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SUMMARY

The heat and mass transport phenomena taking place in volu-
metrical]y-heatédlfluids have become of interest in recent years due
to their significance'in‘assessments of fast reactor safety and post-
accident heat removal (PAHR). Following a hypothetical core dis-
ruptive accidenf (HCDA), the core and reactor internals may melt down.
The core debris melting through the reactor vessel and guard vessel
may eventually contact the concrete of the reactor cell floor. The
interaction of the core debris with thé'concrete as well as the melt-.
ing‘of the debris pool into the concrete will significanfly affect
efforts to prevent breaching of the containment and the resultant
release of radioactive effluents to the environment.

To assess the iﬁtegrfty of the containment;'it becomes neces-
sary to determine the heat transfer paths from the debris popl heated
by the rédioactive decay of the d}ssolved fission products to the éur—
rounding‘environment. Earlier work on volumetrically-heated pools
has focused on natural convection phenomena. These, however, do not
| apply for molten éore'debris/concrete systems; Therefore, the main .
objectives of this study have been to experimentally simulate the
“evolution of gas at the concrete boundary and investigate the effectg
of gas release on thenheat transfer ratés along thé boundaries of a
heated pool. ]

The experimental apparatus consists of a recténgular geometry

test cell bounded by porous brass blates on the sides and bottom



through which a noncondensable gas.is injected. Joule heating of
an elecfrolyte solution provides the volumet}ic heat source to the
“test cell, A‘wide range of internal Rayleigh number, gas injection
rates, and pool aspect ratio are investigated.

The results obtained in this study show that gas injection at
the boundaries of a volumetrically-heated pool have a significant
effect onthe heat transfer rates at the'pool'boundaries. Pool maxi-
mum temperatures are reduced considerably With\gas injection as com-
pared to natural convection. The pools are well stirred by the gas
and show nearly isothermal temperature distributions.

Natu}al convection effects are found to be negligible in the
gas mixed pool; the sideward, downward, and prérd Musselt numbers
are independent of the internal Rayleigh number. A

The sideward and doanard Musselt numbers to porous plates with

gas evolution are directly correlated to the product of Reynolds and
Froude numbers; (Re - Fr) = @Egb which is a measure of the buoyancy
and viscous drag effects produced by the gas as it mixes the ﬁiquid.

The following Nusselt-type correlations have been obtained.

1. Downward Nusselt Number

" For a .porous lower boundary and a solid upper surface with the
power to the test cell apﬁlied between the upper plate and lower

porous plate the downward Nusselt number is

10 3)

0.05 < ReFr € 5x 10

Nu, - — = 204[ReFr] (5x10°

0

t—likl



xi
For the same case with the power applied between a wire grid
electrode placed immediately below the top plate and the lower porous

plate, the downward Nusselt number is given bY:

NUO . ll:’_ = 193[ReFr]0'048 (5 x IO-].O € RefFr € 5x 10-3)

The correlation of a downward Nusselt number for a porous Tower -
boundary and a free upper surface is

bNuo . %.: 23]IReEr]o'07h (5 x 10_10 € ReFr € S5x 10-3)

2. Sideward Nusselt Number

The sideward Nusselt number for test cells with porous side bound-

aries is given by
] . - -
Nu - %: 196[ReFr1%0%3 " (5, 10710 ¢ Rerr ¢ sx 10 3)

These correlations show that for volumetrically heated pools with
gas injection at the boundaries, the downward and sideward Nusselt num-
bers for porous boundaries are comparable. This is in contrast to the

natural convection case where sideward Nusselt numbers are significant~

ly higher than the downward Nusselt numbers.,



Chapter 1

INTRODUCT I ON

The heat and mass transport phenomena taking pface in volumet~
rically heated fluids have become of interest in recent years due to
their significance in assessments of fast reactor safety and post-
accident heat removal (PAHR).

To ensure the safety of the public,.extensive investigations
have been conducted to determine possible accident scenarios for the
Liquid Metal Fast Breeder Reactor (LMFBR). To this extent, two highly
unlikely accident scenarios, the transient over power (TOP) and the
loss of coolant flow (LOF) have been defined [G1]. Following a worst
case LOF or TOP scenario a Hypothetical tore Disruptive Accident (HCDA)
may lead to possible meltdown of tBe core and reactor internals. The
core debris melting through the reactor vessel and guard vessel may
eventually contact the concrete of the feactor cell floor.

The interaction of the core debris with the concrete as well as
the melting of the debris.-pool into the concrete will significantly
affect efforts to prevent breaching of the containmeﬁt and the result-
ant release of radioactive éffluents to the environment. Release of
largé amounts of water vapof and CO2 gas from the melting concrete
may cause eventual overpressurization of the containment building.

In addition, hydrogen gas may be produced as a result of interaction

of the water vapor with molten steel or sodium.
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To assess the integrity of the containment, it becomes necessary
to determine the heat transfer paths from the debris pool heated by
the radioactive decay of the dissolved fission products to the sur-
rounding enviroﬁment. To date, most work on volumetrically heated
pools has focused on natural convection phenomena. The intent of this
study is to experimentally simuTate'the evolution of gas at the con-
crete boundary and investigate .the effects of gas release.at the
bouqdary of a volumetrically heated pool on the heat transfer rates
along the boundaries. In particular, the effect of gas release on
the relative amounts of pool power convected in the downward and side-
ward directions will be examin;d. Such information is necessary for
predicting the evolution of pool shape along the transient. A com-
parison of these'results with those previously reported for natural
convection will then be made.

Chapter |l provides a background on the PAHR problem and sum-
marizes brevious investigétions on heat and mass transfer in volu-
metrically heated pools. Chapter Ill describes the experimental ap-

- paratus and procedures used in this investigation. The results of
this study are presented in Chapter IV and a summary of the conclu-

sions made is given in Chapter V.



Chapter 1|

BACKGROUND

1t.1 Problem Definition

In looking at the heat transfer problems associated with the
molten core debris-concrete system, it is necessary to have an under-
standing of the basic physical phenomenon involved. The material
reaching the concrete will congist primarily of fuel and structurél
steel, -with the possiblity of some'liquid sodium remaining. The
magnitude of the decay heat associated with the debris will be strong-
ly influenced by such factors as the original disposition and state
of the fuel and other molten material, the effgct of fuel-coolant
interaction, the disposition of fission products, and the manner in
which the hot fuel reaches the retention structure as well as the
elapsed time [C1].

