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Downward heat removal by boiling ("downward boiling")
is predicted for a bottom-cooled bed. 1In this process
liquid is drawn up into the bed by capillary force,
vapor is driven downward by the resulting pressure gradient,
and the vapor is condensed at the cooled base of the bed
to be recycled upward. The amcunt of heat removed downward
by boiling is predicted as a function of power and bed
condition. The process has been observed experimentally
and could influence design of core retention devices.

With a permeable support plate, flow entry into the
bed bottom is possible., The model predicts significant
increases in the dryout flux by this process with moderate
increare in the flow resistance through the bed., In addi-
tion, the diy zoune is predicted to occur at the top of
the bed rather than the bottom, 1In this case the zone
is cooled by vapor flow and the temperature in the dry
zone is significantly cooler than in a zone without
inlet flow at the bed bottom., The pressure gradients
predicted by the model agree with experimental data.

With a stratified bed (in which the smallest particles
are at the top), the dryout flux is predictd to be lower
than with the same bed uniformly mixed. The reason for
this is twofold: First, the top layer (where the liquid
and vapor flows are largest) contains the smallest particles,
Second, capillary force tends to draw the liquid to the
region with the smallest particles, which is at the top
of the bed. For very deep beds (in which capillary
force is negligible) the model predicts that the dryout
flux is the same as in a uniform bed composed entirely
of the smallest particles,

The model is directly applicable to debris of non-
spherical particles and a spectrum of sizes simply by
using an effective particle diameter. An explicit formula
for such a diameter is given and has been partially
verified experimentally. Similar application to damaged
pin bundles is also possible, and formulae for effective
diameters are suggested.,
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heat flux as a function of elevation in a bed
(W/m2)

heat flux at the base of a channel

incipient dryout heat flux: the heat flux
at the top of a bed at conditions just
sufficient to cause part of the bed to
become dry (W/m2)

heat flux at a given elevation in the bed
predicted by the present zero-D model in
the laminar and turbulent limits (W/m2)

laminar heat flux with_the Lipinski early
zero-D model [27] (wW/m2)

charac eristic heat flux (Equation 6-29)
(W/m?)

upward or downward heat flux at dryout with
bottom cooling and downward boiling

Zuber's critical heat flux for a flat plate
(Equation 2-5) (W/m2)

ratio of dryout heat flux in a bed with
downward boiling to without

effective saturation: liquid fraction at
a given elevation in a bed, normalized to
the liquid at that level which is easily
drained out by gravity (varies from zero
to one)

true saturation: actual liquid fraction
at a given elevation in a bed

residual saturation: 1liquid fraction left
in a bed after draining (Equation 3-3)

effective saturation at dryout at the top
of the bed for the zero-D model in the
laminar or turbulent limit

effective saturation in the Lipinski early
zero-D model ([27]
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volumetric heat source (W/m3)

temperature of the overlying pool, boiling
point, or top of the bed (K)

superficial velocity (i.e., average [luid
velocity times porosity) of the liquid or
vapor (m/s)

inlet mass flux at the base of the bed
(equal to net mass flux through the bed)
(kg/m*s)

elevation in the bed; zero occurs at the
location of zero heat flux

empirical factor in a proposed Leverett
function

free porosity in a bed (does not include
the porous space trapped within individual
particles)

contact angle between liguid and solid
(zero signifies a wetting condition)

bed permeability (m?)

relative permeability for liquid or vapor:
dimensionless attenuation factors for
permeability which are functions of bed
saturation

capiliary head: distance a liquid will be
drawn up into a uniform dry bed (Equations
4-1 and 6~10) (m)

dynamic viscosity of the liguid or vapor
(kg/m*s)

density of the liquid, particle, and vapor
(kg/m3)

surface tension (kg/s?)
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gradients can be achieved over small distances. Thus
dryout marks a sharp change in the coolability of debris
and indicates the potential for failure of containment
boundaries.

This report contains the development of a new model
to describe boiling and dryout in particle beds as well
as a description of the predictions of the model in vari-
ous circumstances, comparison with published data, and
a review of all recent work in the field. Because the
report is lengthy, it is recommended that the summary
(Chapter 7) be read first so that an overview of the
report can be obtained. The Table of Contents may then
be used to direct readers to areas of particular interest
for more detail.

