-dimensional case; the

mathematical model of this system can be presented as fol-

lows:

Mass balance equation:

apd of du1  dwy
s S i Tt 1
or "\ ax T ez @)
Momentum equations:
v -
pro-tVpit (1t p2)g = Vor (2)
0 31_5 B o1 - 0-
p1(1+0502)—+Vp1i+pui—(—=) +pg=0 (3)
dat Ko \ a10

Energy equations:

0

Ty . ap1
p1Cu1 ' +oVTy ) = Othle + V(k1VT1) + 0x

o
+ Qv + ua(ud+ w%)fl (4)
aT;
ijja—tJZV(ijTj)+(j_3)Q2 (5)
Cp1 25—

where j = 2,3, K = Ko(a1/a10)", k1 = p1

n
(7

Pr pio
)™ with Prandtl number taken at;o andm = 0.5-1.0.
he values with “0” indexes are taken at the fixed
temperaturd’;o. At such conditions the velocity component
is calculated as follows:
0, 8K

w1 (p1+p2 Pl) L

The above expression for the vertical velocity component
w1 corresponds, in the first order approximation, to the
Darcy’s law whenpg’ <« p1+ p2. The Darcy’s law can also
be employed, whem the horizontal component is much
smaller in comparison withw; the vertical component of
the velocity.

0 0 0

Later, the initial conditions may suffer perturbations,
which may make them decrease or increase.

The system is symmetrical relative to the vertical axis and
at the right boundary the horizontal velocity is zero:

X =xL, u1 =0

The condition of temperature and heat flux equilibrium
at the boundary with unpermeable surrounding and with
a1 ~ a2 andki < k2 gives:

r 01> 0713

X =X, — = K3—/—

L 2 ax 3 0x
When we have = x

aT3 _
ax

At the lower boundary = — H the temperatures are:
Tj=Tjn

A boiling water pool occurs at the upper layer of the
system and at the bottom, hence:

Z=0, Tj:TjH

3.4. Non-dimensional formulation of the problem

The following length, time, velocity, pressure and temper-
ature scales were introduceld; H?/a3, a9/H?, j110a3/ K
andAT, whereAT is the characteristic change of tempera-
ture in the system. Eqgs. (1)—(5) for the cage= const can
be rewritten as:

T10\" dp1 3p? of ur = dwi
=—(=) == E=-p(=+")

" (Tl) ox oo~ P\ ox T ) ©
gK

w1 = (o1 + p2 — p9) =— (7)
n1

ap1 o1p1

P _ Pe(as — D(1— ATz — T20) — Rei—p 8)

a4z T1

Ty duy oJwsp Ty aT1

It RS RN O Rt -1 -2

oF0 = 71 1(8x+ az) <”1ax +wlaz>

I
) (7

y1Pe(T1/ T10)™ |:T1 <

alxaKpRe§p1
2
0T oT
ol (50) + (%
0z

x

m Tl

pr1
82T1
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+ (y1— 1)(u% +

)

82T1
9x2

)