Layering of the steel above the volumetrically heated fuel is
expected'sinée steel is immiscible in U02; various combinations of
solid, molten, and boiling layers in both the steel and fuel are pos-
sible. The stéel layers will also be volumetrically heated, although
to a lesser extent, as a result of induced radioactivity from gamma
decay in the fuel and the aiffusion of fission products from the fuel
into the steel. Figure 1, taken from a summary of PAHR technology by
Kazimi [K1], shows relative contributions to the decay heat of an
LMFBR equilibrium core following shutdown. The decay heat from stain-

less steel activation can be seen to produce a greater percentage of
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the generated heat as time after shutdown increases. Figure 2, also
from [Klj, shows the approximate distribution of fission product decay
heat among the fuel, steel, and gaseous phases. The fraction of fis-
sion préduct heat in the U02-Pu02 fuel phase is seen to dominate at
longer times following shutdown. |

The concrete forming the boundary of the system is characterized.
by its high water and COZ content.' Typical valueg are 9 wt % water
(of which 55% is evaporable and 45% is combined as water of hydration)
and 26 wt % CO2 [B1]. Heating and melting of the concrete will result
in large amounts of water vapor and C02>being released. Values in
the range of 200 ft3 at STP/ft3 of concrete for both water vapor and
C0, have been reborted 1],

As the debris melts into the concrefe it is expected that the
lower density oxides of concrete will risé into the melt and mi%
with the fuel oxides reducing the volumetric heat generation rate.
Large scale tests with actual materials being c;nducted at Sandia and
Argonne provide useful information on the gross effects of melt-con-
crete interactions. Expériments with molten UO2 and concrete by Baker,
et al. [B1] indicate that concrete oxides are mutually soluble with
UO2 and oxides derived from stainless steel. Powers, et al. [P1] re-
port distinct stratification of the oxide and steel layers in molten
steel-concrete experiments. The melt is vfgorously agitiated by gas-
induced forced convection with surface crust formation observed only
for the oxides melt. The erosion rate is depehdent on the heat flux

or melt temperature. This is consistent with the large scale heat
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flux tests carried out by Muir, Powers, and Dahlgren [M2] who deter-
mined th;t the dominant erosion mechanism for concrete is the melting
of the cementitious material accompanied by dehydration and decomposi-
tion of the concrete beneath the melt. Partitioning of heat in the
different directions for the molten steel-concrete system was found

to be dependent on the gas generation rate with estimates of 21% to
32% transported into the concrete. Spallation and reinforcing steel
in the concrete were found to have insignificant effects on.the inter-
actions.

In order to determine the eventual disposition of the molten
core debris following a HCDA it is necessary to investigate the heat
and mass transfer processes involved. Modelling of the system is
complicated by the uncertainties in core debris composition upon
Eeaching the concrete interface. As mentioned earlier, layering of
fuel, steel, and sodium may occur.in‘several'postulated configura-
tions Ieéding to variations in the thermal boundary conditions. It
is desirable then to solve the single layer heat transfer problem
and combine results to obtain a solution for the multilayered case.
Fieg [F1] has shown experimentally that the heat transfer through
stratified liquid layers may be expressed fairly well in terms of the
known heat transfer characteristics of single fluid layers.

Although solutions for non-volumetrically heated layers are well
defined, the same is not true for volumetrically .heated layers. The
intent of this study then is to investigate heat transfer from volu-
metrically Heated pools in relation to PAHR studies; As Peckover in-

dicated in Ref. [P2], by considering only the volumetrically heated



layer, the number of péssible boundary conditions may be reduced. The
upper surface may be modelled a$ an isothermal boundary at the melt-
ing temperature of the overlying so]fd crust of oxides or as a free
surface. The léwer boundary may be modelled as isothermal at the melt-
ing temperature of the concrete bed or possibly approximated as adia-

batic for low heat conducting barriers.

1.2 Natural Convection in Volumetrically-Heated Pools

Early studies of volumetrically heated pools were concerned with
natural convection effects. A nondimensional parameter may be defined,
the internal Rayleigh number, that couples the volumetric energy gener-

ation rate to the natural convective motion in the fluid.

Ra, = L& aT*3,
I av

where AT* is the characteristic destabilizing temperature difference
and L* is the characteristic lehgth of the system. It may also be
considered as the ratio of the buoyant forces to the viscous forces
times the ratio of heat convected to the heat conducted. For the pur-
poses of this study, AT*‘will be defined as the temperature difference
produced in a volumetrically heated fluid with isothermal upper and

lower boundaries when only conduction is considered:

:':_QLZ
AT = T

where Q is the heat generation rate per unit volume of the pool. The
characteristic length L¥ will be defined as L/2 where L is rhe layer

. depfh. The internal xayleigh number then becomes
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_gB QL
Ra| = v Bk

o

To allow comparison, correlations by other authors presented in this
report will be adjusted to the preceding definition.

Early qué]itaéive work by Tritton and Zarfaga [T1] and Schwab
and Schwiderski [S1] showed the general convective motion for inter-
nally heated fluids with Ra/Raé less than 80 to be different than
that of Bénard convection with downflow in the center of the cell
rather than along the walls. For a given set of boundary conditions
the critical Rayleigh number, Rac, is defined as the minimum Raylefgh;
number necessary to initiate convection in the fluid.,

Quantitative investigations were carried out by Kulacki and
Goldstein [K2] using interferometric techniques to measure temper-
ature distributions in a volﬁmetrica]]y-heated fluid layer between
two isothermal horizontal plates. They found that for Rayleigh num-
bers only slightly above critical values the maximum temperature
occurs above the geometric center. Figure 3 shows a schematic of
the temperature distribuéion of the layer. Buoyancy effects of the
warm central region apparently cause the assymetrical temperature
distribution and the resultant different rates of energy transport at
the upper and lower boundaries. They summarized the observed motion
figlds in terms of the internal Rayleigh number as follows:

a) gentle laminar convection with conduction still important

for‘RaC € RaI < 5x103,
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This trend is shown in Figure 7 where the upward, sideward, and down-
ward Nusselt numbers are plotted as a function of the internal Rayleigh
number for three different boundary conditions. In terms of the PAHR
problem it is instructive to look at the relative fractions of, heat
that would flow up(to'containment versus into the concrete for the
models presented., The upward powef fraction, nup’ may be defined in

terms of upward, -sideward, and downward Nusselt numbers as

Nu

n =
up Nu]+2(

lri—

)Nus + Nu,y
The upward power fraction, nup, is shown in Figure 3 as a function of
the internal Rayleigh number. For models with adiabatic sidewalls, the
fraction of power removed from the upper surface is dominated by the
upward Nusﬁelt number variation with Ralland increaées with Ral. For
models with isothermal sidewa]]é, the majority of heat is removed from
the side and upper surfaces, and the fraction of power carried upward
varies little with Ral.

Fjgures 8 through 12 present the same comparisons for the cylin-
drical cavity cases preéented by Kulacki, et al. [K3]. The same ef-
fects of Nusselt number variatﬁon with Ral are observed as were seen

in the rectangular cavities. Figure 12 shows the upward power fraction,

hup,'as a function of Ra!. For the cylindrical cavity,‘nup is defined

as:
Nul

n =
up L
Nu] +Ll(D)NuS + Nu

0 : o

%
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Again, aé in the rectangular case, nup increases with RaI for the
case with adiabatic sidewalls, For both the rectaﬁgular and cylin-
drical cavities, the upward power fraction does not appear to be
strongiy dependent on the lower boundary condition, but is dependent
on the side and upper boundary conditions. Figure 13 shows a com-
parison of Nusselt numbers with Ra, between some of the rectangular

and cylindrical cavity cases. In general, the correlations show

similar behavior and magnitude.

1.3 Effect of Gas Release on Pool Behavior

Large scale experimentél results have indicated the importance
of the gas-induced convection effects on the core debris-concrete
system. Although exéct theoretical results are not available, there
are several qualitiative heat transfer processes that may be looked
at in assessing the effects of gas injection at the boundaries of
volumetrically heated pools. Kud}rka [K5] presented several pro-
cesses ~ microconvection, vapor-liquid exchange, and convective area
reduction - as being important to heat transfer in air-water systems.
The microconvect.ion mechanism is the turbuience increase in the
boundary layer caused by the evolving gas bubbles as they leave the
surface. The vapor-liquid exéhange mechanism is the displacement of
colder fluid at the wall into the hotter fluid body with the hotter
fluid moving into the wall following the disturbance. Thi§ displace-
ment in volumetrically heated layers is the oppo;ite of that for

heated walls since the fluid near the wall is hotter than that of the
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main body in the heated wall casé. However, in eitﬁer case, this
‘mechanis& will increase the rate of heat transfer between the wall
and the fluid. Heat transfer to the boundaries may eventually be
impeded by convectivé area reduction as the time-averaged area oc-
cupied by gas bubbles becomes large compared with the total surface
area. As well as reducing the effective boundary layer, gases
rising through the fluid produce an essentially isothermal pool.
For the molten debris-concrete system under consideration, gas evo-
lution and the resultant vigorous mixing may also break up possible
solidifying material on the surface.