The importance of boiling in particle beds to the
safety assessment of nuclear reactors is first briefly
described. Previous experimental and analytical work is
presented. The full model is then developed. Because
of the generality and complexity of the model equation,
the features of the model in various limiting cases are
explored. The model predictions are then compared with
published measurements and observations. In addition,
a simpler form of the model is derived which gives very
similar predictions (with some loss of detailed infor-
mation) as the full model. This simpler model is much
easier and faster to use. Finally, a summary of the
report is made.
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Considerable research has been performed investit-
atting the boiling and dryout behavior of particle beds
[1-54]. Most of the research has involved particle beds
resting on an adiabatic impermeable support plate and
cooled only by natural circulation from an overlying pool
at the boiling temperature. These conditions are usually
conservative in that the bed requires less heat to dry out
than with subcoocling at the bed tup or bottom. In addition,
these conditions are phenomenologically the simplest to
analyze. In this chapter, the previous research into bed
behavior will be presented. The research will be divided
into two sections (experimental and analytical), and each
section will be presented chronologically.

2.1 Experimental Research

Sowa, Hesson, Gebner, and Goldfuss [1] performed
some of the earliest research in the field. They used
sodium-filled U0y beds with bottom heating but did not
achieve dryout. They also noted a large porosity in
beds of fine particles (0.025-0,100 mm). Gabecr, Hesson,
Baker, and Cassulo [2] used water-UO; beds with heat
generation in the water. The water had an electrolyte
dissolved in it and was heated by electrical current.
They were the first to note channels at the top of the
bed and observed a decrease in dryout fl_ x as the bed
thickness increased. They attributed thi. effect to
the limited depth of the channels. They also noted
that the dryout flux for bottom-heated beds was less
than in volume-heated beds.

Gabor, Sowa, Baker, and Cassulo [3] continued the
investigation of bottom-heated dryout in UOj particle
beds with water and with sodium. Additional studies of
sodium-UO7 beds with electrically~-heated sodium were
made to simulate the volume-heating of decay heat. The
U0y particles were nominally 0.1 mm to 1.0 mm in diameter
and well mixed in the bed. When very fine particles
were added to the size distribution, the total power
from the system at dryout increased slightly. This
suggests the fines were removed from the bed into the
overlying pool where the heat from them could be removed
independently of the heat in the bed. When subcoocled
sodium was used in the overlying pool (with bottom-heating
in the bed) no major effect on dryout was noted relative
to non-subcooled sodium.















elevation. The bed was a subcooled sodium-UO2 bed. A
substantial decrease in the dryout flux was noted com-
pared with a similar bed which was uniformly mixed
(studied by Rivard [12]). The reasons for the decrease
were threefold. First, stratification reduced the amount
of single-phase convection, thus decreasing the benefits
of subcooling. Second, stratification decreased the
efficiency of heat removal in the boiling zone (as will
be described in Section 5.4 of this report). Third,
because of the low dryout powers induced by the first

two items, channel penetration of the subcooled zone
required very small subcoolings and thus the bed remained
packed. These results indicate that correlations based
on uniform beds are non-conservative with respect to
stratified beds.

2.2 Analytical Research

Concurrent with the experimental research, efforts
have been made to model the behavior of boiling in par-
ticle beds. Most of the models have attempted to predict
the heat flux from the bed at the power just sufficient
to cause dryout somewhere in the bed. (Rivard [12]
called this the "incipient" dryout heat flux.) Recently,
models to predict the length of channels at the top of a
bed have been developed. Again, the research in each section
will be presented chronologically.

2.2.1 Dryout Models

Sowa, Hesson, Gebner, and Goldfuss [1] presented the
first dryout model in the field. It was based on a flood-
ing correlation from the chemical industry by Sherwood,
Shipley, and Holloway [56]. The flooding correlation was
based primarily on large particles (about 10-mm diameter)
and thus was not very applicable to their data (with 0.025
to l-mm diameter particles). The model was forgotten for
nearly a decade, and then rederived in several forms.

The predicted "incipient" dryout flux is

popy 9 d €3 £]1/2 fuy)0-d
(2-1)

qq = 0.463 h,y

(1 - €) g |
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where h;, is heat of vaporization, g, is vapor density,
P1 is liquid density, g is gravitational acceleration,
4 is particle diameter, € is bed porosity (or coclant
fraction in the bed), y, is the dynamic viscosity for
saturated liquid water at one atmosphere pressure, and
sy is dynamic viscosity of the liquid coolant.