2
) } +ENu A (T — Tl)j|,
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0 _  1/A-ay) On the lower limit of the time step:
dFo  1— Ax(T2 — T20)
0
3°T,  9°T £ (T \" dp1 0du1
— S S 4Nu= (=) (n-T = =20 17)
|:8x2 + 922 + lKk<T10> (T1 2)j| aFo 9x
10Ty 0Ty T]_ T
(10) 100 _q_pynda_ 50 -1 —=
i i > 3F0 =1-y) 15 U + )ul To o
0713 0¢T3 0<T3
= =ax2| = t+ = (11) yiPe(T/Ti))™ [, 9°Th 0Ty
oFo 0x 0z Ty > +m| —
OllKaKpReEPl ax 0x
Fo=0, p1=p%  T;=T"° (12)
! T +aéNu T1(T2 — Tl)i| (18)
0713
20F0  1— Ay(T2 — T20)
01> 0713 ) m
x=xz, wu1=0,  ——=az— (14) °Ty £ (T
ax ax X | —5 +Nua=—(—| (T1—T») (19)
9x2 kx \ T10
= 0, Tj = TjH (15) 2
dT3 0473 (20)
z=-1, Tj=Tin (16) dFo 329x2
_ o__ _ 0 :
where PeR; woH /a;—Peclet numberwo = p50K g/ 110 On the upper limit of the time step:
P = kp pfﬁl' w1 = (1 — o1)[Pe — «x,Ra* (T2 — T20) — 0
eﬁ’T’; Tlo)’" Re, = wob1/v1i0—Reynolds numberin voids; 9py — ng@ (21)
Re? = %, Da= K /H?—Darcy numberGr = gA,H3/ ilj)oT 9z ; -
v2,—Grasshoff numberRa* = Gr Pr*Da—Rayleigh num- -y 2 2
2 3Fo 0z 0z
ber; Nu; = 2 + 0.6PrY/3Rel/>—Nusselt numberx, = o Pe(T1/ T10)"
ag/ag; Kp = pgo/pgo; a? = k?/Clpgo; Fo = azt/H2 + (O — 1)w1< 1) a + w
Fourier numberA, = ATBr2; y1 = Cp1/Co; ki = ko/kS; Tio) p1 o1kakpREZP1
azp = az/ad; & = s12H?/by—parameters of the structure 92T, 9T\ 2
of the granular layer;sio—specific interface areah; = x [Tla—zg +m<a—z) +1-a)
b/2(2 —  /3)r—void radius pb—particle radius.
In this system three different conditions are present: x ENULT1(T> — Tl)i| (22)
non-thermal equilibrium between fluid and solid, system
non-linearity and non-linearity of the physical properties. 197>  1/(1—oa)
The first condition is shown by the terry(Ty — T»). 20F0  1— Ax(T2 — Tao)
However, it should be noted that there is some limitation 927 £ (T \"
to the & parameter. The energy equations have the term X [—22 +Nu1(1—a)—(—l) (T1 — Tz)}
£(T1 — T»), which at the small particle sizes, big linear 9z ki \T1o
system sizes and, if fluid and solid temperatures are close (23)
enough, will hold an uncertainty of thex - 0” type. The aT3 92T
term m[(32)2 + (32)?] might cause the escalation of 35, = 8255 (24)

heat processes in Iocal space because of non-linearity of
the thermal conductivity coefficient. This phenomenon was
investigated by Samarsky [28] as an example of solution
of the one-dimensional heat conduction problems with non-

wherea = [0; 1] is an approximation parameter.
Differentials inside the two-dimensional area are approx-
imated with the central differences of the second order:

linear thermal conductivity coefficient. i+1,j i—1,j
% ~ fn —Jn
. a 2h
3.5. Solution procedure N P
N A i
The problem (6)—(15) were solved employing the finite- dx2 hx

difference scheme based on the split step method describe@ng on the boundary:

by Janenko [29]. Spliting between spatial variables trans-

formed the two-dimensional problem to two onedimensional af f

problems: ax

2,j 1,j
—2fn T+ Jn !

2hy
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Relative to %" coordinate the same operations have to
be made. To calculate differential in time the following
expression is employed:

A St
d0Fp T

4. Examples of calculated results

In all of the POMECO tests a stable local dryout was ob-
served, which confirmed the assumption about an escalatio
of temperature in space. We assumed that at high enoug

heat generation the governing cooling mechanism becomesb

steam cooling. The homogeneous and stratified POMECO
tests with one downcomer were analyzed using the model

presented above. The initial temperature perturbations were

set as ainefunction:
TL(x, 2) = Ty(x, 2) + O sinkyx sinm1z

where Tloo(x,z) is the uniform temperature distribution,
@f—the perturbation amplitudeks, m;—wave numbers.
Calculations were performed using the 2151 grid.

The first examination was performed for the homoge-
neous test (homo-1.2) with mean particle size of 0.2 mm
and porosity of 0.4. Fig. 3 depicts the space distribution of
the dimensionless temperature difference. As it can be seen
except the temperature peak, some increase in temperatur
near the wall was obtained. It can be explained by the zero
heat flux boundary condition, which was set at the side wall.

n
h
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confirmed by calculations (Figs. 9 and 10). The bed in the
test strat-3.2 consists of two layers: lower layer (130 mm
height) formed from the sand particles with mean diameter
of 1 mm and porosity of 0.36, and upper layer (240 mm
height), which is the same as in the test homo-1.2.