Experimentaf studies on gas injection from porous surfaces into
volumetrically-heated pools have been carried but by Abdel-Khalik and
Felde [A1] and Bergholz and Bjorge [B2]. The present sgudy is a
continuation of [Al] and will be discussea in later sections.
Bergholz.and Bjorge looked at a cylindrical geometry with an isother-
mal porous lower boundary through which air was injected, adiébatic
side walls, and a bounded, uncooled upper boundary. The heat transfer
coefficient at the lower boundary, ho, was found to be essentially in-.
dependent of the internal Rayleigh number but dependent on the super-

[}

ficial gas velocity, V.

hO = 0. 4487 VO'396W/cm2 for 0.036 € V £ 5 cm/s
1.6x10° < Ra, < 1.6x 107
where -
V = Volume Flow of Gas -

Surface Area of_the Lower Porous Boundary
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The heat transfer coefficient was found to depend slightly upon the
pool depth, L, for small superficial gas velocities.

Small scale melt simulation studies have been carried out by
Farhadieh and Baker [F3] and Felde, Musicki, and Abdel-khalik [F4]
who examined the evolution of volumetr%cal]y-heated pools in miscible |
solid beds. Farhadieh and Baker reported that the horizontal to verti-
cal penetration rate is dependent on such parameters as the pool-to-bed
density ratio, pp/pb, and the power density. The vertical penetration
increases faster as pp/pb is increased. Greater power densities pro-
duce greater horizontal expansion. All pools were observed to pene-
t(éte to some depth before horizontal expansion became dominant.
These results support the previously discussed variation of Nusselt
numbers with Ral. Higher Ral as a result of power derity increases
and. layer depth incre;ses will result in éreater sideQard and upward
_ Nusselt numbers compared with the downward Nusselt number. Felde,
‘Musicki, and Abdel-Khalik [Fhi extended the work of Farhadieh and
Baker [F3] to determine the effects of gas evolution at the boundary.
The evolution -of gas from concrete was simulated by introduction of
ammonium bicarbonate iﬁto a bed of polyethylene glycol wax. Agueous
solutions of potassium iodide and zinc bromide were used to simulate
the molten core debris pool. Carbon dioxide gas is released at the
pool boundary as the electrolytical]y-heated pool moveslinto the
solid bed. -In agreement with [F3] the results show that the pool
height, L, initially increases at a faéter rate than its wiszh, W;
however, the rate of ghange of L Qith'time gradually decreases until

the trend is reversed.. Figure 14 [F4] shows this effect for pools
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with and without gas release at the boundaries. The highest gas
velocity case shown is seen to produce a more even.distfibution of
the volumetric energy produced in the pool at longer times. The
characteristic time, Toin? at which the pool reaches a configuration
6f minimum aspect ratio, (w/L)min’ is a function of the initial

power density, dqs and is slightly affected by both the jnitial
density ratio and the gas release rate. Figures 15 and 16 from [F4]
show the effect of the characteristic time, Tmin; for cases without
and with gas release, respectively. As 4 increases, Toin is seen

to decrease slightly. Again in agreement with [F3], the minimum as-
pect ratio, (W/L)min’ increases with the pool density ratio (pp/pb),
i.e. pools of higher initial density tend to penetrate deeper into
the solid bed. For higher pool densities the molten bed material
rises more rapidly because of increased buoyancy forces. The en-
hanced convection along the lower boundaries apparently increases

the Nussélt number and heﬁce the downward penetration rate. The
minimum aspect ratio slightly decreases wi;h 1ncreasin§ gas evolution
rate. However, for the same power level and initial density ratios,
gas-releasing pools are always larger than those with no gas release,
indicating that the fraction of heat transferred upward through the
free surface decreases with the introduction of gas at the boundaries.
Also, for times greater than T_. the depth of a gas-releasing pool
continues to grow at a rate nearly equal to that of the pool width
whereas for.pools with no gas release the pool depth increc:es at a

"much slower rate than‘its width.
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The previous discussion clearly indicates that gas release from
the cqncfete will significantly affect the evolution of the core
debris pool. Hence, the objective of this study has been to quantify
the effect of gas release at the boundaries of a volumetrically heated
pool on the heat transfer rates in the different directions. Specifi-

cally, correlations for the sideward, downward, and upward Nusselt

numbers in such systems will be obtained.
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Chapter 11

EXPERIMENTAL APPARATUS AND PROCEDURES

{11.1 Experimental Apparatus

" The design of the experimental apparatus is determined by two
fundamental mode]]ing requirements for the molten debris-concrete
system, namely, the volumetric heat generation in the core debris
and the gas evolution at the surface of the concrete. Simulation
of volumetric heat generation is produced by Joule heating of an
electrglyte solution. Simulation of gas evolution from the concrete
is accomplished by forcing noncondensable gas, air, through porous
plates which are used to construct the walls of the test cell.

A schematic diagrqm of theAtest,cell used in this ‘investigation
is shown in Figure 17. The electrically-heated fluid (0.05 molar
CuSOh solution) is bounded from the bottéﬁ and two sides by water-
cooled porous brass plates mounted on 1.25 cm thick plexiglas
frames. Air is injected into the.test cell fhrough these three
porous plates. A limitation on using porous brass plates for the
sides and lower boundaries simultaneously is incurred as a result
of using the electrical heating method due to the current leakage
that would result if plates adjacent to the electrodes are not in-
sulated. An approximétion to a porous surface is made by attaching
a thin layer of Mylar insulation with a discrete number of holes
"onto the brass plates to allow for injection of gas into the pool.

Power connections are available on all four plates so that # ther

\
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the upper and lower plates or the two side plates may serve as
electrodes for thé passage of élternating current through the
electrolyte solution. The other two plates not serving as elec-
trodes during the experiment are covered with the Mylar film.
Holes of 0.16 cm diameter are burned in the Mylar in a square
grid of approximately 0.6 cm pitch. The front and back side% of
the test cell are made of 1.25 cm thick plexiglas plates. The
upper surface of the test cell is a water—cooledlcopper plate.
The -suppression cavity above the upper cooling plate (see Fig.
17) acts to prevent splashing of the solution as tﬁe injected
gas escapes through holes drilled in the upper plate.

The fluid cell is 10.2 cm wide and 15.2 cm long wfth an
adjustable height from 1;9‘to 9.7 cm. Narrow plexiglas supports
of selected heights for various aspect rafios are fastened into
the front and back plates to allow setting of the aspect ratio
at preset values in a repeatable manner.