The parameter f is a function of the density ratio
of the coolant liquid and vapor phases and is given in
graphical form in Reference 56. A fairly good fit of
the curve in the region of relevance (py < p1) is

£ = o.oa(pl/pv)1/4 (2-2)

and this relation will be used in this paper. With this
relation, Equation (2-1) becomes

(2-3)
(1 - €)(py,/p)1/4 Hy

Equation (2-1) indicates that the dryout flux
increases with the square root of particle diameter
and is independent of the bed thickness. It should also
increase appreciably with pressure since the vapor dens-
ity increases with pressure. The influence of viscosity
is very small.

Gabor, Sowa, Baker, and Cassulo [3] correlated
their dryout data for sodium-UOj; beds in terms of bed
loading (mass per unit area). In SI units their corre-
lation (without the 10 percent reduction they inserted
for conservatism) is

gqq = 1,050,000 for ¢ < 433 (2-4)
qq = 3,460,000 - 7310 ¢ + 4.02 c2  for c > 433 (2-5)

where g4 is the _dryout heat flux in Ww/m? and c is the bed
loading in kg/mz. This equation is valid only for non-
subcooled sodium-UO; beds with the same particle size
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0.092 (1 - €)L
qqg = 1.84 |1 - az (2-7)
Vo/lry = py)a)

where L is the bed thickness, is surface tension and qg
is Zuber's critical heat flux for a flat plate [58]:

”
az = 57 My 03 7y - 2 g0/ (2-8)

The model fits their shallow-bed data well. The two
equations (2-6 and 2-7) apply to the full range of bed
depths if the larger heat flux is taken for the dryout
flux.

The claim that the channeled region of a bed is
fluidized has caused some controversy. In their
descriptive figure [5,7], Dhir and Catton show all of
the particles in the channeled region of a bed subjected
to downward flowing liquid, with all or “he vapor in the
channels. Lipinski and Rivard [16] questioned how parti-
cles subjected to only downward flowing liquid could
fluidize. Even with vapor flowing between the particles
instead of isolated in the channels Lipinski and Rivard
doubt that shallow beds are fluidized. They develop
conservation equations which yield a fluidization
criterion and conclude that fluidization will not
occur in U0y or steel beds with boiling sodium or water
resting on impermeable plates [16]. Cho [34] later
makes a similar conclusion. The fluidization question
is important to the Dhir-Catton shallow bed model since
the bed thickness dependence of the heat flux depends
on the fluidization assumption.

Hardee and Nilson [8] developred a model based on
conservation laws for mass, momentum, and energy. They
considered the combined resistances of liquid and vapor
flow, and developed a dryout criterion by maximizing the
bed heat flux as a function of liquid fraction. Thus
they required no empirical constant fit to dryout data.
In addition, they assumed that the effect of subcooling
could be accounted for by the amount of energy required
to heat the subcooled liquid to the boiling point. Their
criterion for dryout is

sld=
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where  is the vapor viscosity, Cy, 1 is the liquid spe-
cific heat, T is the subcooling, and the 180 comes from
the Kozeny-Carman permeability [55]. The equation is
similar to equation (2-5). However, it predic:is a
stronger pressure dependence due to the dominant role

of vapor density in the equation. The dependence of
dryout flux on pressure has not yet been well tested.
for deep beds. (However, Dhir and Catton [17] studied
the effect in shallow beds about 50 mm thick and found
very little pressure dependence.)

Rivard [9,12,16] noted that the Hardee-Nilson
relation for the effect of subcooling was not appropri-
ate with sodium and proposed the series conduction model.
In that model the boiling in the bed takes place below a
subcooled layer in the bed. The heat generated in the
subcooled zone is removed in series with the heat gener-
ated in the boiling zone. This implies that the vapor
produced by boiling is all condensed at the base of the
subcooled zone. The length of the boiling zone deter-
mined by Rivard from the heat conduction equation is

L, = VL% - 2k (T, - T,)/S (2-10)

where L is the total bed thickness, Kk is the bed thermal
conductivity, Ty is the temperature at the top of the bed,
and S is the volumetric power in the bed. Rivard sug-
gested that the temperature difference between the bed

top and the bulk sodium may be determined by the McDonald-
Connolly relation [59]. For sodium near saturation and
beds near 100 mm in diameter, this becomes