Positions of dryout in the test strat-1.2 and strat-2.2 are
higher than in the tests described above. In these experiments
the bigger lower layers with height of 240 mm were
produced from the sand particles with mean diameter of
1 mm and porosity of 0.36, which is lower than porosity
of thicker layers in the tests homo-1.2 and strat-3.2. The
ecrease in porosity could lead to increase of the pressure
rop inside the bed, because the water supply from the
ottom was the same in all experiments. The increase of the
pressure drop can enhance the steam velocity and intensify
cooling process, which led to movement of dryout position

d
d

to the top. But due to the different compositions of upper
layers in these tests the power densities, at which the
beginnings of dryout were observed, were different. In the
test strat-1.2 the upper layer (130 mm) was built using the
sand particles with mean size of 0.2 mm and porosity of 0.4
and in this case the dryout power density was 0.5 MW\A.

In the case of strat-2.2 the upper layer had mean particle
size 0.8 mm and porosity 0.26 and this layer provided
enhanced thermal resistance compared to strat-1.2, what led
to decrease in the dryout power density to 0.4 MWS.

’(?rhe results of these calculations are presented in Figs. 5, 6,

and 8.

Fig. 4 presents the comparison between the model predictionTable 5
and experimental results, they are in reasonable agreement.Dryout locations in POMECO tests with one downcomer
Three stratified tests (strat-1.2, strat-2.2, strat-3.2) were Test Dryout location

Dryout heat flux Temperature in the

analyzed, in which different particle layers for simulation of KW-m—2 dry zone°C X, Z coordinate, mm
debris bed were employed. It should be noted that, basically, homo-1.2 186 151 X =30,Z =140
these tests are quite similar in term of porosity numbers strat-1.2 187 123 X =30,Z=180
and power density. However, there are some differences S”at'z-g 138 160 X =90,Z=180
compared to the homogeneous case. strat-3. 9 55 X=30,2=100
As it can be seen from the Table 5 the dryout locations
in the tests homo-1.2 and strat-3.2 are very close, what was 35 T T T T
29
28
07 | A experiment homo-1.2
' [4) —— present model
26 % 30 - A |
25 GL.)
[ Q
24 £
23 ‘ ,,:5:\ g
22 E\\ g
—_—— A |
: E—— -
<~ N
0.6 \{\\ !
0.4 0.6
0.2 04 A A A
20 1 1 1 1
z °0 X 0.0 02 0.4 0.6 0.8 1.0

Fig. 3. Temperature distribution in the bed (test homo-1.2). Calculations
performed at the power density 0.5 M3,

dimensionless height, —

Fig. 4. Temperature distribution alorraxis atX = 0.2.
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2.7

26

Fig. 5. Temperature distribution in the bed (test strat-1.2). Calculations

performed at the power density 0.5 Miv—3.

[ A experiment strat—1.2 |
2.60 T T T
| —— present model
! A
g
g 240 - g
[0
£
2 A
@
K
c
i
2 220 F 4
[}
£
©
A A A A
2'00 1 1 1 1
0.0 0.2 0.4 0.6 0.8

dimensionless height, —

Fig. 6. Temperature distribution alorraxis atX = 0.2.

Fig. 7. Temperature distribution in the bed (test strat-2.2) Calculations

performed at the power density 0.4 M3,

1.0

3.5 T T T T

A experiment strat-2.2
present model

et
(=}
T
1

[nd
[$;]
T
1

dimensionless temperature, —

20 1 A 1 4
0.0 0.2 0.4 0.6 0.8 1.0
dimensionless height, —

Fi

g. 8. Temperature distribution alorraxis atX = 0.2.

Fig. 9. Temperature distribution in the bed (test strat-3.2) Calculations
performed at the power density 0.5 M3,

35 T T T
A experiment strat-3.2
present model
I
9 A
>
= 30 J
@
o
S
o
wn
o
<@
5 A
2 25 F e
Q
£
el
A A
20 1 1 1
0.0 0.2 0.4 0.6 0.8

dimensionless height, —

Fig. 10. Temperature distribution aloatyaxis atX = 0.2.
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Table 6
Properties used in calculations

Property Steam Sand particles
Density, kgm—3 0.58 1515
Conductivity, 250 x 1073 0.27
W-(mK)~1

Heat diffusivity, 204x10°°  22x1077
m2.s~1

Dynamic viscosity, ~ 124 x 10~/ -
Pas

Temperature drop in 50

the systemAT, °K

Total layer height, 0.35

m

Comparison between the experimental and calculate

results of the tests homo-1.2 and strat-3.2, strat-1.2 and
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