A detailed diagram of thé porous brass cooling p{ates is
shown in ngure 18. THe 14,6 x 9.5 cm porous brass plates are
machined to produce a series of slots and fins (see Side View).
The fins are soldered to the interlocking copper cooling plate
to provide efficiént heat removal capability. Air is supplied
to the dpen channels between the fins and flows through the porous
plate into the volumetrically-heated pool. Also shown in Figure
18 (Tob View) is the cooling water flow channel machined i+ the

\Y . .
1.25 cm thick copper cooling plate. The double spiral water flow
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pattern designed to-alternate hot and cold legs of the flow path re-
sults in‘nearly-isothenmal plates for all thé conditions tested in the
investigation. A plexiglas.cover and rubber gasket seal the c&oling
channel of the cooling plate. The upper plate, shown in Figure 19,

is constructed of copper and plexiglas and also utilizes the double
spiral cooling water flow pattern, Holes of 0.40 cm diameter are
drilled through }he plates at the locatfons shown to allow for the
escape of the injected gas from the pool.

Experimental measurements are made to provide information for
making an energy balance over the éystem and determining the average
Nusselt number for heat transfer to thé boundaries of the system.
The heat transfer rates to the different sides are determined by
measuring their coolant flow rates and corresponding temperature
rise of the coolant;

q = mepAT

where

0
I

heat flow to the plate (W)

mass flow rate of cooling water (kg/s)

’:5.
L]

specific heat capacity of water (J/kg°C)

(g}
1]

AT = temperature rise of water across the plate (°C)

In addition, temperature measurement of the incoming air and the air
leaving the test cell are made in order to estimate the amount of

heat carried upward with the escaping air. The air is assumed to be
dry when entering the cell and saturated with water vapor v:.=n leaving.

The net heat removed Qy the air is then determined from the enthalpy
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change and total mass flow rate of air using a psychrometric chart.

assuming standard pressure;”

9air mair(hdry air(Tin) ) hsat air(Tout))
where
Uir = heat removed by air
mair = mass flow rate of air (kg/s)

hdry air(Tin) = ?jstg;py of dry air at the air inlet temperature

) = enthalpy of saturated air at the air exit
temperature (J/kg)

hsat air(Tout

The actual contribution of Ui to the energy balance was found
to be very small, even for high gas velocities (less than 4% of total
applied power).

Nusselt numbers are defined in terms of the rate of heat trans-

fer to the plate, the measured maximum pool temperature and averaged

plates témperatures, and the ]ayef debth;

- _at
Nu = 134T

where
q = rate of heat transfer to the plate (W)
L = layer depth (cm) -
k = thermal conductivity of fluid (W/cm®°C)
A = area of plate (sz)

AT

maximum temperature difference between the pool and the aver-

age of the measured plate temperatureé.
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Plate surfaée temperature of all four plates are measured using
iron-conétantan thermocouples(distribﬁted as shown in Figures 138 and
19. The thermocouples are made of 30 gage glass braid-insulated
wire with a 0.08 cm welded junction. The thermoﬁouples are soldered
into the ends of bored-through papered screws and wedged into the
plates to a position nearly flush with the plate surface in contact
with the pool.

Pool temperature is measured'with a glass-encased iron-constan-
tan thermocouple probe made of 30 gage teflon-insulated wire with a
0.08 cm diémeter junction. The probe is inserted into the pool
through the upper plate. A micrometer drive may also be attached
to the probe to obtain vertical temperature distributions in the
pool.

A schematic of the cooling water flow circuit is shown in
Figure 20. Cooling water is supplied independently to each of the
four cooling plates by a positive displacement Mastérflex variable
speed pump. A constant temperature source (+ 0.1°C) ié maintained
by two Haake KT 33 temperature'baths. Flow integrators following
the pumps act to reduce the cyclic output of the positive displace-
ment pumps. Coolant flow rates are measured for each circuit using
two calibratéd Matheson Gas Products R7630 series rotameters (#604
and #605 tubes) in series in order to extend measurement range and
accuracy.

Measurements of the inlet and outlet water temperatures are

made using Yellow Springs Instruments 44202 linear thermistor net-
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works sealed with epoxy in pyrex probes. The higher accuracy thermis-
tors were chosen rather than thermocouples to allow greater flow ra£es
and hence more uniform plate temperatures while maintaining reasonable
accuracy for the temperature difference measurements (absolute ac~
curacy of thermistors is + 0.15°C).

The main frame box of the test cell is divided into three sepa-
rate chambers so that gas may be injected into the fluid cell through
the three porous plates at independently controlled rates. The air
flow circuit is shown in Figure 21. Air is supplied from a house
line through a filter and regulator. Air flow rates are measured with
a Matheson Gas Products R7630 series (#603 tube) rotameters. Fine
control is maintained with valves integral to the rotameter assembly.
Temperature measurements of the incoming air and the air escaping
through the upper plate are made using 0.08 cm diameter iron-constan-
tan thermocouples. The inlet air temperature is measured in one of
the threé air chambers of the main frame box while the outlet air .
temperature is measured in the suppression cavity abové the upper
plate.

Output froﬁ the thermistors and thermocouples used in the exper-
iment are collected and‘measured by a Monitor Labs 9300 data logger.
Power input to the fluid cell is varied by means of a Staco
140 v x-SO A variac. Applied power measurements are made using Simp-

son 0-300 V and 0-750 V dynamometer type wattmeters with rated ac-

curacies of + 2% of full scale.
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The entire cell is thermally insulated using a 2.5 cm thick layer

of styrofoam.

111.2 Experimental Procedure

Two modes Qf experiments have been conducted using this test cell.
in the first type of experiments, the top plate is held in contact
with the copper sulfate solution, while in'the second type the top
plate is held at a level 1.9 cﬁ higher than the free surface of tEe
electrically heated fluid. For the free surface case a brass wire
mesh grid electrode (1.25 cm pitch) was suspended just~below'the sur-
face of the pool and current was passed from the grid to the lower
porous surface. The side plates were covered with the Mylar film.
For the solid upper surface case, test runs were made with both a side-
to-side electrode configuration and a bottom-to-top electrode configur-
ation in order to investigate the characteristics of both porous side
and porous lower boundaries as compared with the discrete holes of
the Mylar covered boundaries. In addition, two different methods were
used in ;he bottom-to-top electrode configuration in order to investi-
' gate the effects on power application of the observed partial unwetting
of the upper plate with gas injection. Experiments were run with the
current bassed from a brass wire mesh grid electrode held slightly be-
low the top plate to the bottom porous plate and from the upper cooling

plate to the boftom porous‘plate. Results from the two methods showed

1itt1é difference.
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For the different boundary conditions discussed above, experiments
have been conducted with different values of power input, pool height
(i.e. aspect ratio), and superficial gas Qe]ocity. Thé range of ex-
perimental variables and the corresponding non-dimensional parameters
are listed in Table 5.

Preparation for a,test run begins with selection of agpect ratio
and power level. The aspect ratio is set by installing the corner
supports in the test cell and setting the upper b]ate in position.

The constant temperature bafhs are brought to the proper temperature
and cooling water flow to the plates is initiated. Once power is ap-
plied to the pool, flow rates are adjusted to the four cooling plates
to produce a temperature difference of approximately 3°C across the
plates in order to maintain the plates in a nearly-isothermal state.
The pool.center temperature and the water flow temperature differences
across the cooling plates are monitored by the data logger during the
experimént to determine when steady state conditions are reached. The
power level is kept constant throughout the experiment; A period of
15- 30 minutes is required for thé‘test cell to reach steady state
(experiments with gas injection reach steady state much faster than
experiments without gas injection). At that point the water flow rates,
inlet and exit water temperatures, air flow rates, iniet and exit air
temperatures, plate temperaturés, and maximum pool temperatures are
recorded.