0.758
3 ) (2-11)

Te = Tp = (2400

where T, is the temperature of the overlying pool, q is
the bed heat flux in W/m? and temperatures are in Kelvin
or Centigrade. The dryout models developed for non-
subcooled beds could then be applied to the boiling zone
rather than the entire bed.
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(pl . pv) 9 d2 ¢ hlv 6og(l - ¢)
180 (1 2 E
(1 - ¢) €ed (P, -
dL,e * 1 Pyl 9 L
Hy M
+
P, (1 = 1.11 s) Pl g3
(2-15)
and
(Py - Py) g d €3 h%v ) 6 o(l - €) T1/2
- +

.75 (l"() cd (pl-pv)gL
qr =

1 1
3 K 3
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(2-16)

and where s is the effective saturation (or liquid frac-
tion between the par.icles) at dryout. The dryout flux

is determined by maximizing g in Equation (2-14) as s is
varied between

/2\1/2 1/2
p1 Pv Ml Pv K1 Py
Sp,e © 0.833 — + [2.70 — - |0.833
“V pl By pl Hy pl
(2-17)
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where K is permeability. Schwalm and Niijising suggest
using Equation (2-23) for J with s equal to about 0.5.
Note that the liquid density is omitted.

Reed [49] suggests a similar use of the Leverett
function, but concludes it is acceptable to use it near
s = 1 but before it begins to drop toward zeroc. le
includes the liquid density as Jones and Baker did plus
the effect of contact angles and obtains:

4.62 ocost
Lc = (2"31)

This is very similar to the formula of Jones and Baker [31]
(Equation (2-29)). (Since Reference 49 came to the atten-
tion of the author only at the final stages of the prepara-
tion of this report, the other aspects of it will not be
included in this report. But the reference is recommended
reading.)

In all of the models described a single particle
diameter d is used. Thus the models are ideally suited for
uniform spheres, and most experimental research has been
performed with spheres. The reason for this is to simplify
the investigation process. However, all of the models can
easily accommodate both rough particles and distributions
of particle sizes by simply using the proper average diam-
eter. They can even accommodate slighly degraded pin
bundles, and in some circumstances, intact pin bundles.

The challenge is to obtain the proper definition of average.
This will be discussed in Section 5.6.

2.3 Summary of Previous Research

Over the last ten years experiments and modeling of
dryout in particle beds have produced over fifty papers.
Considering only volume-heated beds, dryout measurements
have been made for over 260 different beds involving six
different fluids (water, acetone, freon-113, methanol,
isopropanol, and sodium) and five different solids (steel,
bronze, copper, lead, and urania). Particle diameters
have ranged from 0.26 mm to 16 mm, bed thickness from 15
mn to 450 mm, and resulting dryout heat flux from 16
kW/m2 to 4300 kW/m2. These volume-heated data are
consolidated in Appendix A.
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At least fifteen models to predict dryout have been
produced and are summarized in Table 2-1. Six of them
have been based on flooding and are nearly identical.
The dependence of the dryout flux on particle diameter
is predicted to range from square to square root, the
dependence on bed thickness from strong tc none, and on
porosity from about fifth power to zero power. The most
involved models include gravity and capillary force, and
allow for laminar or turbulent flow. Models to predict
channel length in a bed have also been developed. This
report 5ives a more complete description of the derivation
of some of that past modeling effort by the author, and
introduces some extensions and improvements.
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Table 2-1

Summary of Dryout Models for Particle Beds

Dryout Model Equation Features and Application
Sowa, et al. [1] 2-3 Flooding, large particles
Gabor, et al. [3] 2-4,5 Sodium-UOy bed, 0.1-1.0 mm
diameter particles
Dhir-Catton [5]
Deep 2-6 Gravity, liquid drag, small
particles, deep beds
Shallow 2-7 Bed fluidization, shallow
peds
Hardee-Nilson (8] 2-9 Gravity, vapor and liquid
drag, small particles, deep
beds
Ostensen [13,41) 2-12 Flooding, large particles
Shires-Stevens [20] 2~13 Gravity and capillary force,
vapor drag, small particles,
medium and deep beds
Lipinski 2-14 Gravity and capillary force,
zero-D [25,27] vapor and liquid drag, small
and large particles, medium
and deep beds, downward
boiling possible
Jones, et al. [26,29] 2-20 Gravity, vapor and liquid
drag with shear, small
particles, deep beds
Gabor-Cassulo [32,46] 2-22 Gravity, vapor drag and
bubble release, small and
big particles, volume and
bottom-heating, deep beds
Lipinski One-D [36] 2-24 Gravity and capillary force,