The initial run af each power lével and aspect ratio i< made with-

"out gas injection. Oher experiments with different gas injection



TABLE 5
Ranges of Experimental Variables

And Non-Dimensional Parameters

Power Input (watt) _ © 100 - 600

Pool Height (cm) 1.9 - 9.7
Superficial Gas Velocity (cm/min) 0.0 - 24.8

Internal Rayleigh Number 1.1x10° - 1.1x 107
Aspect Ratio (w/L) 1.05 - 5.3l
Nondimensional Gas Velocity (!ER) 5x 10-]0 - 6x 10-3

Hg
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rates at the same power level and aspect ratio follow. The gas in-
jectién rate is increased for each of the succeeding runs. For each
gas injection velocity, the pool center temperature and cooling water
temperatures are monitored until steady state conditions are reached
(usually within 15- 30 minutes). A series of 10 experiments at the
éame power level and aspect ratio with different gas velocities usual-
ly takes about 3-1/2 hours to complete.

A total of 300 experiments have been conducted; 160 expériments
with a porous bottom and free upper surface, 60 experiments with
porous sices, 144 experiments with porous bottom and an electrode
grid, and 35 experiments with a porous bottom and the upper plate
serving as the electrode.

A complete listing of the data obtained and calculated values

is contained in Appendix A.
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Chapter 1V

EXPERIMENTAL RESULTS

Results from experiments conducted in this investigation using
three dffferent te;t cell configurations are presented in this chapter.
These are: 1) test cell with a porous lower boundary, discrete holes
in the side boundaries, and a solid upper Eoundary, 2) test cell with
discrete holes in the lower boundary, poréus side boundaries, and a
solid upper boundary, and 3) test cell with a porous lower boundary,
discrete holes in the side boundaries, and a free upper surface.

A total of 399 experiments have been conductéd. 0f these, there are
179 of type 1 boundary conditions, 60 of type 2, and 160 of type 3.

Values of the sideward, downward, and upWard power fractions,
Nussélt numbers, and maxi%um pool temperatures are reported. MNusselt
type correlations are given for the sideward, downward, and upward heat
transfer rates as functions of the governing parameters. These repre-
sent the main results of this investigation. The data for all of the
experiments conducted in tfis investigation are listed in Appendix A.

Visual obserQation of the flow pattern resulting from gas injec-
tibn into the volumetrically heated pool shows conditions ranging
from a gentle bubbly flow at the low range of gas flow rate to vigor-
ous pool mixing at the high end of the range. Flow of gas from the
side walls appears as a widening plume of bubbles rising to the surface

at low gas velocities., Visual observation of this effect is not pos-

sible at higher velocities due to the vigorous mixing created in the
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pool. For experiments with a solid upper boundary, the upper surface
is observed to become partially unwetted as gas rising up through the
pooi fnpinges on it and accumulates before escaping through the holes
to the suppression chamber above.

The vigofous mixing produced by the percolating gases through
the pool alters the temperature distribution within the pool from
the distorted parabolic shape with above éenterline maximum which
develops %n the natural convection case to a nearly isothermal dis-
tribution throughout the pool. Figure 22 from previous work
[A1] shows a comparison of the measured temperature distri?ution
along the pool centerline for experiments with and without gas in-
jection. The effect}ve boundary layer thickness is reduced consider-
- ably with the injection of gas. As gas injection rates into the p601
are increased, the maximum pool tempergtu?e decreases. A non-dimen-
sional parameter, M, which is ihversely proportional to the pool temper--,
ature rise, may be defined to allow comparison of the effect of gas
injection on pool temperature for various boundary conditions, aspect
ratios, and volumetric heating rates. The pool temperature rise is
normalized in terms of the maximum temperature difference that would.
appeér using a one-dimensional conduction model for pools with iso-

2
thermal upper and lower surfaces (%%;J;

y o oL
~ BKAT



(y/L).

Ra,. Ragyt VIi/a
-0—0- 27 x10°  -T7.6XI07 00
n—— 1.8 x10° ~-34%|0° 20 %102
0= _' < | -
0.8+ =
B h—w z
0.6 —
" T
T... | ]
0.4 .
T
0.2+ ~
g W/L =1.32
00 /D/Cij(\ l

00 250
| T T k=2

50.0

750

Figure 22. Temperature Distribution along the Pool Center-
line for Two Experiments with and without Gas

~ Injection.

56



57

where

3

volumetric heat generation (W/cm

P
]

and . .

AT = maximum temperature difference between the pool and boundaries

(°c)

Figures 23, 24 and 25 show the effects of aspect ratio, W/L, and
superficial gas velocity, V, on M for the three éxperimental configur-
ations investigated. These figdres clearly show that for the same
power input, gas injection will considerably decrease the maximum pool
temperature from the corresponding natural convection value, Reduc-
tions by factors of 2 to 4 as compared with natural convection are ob-
tained as the superficial gas velocity is increased to the upper limit
of the examined range. The pool temperatures are reduced rapidly (i.e.
M increases) as gas is introduced at the Soundaries. As the gas in-
jection rate is increased, its effect on M begins to saturate and the
maximum pool temperature appears to level off. As would be expected
due to the smaller pool volume, pools of higher aspect ratio, W/L,
saturate at lower superficial gas velocities.

A tomparison of M values at similar aspect ratios for different
test cell configurations is shown in Figure 26 and }eveals a pro-.
nounced effect. Significantly higher reductions in pool temperéture
are observed for the solid surface model with a porous lower boundary
and discrete hole side boundaries than for the solid surface model
with a discrete hole lower boundary and porous side boundar.:s. 'The

. ‘
reasons for this behavior are not clear. It is possible that randomly
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rising air bubbles from a porous bottom plate produce greater mixing
effects than air flowing up from discrete holes on the bottom plate.
The manner in which air is injected from the side may not be as
important in terms of total pool mixing. The higher pool tempera-
tures observed for the free surface experiments are reasonable be-
cause of the lower heat transfer rates through the upper surface.
Further discussion of this variation will be postponed until later
in this chapter when the upward Nusselt numbers for different bound-
ary conditions are compared.

The heat transfer rates to the pool boundaries are significantly
affected by gas injection. Figure 27 shows the effect of increasing
gas injection rates on the downward Nusselt number. Nusselt numbers
are plotted in this figure and in the figures to follow with the
dependence on layer depth (i.e. aspect ratio) removed by multiplying
the defined Nusselt numbers, Nu = %%3 by the aspect ratio, W/L. The
downwara, sideward, and upward Nﬁsselt numbers are plotted as
respectivgly,'where

downward heat transfer coefficient (W/cm2°C)

. ho =
hs = sideward heat transfer coefficient (W/cm2°C)
‘h] = upward heat transfer coefficinet (W/cm2°C), and
L = layer depth (cm).

This méthod allows easier examination of any layer depth dependence

on the heat transfer coefficient.
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The downward Nusselt numbers shown in Figure 27 show a marked
increase.with superficial gas velocity for low values of V, however,
this effect seems to saturate at higher velocities. The Nusselt:
numbers at the lower boundary of a volumetrically heated pool with
gas injection appear to be independent of the internal Rayleigh num-
ber. The lack of natural convection effects is not surprising in
view of the strong .mixing produced by the gas bubbles percol;tfng
through the pool.