(better described
and extended in
this work)

3T

vapor and liquid drag, small
and large particles, medium
and deep beds, particle
stratification, non-uniform
heat source, downward boiling
possible



Table 2-1 (Continued)

Dryout Model Equation Features and Application
Dhir-Barleon [35] 2-26 Flooding, large particles
Theofanous-Saito [38] 2-27 Flooding, large particles
Henry-Fauske [40] 2-28 Flooding, large particles
Squarer [48] ~2=-12 Flooding, large particles
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3. ONE-DIMENSIONAL MODE'. DEVELOPMENT

There is need for a general boiling and dryout model
to account for the diverse behavior observed experimen-
tally in particle beds. Such a model should extend to a
wide range of circumstances such as might be encountered
in post-accident debris. The model should be based on
physical phenomena and experimentally verified relations
so that some confidence can be had in extrapolating it to
regions where data is scarce and difficult to obtain.
Ideally the model should not require empirical constants
fit to the data it is trying to predict but rather should
agree with observed behavior based on its initial assump-
tions alone. This aspect gives confidence that the
important phenomena are understood and included in the
model.

3.1 Basic Phenomena and Equations

Figure 3-1 shows a stylized view of the flow of liquid
and vapor within a bed of particles. The bed has been made
a rectangular array of uniform spheres for easier visual-
ization. The arguments would still apply to a random array
of rough particles. The circles are not touching because
the vertical cutting plane has been chocen not to pass
throcugh the points of contact. Although it is difficult
to show in two dimensions, the liquid is continuous in
three dimensions. The saturation has been chosen to be
less at the bottom of the figure. (Subsequent predictions
of the model will show this sometimes to be the case.

This simply implies that the local vapor velocity must
increase with elevation.)

Dryout is shown occurring at the bed bottom where the
liquid fraction reaches zero. Steady-state conditions
are depicted, and the model to be developed will apply
only to steady conditions. Elevation in the bed is desig-
nated as z and is measured from the plane of zero heat
flow (bed bottom in a bottom-insulated bed).

The most important and difficult equation in model-
ing boiling in particle beds 1s the momentum conservation
equation. Considerable research has been performed in the
petroleum and chemical industries concerning fluid flow
through a porous medium [55,56,57,59-68)]. For single-
phase flow, Ergun [62,67] has combined the pressure drop

29-30
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designated K, and k), respectively. As the saturation
decreases, k] changes from one to zero and xy changes
from zero to one. The two components need not, and
generally do not, sum to one.

Figure 3-2 shows a plot of relative measured
permeabilities vs. saturation in the bed [69]. This data
was obtained from water and air co-current flow through
sand. It is empirical and normalized to the pressure drop
obtained from single-phase flow measurements in the same
apparatus. Since the data is empirical, it includes all
the physical sources of friction.

100

80

RELATIVE PERMEABILITY (%)

20

LIQUID SATURATION (%)

Figure 3-2. A Typical Example of Relative Permeabilities
(From Wyckoff and Botset [59]). Solid curves
correspond to Equations (3-4) and (3-5).
Dotted lines represent linear relative
permeabilities.
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The difference between the liquid and vapor pres-
sures has been proposed by Leverett [57,61] to be

Py - P = ocos © 4@; J (3-9)

where is permeability, and J is a dimensionless func-
tion called the Leverett function which depends only on
saturation. An example of the Leverett function for
sand and water is shown in Figure 3-3. Note that the
function (and capillary pressure) increases as the satu-
ration decreases, as was described above. The function
becomes very large near the residual saturation. In
addition, there is a difference between the imbibition
data and the drainage data. The drainage data is more
appropriate for boiling in a debris bed. Brooks and
Corey [65] have suggested that

1
S

where Y is a positive number. This models the pressure
increase near the residual saturation but fails to go to
zero at s = 1. Therefore, an alternate form is suggested:

l - s Y
"“‘“‘) = (s"1 - 1) (3-11)

Py = P = ( s

Kozeny [57] has derived an analytical form for the total
capillary pressure drop in a bed of spheres from wet to

dry:
AP = ocos ‘ri— (3-12)
5K

Following this lead, it is suggested that a semi-empirical
Leverett function be

(s~]l = 1)0.175
J = (3-13)
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The number for ¥ (0.175) was chosen so as to fit the data
in Figure 3-3, as is shown in the rigure. (Equation 3-2
was also used, with s, = 0.1 and cos © was assumed equal
to one since sand is quartz.) Other Leverett functions
are possible, and hopefully future experiments will help
determine the best form.

The energy conservation equation is straightforward:

d
dz Pyvyhyy) =8 (3-14)

where S is the power per unit volume of bed as a function
of elevation z. The mass conservation equation is also
straightforward:

d
dz Pyvy +P1vy) =0 (3-15)

All of the basic equations for the behavior of dry-
out in a volume-heated bed are brought together below
for convenience. (Equation (3-16) came from (3-9) with
the Blake-Kozeny permeability inserted.)

1.75(1 = )pyv,lv, 150(1 -)2 4 v, ar,,
— ———— + —— +P,3 =0
dc3(l - 3)3 d2(3(l - 8)3 Az
(3-6)
1.75(1 =€)p vy lv, | 150(1 -¢)2 Uy vy ap,
e + + — +$P)1g=0
d¢3s3 d2¢3g3 dz
(3-7)

=40 s












One minor difficulty with the Jones-Baker channel
length is that all of the capillary force (from fully
wet to fully dry) is presumed to be used to support
the channel. This leaves nothing but gravity for
liquid znd vapor transport in the packed portion of
the bed. 1In actuality, some of the capillary force
will be used for channel formation and some in the
packed portion of the bed. For example, with very
heavy particles (or a porous brick) most or all of
the capillary force would be used within the packed
region of the bed.

The amount of capiliary pressure in the bed is a
function of the saturation. Thus the channel length
will be a function of saturation near the base of the
channel. Schwalm and Nijsing [43] and Reed [49]
accommodated this fact »y using the Leverett function
in their channel models but did not determine a phys-
ical criterion for the proper saturation to use in the
Leverett function. Such a criterion is needed for a
physical channel model.

Figure 3-4 shows a channel penetrating the top of a
particle bed. Below the channel the liquid surface may
be seen being forced between the particles by the pres-
sure developed in the vapor as large amounts of vapor
try to flow out of the bed. (This was described in
Section 3.2.) The curvature in the liquid surface helps
to contain this pressure via capillary force, but it
can do so only if the bed particles remain in place to
force curvature into the liquid surface. The particles
will remain in place if there is enough pressure on them
from the weight of the bed above them. Near the top of
the bed there is not a sufficient pressure from the
weight of the bed and the vapor may push back both the
ligquid and the particles. 1In this fashion channels are
formed.

I1f all pressures are defined to be zero at the top
of the bed, and if friction between the particles is
assumed negligible, the pressure in the vapor at any
location in the channel must be just sufficient to off-
set the weight of the overlying particles plus liquid.
(Both particle weight and liquid weight must be consid-
ered because, in an infinitesimal movement of the chan-
nel wall, both particles and ligquid must move. Jones
and Baker [31] and Reed [49] included this aspect in

4§~



CHANNELED

INSULATED
PLATE







The pressure gradient in the vapor may be determined
by combining Equations (3-6) and (3-19) to obtain

ar,, 1.75(1 - «)q?
dz a3 Py h%v (1 - s )3
150(1 - )2 q
- - Pyg (3-27)

a2 ¢ 3 Py iy (1 - s )3

Differentiating Equation (3-23) and combining with
Equation (3-27) vyields

(1 - €)q. 1.75 q¢ 150(1 - t)uv
Ire =
(3 d“V ghlv(l - 3)3 hlV d
pp(l - €) 4 Ppe (3-28)

where g, is the heat flux at the base of the channeled
region. For uniformly-heated beds,

(]
R}
S

ge = S(L - Lg) (3-

Since q- 18 a function of L., Equations (3-26) and (3-28)
are coupled. Together they vield both the channel

length (which identifies the location of the top of the
packed boiling zone) and the saturation at the top of the
packed boiling zone.