The effects of aspect ratio, gas injection, and Rayleigh number
on the sideward Nusselt numbers for porous side boundaries are shown
in Figure 22. The natural convection cases show the dependence on
Rayleigh number di§cussed.in the background section of this report.
Gas injection is observed to increase the sideward Nusselt number
significantly while seemingly e]iminating-natural convection in-
fluences (i.e. dependence on the internal Rayleigh number). For
pools with gas injection at the boundaries, the effect of aspect
ratio on the normalized sideward Nusselt number, iét . %3 appears
to be negligible. Similar trends are shown in Figure 29 for the
downward Nusselt number for the case of a porous lower boundary.
The magnitude of the Nusselt numbers with gas injection are on the
same order for both the side‘and lower porous boundaries.

A clear picture of the effect of gas injectionAon the Musselt
number can be seen from Figures 30 and 31.. Figure 30 shows a plot

of the downward Nusselt number vs. the superficial -.gas velocity, V.
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A steep increase with V from the nétural convection values is seen as
gas injection is initiated, with a levelling off of this increase for
higher V. Similar results are shown in Figure 31 for the sideward
Nusselt number.

The sidewara and downward Nusselt numbers in Figures 36 and 31
show these effects for all of the different boundary conditions in-
vestigated. It is observed that the Nusselt numbers for porous
boundary surfaces are considerably higher than those for the discrete
hole boundaries. Sideward Nussglt numbers taken over a Tange of Ral
at a medium range gas injection rate are shown in Figure 32 for the
different boundary conditions. The porous side boundary shows side-
ward Nusselt number increases of approximately 40-50% over the dis-
crete hole side boundaries. This behavior is in agreement with the
work of Kutateladze and Malenkov [K7]. ngure 33, taken from [K7],
shows the influence of the number of holes on heaf transfer in the
nitrogen bubbling of water. Thé figure also shows that the effect
of hole distribution remains to be significant up to very high super-
ficial gas velocities (V = 6000 cm/min). In the range of superficial
gas velocities investigated in this study, 0-24.8 cm/min, increases
in the heat transfer coefficient in the range of 30-30% are predicted
by extrapolating Figure 33 which are compqrable to the results ob-
tained in this investigation. A similar comparison of the effect of
boundary conditions is shown in Figure 34 for the downward Nusselt
number at a medium range superficial gas velocity. The two cases

with porous lower boundaries, both the free and solid upper surface
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cases, show significant increases over the discrete hole lower boundary,
solid upper surface case.

The effect of boundary conditions on the upward Nusselt number
for a medium range superficial gas velocity is shown in Figure 35.
The upward Nusselt number for the free surface case is comparatively
very low as expected. The surprising result is the large difference
in values for the experiments with porous side bqundaries.and the ex-
periments where the lower boundary is porous, both experiments having
solid upper surfaces. It is not clear from the experimental results as
to the cause of this wide variation. Although the upper surféce is in-
sulated with a Mylar film in the porous side boundary case, it would
not be expected to cause these large differences. A possible explana-
tion is that the test cell configuration with the diffe}ent arrange-
ments of the porous plates may be produciﬁg a vapor film below the
upper plate in fhe case with porous side boundaries (i.e. the escape
of air is impeded iﬁ that case) while not forming a film in the case
of the porous lower boundary. Gas injected at the surface of porous
plates may have_different mixing effects or rise to the upper plate
in a different manner than gas injected from discrete holes. A plot
of upward Nusselt number vs. superficial gas velocity for the differ—
ént Boundary conditions is shown in Figure 36 which tends to support
this reasoning. The upward Nusselt number for the porous side bound-
éry,is seen to decrease as gas injection igAJncreased from the natu;
rai convection values (which approéch the same va]ue)..Thﬁ “Aaverse

\Y
non-dimensional pool temperature rise indicated in-Figure 26 for the
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different bbunda?y conditions shows consistent results with the ef-
fect on ;he upward Nusselt numbers. The pool temperature i; reduced
considerably more for the porous lower boundary case than for the
porous side boundary case, which is consistent with the higher heat
transfer cbefficient at the upper surface for the porous lower boun-
dary case.

Interesting results are observed, which incorporate the méjof
findings of this investigation, when the sideward and downward Nus-
selt numbers are plotted vs. the superficial gas velocity on a log
scale., Figures 37 and 38 show these results as a function of aspect
ratio, W/L, and boundary conditions.

Looking at Figure 37, the data for the different boundary condi;
tions are seen to fall along.straight lines. For the experiments with
a porous lower boundary and solid upper surface the data points for
different aspect ratios show the same behavior, indicating that their
is no dependence of the normalized downward Nusselt number on thé
aspect ratio. The free surface experiments show a slightly higher
slope than. the solid upper surface experiments. The discrete hole
boﬁndary case shows a fairly similar slope to that of the porous
lower boundary although the magnitude is aecreased.

Similar observations may be made for the sideward Nusselt num-
bers shown in Figure 38. The.effect of aspect ratio/on the normal-
ized sideward Nusselt number appears to be insignificant. "The free

surface experiments again show a slightly higher dependence on the

superficial gas velocity.
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With tthinsight gained from Figurés 37 and 38, a least squares
fit of the data was made to obtain a correlation that is primarily de-
pendent on the superficial gas velocity, V, and independent of the
Interngl Rayleigh number, Rai, and aspect rétio, W/Lf A correlation
using a non-dimensional form of the superficial gas velocity employed
by Hart [H1] in an experiment where a liquid column is ag}tated by 
gas bubbles describes the data.very well; the non-dimensional quantity

V* defined by

<
!

V7o
:[—‘—
Hg
is the only independent variable on which the Nusselt numbers depend.
This quantitity may also be written in terms of the Reynolds and

Froude numbers where the velocity, V, is that of the gas and the . other

properties are those of the volumetrically-heated liquid

\
%’-) - (9_’;&) (5"5—)
9
= Re - Fr,
where
p = density of the liquid (kg/cm3)
B = viscosity of the liquid (poise)
g = gravitational constant (cm/sz)
Lg = character%stic dimension for the gas bubbles (cm)ﬂ

The quantity (Re - Fr)‘represents the ratio of the

(inertial forcesy . inertial forces)
viscous forces gravity forces °° .

\
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The Froude number is generally not of importance except for systems
which include a free surface. It also appears to be important in the
two-phase, two component system examined here even though the liquid

may not have a free surface.

The following Nusse]t-type'correlations have been obtained.

I. Downward Nusselt Number

For a porous lower boundary with the current passed between the
upper plate and lower porous plate, the downward Husselt number is

given by:

No - Y- ZOll[ReFr]o'oS (5 x 10-10 < RefFr € 5x10-3)

0 L
This corre]ation.fits the data (28 points) with a standard deviation of
"19.1. A comparison between the experimental and prgdicted values of
Nusselt number is given in Figure 39, This correlation is recommended
for use in actual molten core debris/conc}éte systemg since the bound-
ary conditions closely simulate thé gas release process at the lower
boundary. |
For the same case with the current passed between a wire grid

electrode placed immediately below the top plate and the lower porous .

plate, the downward Nusselt number is given by:

= 193[ReFr]®°0%% (510710 < ReFr s 5x1073)

This correlation fits the data (128 points) with a standard deviation
of 29.7. A comparison between the experimental and predicted values

of Nusselt number is given in Figure 40.
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The data obtained for the case without the grid electrode shows
less scatter (Fig. 39), although the number of data points is signifi-
cantly lower than those with the grid electrode (Fig. 40). However,
the twoAcorre]ations‘agree quite wg]l, indicating that the existence
of the intermittent gas layer below the upper plate does not sign{fi-
cantly affect the application of power to the cell since sufficient
contact Fs always maintained between the liquid and the solid surface.