The channel depicted in Figure 3-4 and in this model
development is idealized. In practice channels can be
twisted and irregular. 1In addition, Barleon and Werle [52]
note a loosened region below a region of obvious channel-
ing. Since the above channel length was based on the depth
at which vapor could move particles, it corresponds to the
combined thickness of the obvious channel region and the
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4. MODEL FEATURES FOR A UNIFORM BED
ON AN ADIABATIC IMPERMEABLE PLATE

Numerical solution of Equation (3-21) under various
conditions yields predictions of bed behavior. These
predictions will be graphed in various formats to obtain
a physical understanding of the consequences of the model.
The predictions will also be compared with those of other
models and with data.

The simplest case to consider is that of a uniform
bed on an adiabatic impermeable plate. 1In this case the
net flow through the bed is zero (w = 0) and zero heat
flux (z = 0) occurs at the bottom of the bed. This case
is more conservative (with respect to heat removal) than
cases with a bottom-cooled plate or inlet flow at the
bed bottom. In addition, nearly all of the heat removal
experiments have been performed under these conditions.
Thus only this case will be considered in this chapter.
Other cases will be considered in Chapter 5.

4.1 Channel Length

The channel length at the top of the bed establishes
the thickness of the remaining packed region, to which
Equation (3-21) applies. Thus the channel length should
be studied first. The channel length as a function of
particle diameter is shown in Figure 4-1 for a sodium-UO)
bed 150-mm thick with 40 percent porosity. The power is
held constant at 330 W/kg-UO, (2.00 MW/m”). Also shown
for comparison are the channel lengths predicted by Jones
and Baker [31] (Equation 2-27), by Schwalm and Nijsing [43]
(Equation 2-27, using s = 0.5) and by Reed [49] (Equation
2-31 with cos @ = 1). All yield similar results and vary
inversely with the first power of particle diameter.

The channel length as a function of power is shown
in Figure 4-2 for the same conditions but with particle
diameter held at 0.3 mm. The other three models are also
shown. Only the present model predicts a channel length
dependent on bed power because of the increasing capil-
lary force with increasing vapor fraction. However, the
Jones-Baker mcdel is a good approximation of the solution
to Equations (3-26) and (3-28) for most powers.
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Channel Length vs. Particle Diameter for
a Sodium-UO) Bed 150 mm Thick With 40%
Porosity and 330 W/kg—Uoz (2.00 MW/m”.
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4.2 Liquid Fraction in the Bed

Figure 4-3 a shows the effective saturation in a
bed for various powers, using Equations (3-20), (3-28),
and (3-30). The bed is a non-subcooled uniform sodium-U03
bed 150-mm thick with 0.3-mm diameter particles and 40
percent porosity.

As the power increases, the average saturation
decreases. However, note that the local saturation
increases with increasing elevation. This is contrary
to what occurs in a volume-heated boiling pool (in which
the vapor fraction increases with elevation), and implies
that the local vapor velocity increases with elevation.
This effect is due to capillary force, as was described
in Section 3.1.

Figure 4-3b shows the saturation in a bed similar
to that in Figure 4-3a except with a particle diameter
of 3.0 mm. Note that the saturation increases with ele-
vation only in the top portion of the bed. Below about
130 mm, the trend is reversed, yielding a minimum in the
saturation at that elevation. This is because capillary
force is weaker with larger particles (see Equation 3-16).
Thus below a certain elevation gravity overcomes capil-
lary force and the bed behaves more like a volume-heated
boiling pool. By this reasoning one would also expect a
saturation minimum and trend reversal in a bed with small
particles if the bed were thick enough. Indeed, the bed
in Figure 4-3a shows a slight minimum and would show a
distinct minimum if it were considerably thicker. Such
a minimum may be easily looked for in an experiment.