The correlation of downward Nusselt number for a porous lower

boundary and a free upper surface is given by:

10 ¢ Refr € 5x107°)

| =

0.074 -
Nu = 23) [ReFr] (5x 10

0
| This cor?elation fits the data (144 points) with a standard deviation
of 10.6. A comparison between experimental and predicted valuesAis
given in Figure L41. As indicated in previous plots, the downward

Nusselt number is seen to have a higher dependence on the velocity for

a free surface upper boundary than for a solid upper boundary.

2. Sideward Nusselt Numbers

The sideward Nusselt number for test cells with porous side bound-

aries and solid upper boundary is given by:

NuS . (E- = I9h[ReFr]o'0h3 10

L

(5x 10719 < ReFr € 5x 1073)

This correlation fits the data (48 points) with a standard deviation
of 7.0. A comparison between experimental and predicted values is

given in Figure 42, This correlation is recommended for us+, in

%
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actual molten core debris concrete systems since the boundary condi-
tions closely simulated the gas release process at the boundaries.

The sideward and downward Nusselt numbers to porous boundaries
have a fairly similar depehdence on-the superficial gas velocity.

The above correlations are the main results of this investigation.

in order to determine the relative fractions of power that are
transferred in the sideward, downward, and upward directions for the
molten debris/concrete system the upward Nusselt number must also be
determined. Limitations on the experiment prevented measurements in
the case where both side and lower boundaries are porous simultaneous-
ly. In addition, the variation in upward Nusselt number for the porous
side and porous lowér'boundary experiments; both with solid Qpper
boundaries, casts uncertainties on the upper boundary modelling.

An approximate method of combining the results of the porous side
model and the porousvbottom model into a model with both porous sides
and bottﬁm may be made using the known values of the sideward Nusselt
number for the porous side, the downward Nusselt number for the porous
bottom, and the aQeraged values of the inverse non-dimensional tempera-
ture rise, M. By averaging the values of M, the upward Nusselt number
will essentially be determined by the average pool-to-boundary tempera-
ture difference between the two models (porous side boundary model and

porous lower boundary model). An energy balance over the test cell

gives
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where

Mt = M(Porous lower Boundary) + M(Porous Side Boundary)
2

The upward Nusselt ﬁumber is the only unknown in the equation and may °
be solved for. By matching‘data points (equivalent power input, aspect
ratio, and superficial éas velocity) from the porous lower boundary
model and from the porous side boundary model a set of upward Musselt
numbers may be generated. A least-squares fit of these data points

produced a correlation of the form:

Nu, - %-= 565[ReFr]o°0h8.

This correlation fits the data (28 points) with a standard deviation

of 81. A comparison of the calculated values and the valueé predicted
by the correlation is shown in Fiéure’h3. There is a good deal of scat-
ter in the data. The above method would obviously work hetter if the
pool temperatures for the two models combined were closer (i.e. the
upper boundary conditions showed similar trends with gas injection).

The above approximation is intended merely to illustrate a method for
combiping the results of the two experiments and thé result is nof
presented as a solution to the proSlem. Future work should address

the problem of upper surface modelling in order to closely_simulate

the actual system.
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Chapter V

CONCLUSI0OMS AND RECOMMENDAT|ONS

V.1 Conclusions

Gas injection at the boundaries of a volumetrically-heated pool
is found to have a significant effect on the heat transfer rates at
the pool boundaries. Pool maximum temperatures are reduced consider-
ably with gas injection as compared to natural convection. Thé pools
are well-stirred by the gas and show nearly isothermal temperature
distributions.

Natural convection effects are found to be negligible in the
gas mixed pool; the sideward, downward, and upward Nusﬁelt numbers
are independent of the internal Rayleigh number.

| The pool layer depth (i.;. aspect ratio) has a negligible effect
on the normalized Nusselt numbers and heaf transfer coefficient around
the pool boundaries.

Correct modelling of the pool boundaries so that they would simu-
late debris pool/concrete systems is found to be very important. Nus-
selt numbers to porous boundaries where the gas emanates from random
locations along the surface are significantly higher than those with
discrete holes.

Smail gas injection rates are found to cause steep increases in
Nusselt number from the natural convection values. TEe rate of in-
crease with increasing superficial gas.velécities decreases, however,

as the initial mixing effects and boundary layer reduction effect

saturate.
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For voiumetrically heated pools with gas injection at the bound-
aries, the downward and sideward Nusselt numbers for porous plates
are comparable. This is in contrast to the natural convection case
where sideward Nusselt numbers are significantly higher than the
downward Nusselt numbers (see ngures 7 and 11), Although the side-
ward and downward Nusselt numbers are well correlated, the upper
boundary condition will be very importanf in determining the relative
power distribution upward and into the concrete.A

The Nusselt numbers to porous plates with gas evolution are
directly correlated to the product of Reynolds and Froude numbers;
(Re + Fr) = (%é?) which is a measure of the buoyancy and viscous drag
effects produced by the gas as it mixes the Aiquid.

The downward Nusselt number in a free upper surface model shows

a higher dependence on the non-dimensional parameter, (Re - Fr), and

the superficial gas velocity than models with a solid upper surface.

V.2 Recommeridations

In terms of the PAHR problem, further work is required to allow
adequate description of the molten core debris/concrete system. As
a result of this work, several investigations are recommended; these
include:

(1) Measurement of sideward Nusselt numbers to a porous side

boundary for a free upper-surface model is recommended.

(2) Experiments with liquid and gas:ihjection at the sides and

lower boundaries are recommended since they simulc.e the
. \¢



(3)

(5)

St

combined heat and mass transfer processes taking place in

the actual system where molten oxides of concrete mix with
and continually dilute the core debris pool.

The effects of gas injection on two-layef pools to simulate
an immiscible steel layer above the core debris are also

of interest. As the pool is continually diluted by the dis-
solved concrete its densfty decreases below that of fhe
initially fighter steel layer. The inversion process which
may follow will significantly affect the pdo] growth pattern.
In terms of the Nusselt type correlations presented in this -
thesis, follow-up investigations over a wider range of the
physical constants, density and viscosity, would provide
added confidence in extrapolating the correlations to the
molten debris/conérete system,

In order to determine the relative pswer distribution into
the concrete and upward into containment for the PAHR problem,
modelling of the upper boundary must be improved. Large
scale tests.with upper boundaries such as overlying steel