The distance of the saturation minimum below the base
of the channels is a function of bed and fluid parameters,
as well as power. This distance depends on capillary
force and is normally less than the "capillary head",
defined as the distance liquid would be drawn up from
below into a very thick dry bed. Using Kozeny's [5]
value for total capillary pressure in a bed of spheres,
the capillary head is

60 cos @ (1 - ¢)
A = (4-1)
fd(f»’l - Pv)g
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Figure 4-3a. Effective Saturation vs. Elevation for
Various Powers in a Non-Subcooled Sodium-
U0 Bed 150 mm Thick With 40% Porosity
and 0.3 mm Diameter Particles
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customary to consider the heat flux leaving the surface

of the bed as the dependeni variapble and everything else
as independent variables. The dryout flux (or incipient
dryout heet flux) is the bed heat flux at steady-state
conditions just barely severe enough to cause part of the
bed to become dry. The bed heat flux may be converted to
average bed volumetiic power by dividing by the bed thick-
ness, or to specific power by dividing by the bed lcading
(kg/m?). An advantage to using dryout flux instead of
dryout power {(or specific power (J/kg)) is that the dryout
flux depends less strongly on bed thickness than dryout
power does.

Determining the dryout flux with the present model
requires solving the differential equation (3-21) several
times until both the top channel boundary condition and
the bottom dryout {(s=0) condition are achieved. This
makes the model somewhat cumbersome to use. An algebraic
zero-D model will be developed in Chapter 6 as an
alternative.

4.3.1 Dryout Flux vs. Particle Diameter

The characteristics of the dryout heat flux predicted
by the one-D modal way best be depicted by a series of
graphs. Figure 4-5a displays the dryout flux vs. particle
diameter with (non-subcooled) sodium at one atmosphere
pressure for a bed porosity of 40 percent. (Although bed
permeability is strongly dependent on particle diameter,
bed porosity is usually independent of particle diuv~eter,
and is assumed constant in this figure.) Various *<d
thicknesses are considered. As throughout this <_hapter,
the bed is uniform and on an adiabatic impermeable plate.

Various regions are apparent. For very small particles
channels dominate in the bed and the slope in the curves is
nearly zero. (When channels penetrate more than half the
bed thickness, the model is assumed inapplicable.) For
slightly larger particles the dryout flux varies with the
first power of particle diameter. Typically this applies
to beds thinne» than the capillary head (Equation 4-1) but
much greater than a channel length, For medium-sized par-
ticles and very cdeep beds the dryout flux varies with the
square of the particie diameter. 1In this case, the capil-
lary force is negligible and the flow is laminar. For
large particles the slope is one-half and the dryout flux
depends on the square root of particle diameter. All of
these different particle diameter dependencies are included



in the model (Equation 3-21). Early models {1,7,8,20]
included only the square (deep-bed laminar) dependence
or square-root (turbulent) dependence and thus would be
subject to large errors if used nutside their ranges

of applicability.

Figures 4-5b through 4-5g display similar plots for water,
acetone, methanol, freon-113 and isopropanol (all at atmos-
pheric pressure). The influence of capillary force in

the last four fluids is small. Thus caution must be

used in extending results obtained with those fluids to
water or sodium.

Figure 4-6a compares the various dryout models in a
plot similar to Figure 4-5a, but with a single bed thick-
ness of 100 mm. (Only one flooding model, the one by Sowa,
et al. [1], is shown. The others are very similar.) There
are large differences in the predicted iryout fluxes, espe-
cially for very large and very small parcicles. None of
the early models were made general enough to include both
turbulence and laminar flow. The Shires-Stevens model was
the first to include the capillary effect (for small parti-
cles). The present model is very close to the Lipinski
early zero-D model with respect to dryout predictions.

Figure 4-6b is a similar plot, but with water and a
ned thickness of 500 mm. In this case note that in the
water plot nearly all the models intersect in the region
from 0.3 mm to 2.0 mm diameter particles. This is partly
due to the fact that at the time most of the early models
were developed, all of the dryout measurements were for
water with particles 0.3 mm to 1.0 mm in diameter, lead-
ing to a selection of models which fit the data (survi-
val of the "fittest"). Even for moderately small particles
of 3 mm (such as might be found after thermal fracture
of fuel pellet), the difference between the predicted
dryout flux of the laminar models and the present model
is up to a factor of ten. Thus use of the proper model
in these cases is important.

Figure 4-7 shows the dryout flux for water-bronze
beds, 100-mm thick compared with the dryout data of
Barleon and Werle [33,52]. The porosity in their beds
varied with particle diameter:

€ = 0.373 + 6.3 4 (4-3)
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where d is in meters. This formula was used in the

plot. To avoid extremes in the figure, an upper limit
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