layers would be useful in outlining the gross characteristics

of these systems.
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611 167 2222 105.0 60,3 53.9 1.n51 «49904+09
«637 «185 .208 125.8 86.0 56.9 1.051 -«802+09
.628 189 182 155.8 109.0 52.9 1.051 4651409
.503 077 420 53.6 18.0 79.2 1.051 2107541
. S45 .123 332 T6.2 37.6 70.5 1.051 «91854+99
.571 .170 .25% 76 .9 65.9 5944 1.051 9422409
.568 .18¢ 267 118.0 86.1 63.5 . 1.2%1 -9178409
+584 .186 .230 1471 1C0.8 53.5 1.051 5636409
414 131 455 28.8 19.0 60.0 1.542 « 2073408
2410 L1768 AT 1.7 3.6 70.1 1.542 .2003+08
.493 .23 276 64.7 $9.0 8.9 1.542 191208
.535 .268 197 7244 70.8 29.7 1.542 .1898+08
478 249 «273 . 104.0 1.6 5S4 1.542 .1811495
.35 117 Lty 33,7 19,5 70.7 1.542 +5337405
.36 161 403 45,4 32.9 77.0  1.542 4723405
<429 .230 .28G 6R.7 59.3 52.9 1.542 -6500 408
«539 .267 194 TR.4 71.5 32.0 1.5¢2 $4S5LB408
.407 $254 L249 91.8 84.0 50.6 1.542 «4173408
XY <110 453 60,1 20.4 78.8 1.542 <1355¢09
62 .150 .388 53.6 34,7 77.5 1.542 1232409
S14 211 .276 71.0 56.3 55.1 1.5¢2 «1151+C9
+590 .258 .153 92.6 69.8 28.0  1.542 1193409
.528 2245 .227 100.6 83.8 50.5 1.542 .1107+C9
.418 102 .480 44,7 22.0 90,8 1.542 «23794+09
694 154 2352 55.6 35.6 63.9 1.542 2475409
#5641 .205 254 77.9 60.0 8.1 1.542 .2321409
+575 246 L1179 95.9 76.4 34.5 1,542 £2403+09
.540 249 212 105.8 87.2 45.1 1.5¢2 « 2042409
.309 2192 498 16.7 19.8 42.8 2.660 22549407
.263 .238 499 10,5 39.6 72.2 2.460 «2267407
.255 282 .483 32.4 56.1 76.9  2.660 .20066+07
243 .250 .507 38.2 73.6 112.8 2.660 «<20U9407
.230 .234% <535 38.1 65.9 129.3 2.660 1873407
.327 164 .509 22.4 22.2 67.6 2.660 .6214407
£300 .198 .502 26.7 32.5 74.8 2.660 +5809407
.282 224 494 38.4 7.9 107.1 2.660 SGu3en?
0263 222 .515 39.5 65.6 140.9 2.6¢0 4735407

Upper Boundiry.

H SUPERFICIAL
GAS VELOCITY
(CH/MIN)
«1631+402 .000
02649402 « 065
«3479402 1.033
4334402 6.329
«5176402 17.955
«2116402 00y
«2784402 +C65
«30602¢02 1.033
«h73¢402 6.329
«5446402 17.955
«2044402 . C00
3268402 065
<4 289402 1.633°
«55274+02 64329
«6291002 17.955
«2773402 000
3633202 .Cs85
04612402 1.033
«5559+02 6.329
6840402 17.955
«118U+02 +000
«1569402 ©+ 065
«2071+02 1.033
«2145402 6.329
«29864¢02 17.955
« 1346402 .000
«1655402 . 065
«2085402 1.033
«2172402 6.329
22682402 17.955
«1506+02 .0C0
« 1874402 « 065
«2168402 1.033
«2194002 6.329
«2672402 17.955
«1754+02 .C00
1873402 « 065
«236v+02 1.033
«25%06+02 6.329
«2841402 17.955
.4501401 - 000
«7812401 <065
«1U04+02 1.033
«1385402 64329
«1321+02 17.955
«6564401 « 000
«70696¢01 . <065
« 1006402 1.033
< 1391402 6,329

(ReFr)

«0000

+«1587-09
«6400-06
«1.51-03
«3256~02

0000

«1739-09
.6950-06
«1557-03
«3495-02

-0000

£2u17-09
«BU61-06
«1603~-03
«4088-02

0000

-2339-09
«9550~06
«2175~03
«4885-02

.0000

«1593-09
«6439-06
«1478-03
«3279-02°

«0L00

+1792-09
«7147-06
«1653-03
«3629-02

.0,00

+2114-09
«8a0¢-06
«1965-03
«4263-02

0,00

«2570~09
«9¢87-06
»2315-03
«4952-02

-0u00

«1076-09
«6049-06
«1492-03
«3371-02

«0u00

«1901-09
«T246-06
«16C0-03



55G.
551.

552
553,
554,
555
556+
557.
558
556,
56C.
AFLIN

2385
<283
« 269
+267
«270
319
£ 297
266
2265
279

B AT SRUNELE

520
535
+518
521
<515
<516
529
522
527
519
513

0 G~
~ -
« v
(VLR

120.4
1¢62.3
162.1

§9.3
102.1
152.2
185.1
175.8

«440+07
L1606 +00
« 140408
»12734+00
«11314048
.10063+08
#3132408
«2847408
-2412+08
22167496
+1952405

«1604+02
7602401
«9537+01
»1141402
«1597+02
«1772402
8011401

« 9364401

«1197+02
1504402
.1852¢02

17.955
.C00
=065

1.033
64329

17.955
. 000
.065

1.033
6.329
17.955

«3571-02
«0u00

.2169=-09
-8394-C6
«1799-03
.4009-02
0600

+2576-09

. «9488-06

.2037-03
«4400-02



Data for Porous Lower Boundary, Discrete Hole Side Boundaries, and Solld Upper Boundary

with Upper Plate to Lower Plate Electrodes.

RUN INPUT
NO. PONER

401,
L02.
403.
404,
405.
4006,

407..

40%.
409.
£1G.
411,
“12.,
£13.
41¢,
415,
L1o.
L17,
L16,
419,
L2(¢.
L21.
L22.
L23.
424,
425.
L26.
L27.
L23.
L29.
433,
431,
432,
433.
434,
435.

(%)

100.
100.
100.
100.
100.
200.
200.
200,
200.
200.
400.
«0C.

400,

400.
LacC.
60C.
6GC.
6GC.
600.
600.
20G.
200C.
2C0.
20C.
200.
400.
400.
400.
£00.
400.
6CO0.
600.
60C.
600.
600.

[+ T . Y]

LEFT
SIDE

-k AN SN YD
e« s ¢ 0 0 0 s o 5 u 0

.

OV a0t DO i (R

AL RV V)
N~ o

31.8
85.5
61.8
60.9
58.2
49.0
25.4
13.5
12.9
10.4
9.3
51.9
32.1
31.0
30.5
29 .4
4.7
49.9
51.2
52.1
51.2

PONERC(WATTS)
RIGHT B8OTTON
SIDE

9.9 11.2
9.0 20.0
6.3 18.6
5.9 18.2
4.8 15.9
28 .4 21.5
19.9 31.0
18.9 33.9
16 .5 31,0
13.5 27.7
61.8 L1.6
41.2 6C.5
41.2 64.9
38.7 6C.1
37.8 $9.0C
89.5 64,1
06 .4 94.8

06.6 10E.3
06.9 104.7

62.0 102.¢9
25.9 25.9
14.6 35.7
14,5 35.7
11.6 33.1
10.2 3C.8
51.4 49.5
33.3 66.3
34,5 69.4
33.4 66.9
31.3 63.b
75.8 22.7
52.0 101.1
55.2 108.4
58.1 109.6

54.9 108.3

TOP AIR
46.8 .00
64.1 01
64.5 18
69.5 1.11
65.9 3.14
99.3 .CO
127.4 .01

120.8 «20

129.6 1.2%

121.6 3.42

211.0 .00

251.3 .02

243.8 e 24

248.7  1.49

252.6 4.C8

322.9 ]

346.7 .C2

331.8 .29

365.2  1.84
348.2 S5.19
112.8 .00
132.9 . 01
132.0 .17
135.7  1.08
135.8 3.G5
223 .7 .C0
248.0 .C1

245.7 - 19

254.2 1.17
247.4  3.32
330.3 - G0
36L.2 .01
34848 v 21
353.3  1.35
339.3 3.99

ENERGY
BALANCE
ERROR(X)

-23.3
1.5
-4 4
-.0
-6.0
=-11.3
-2.0
-5.2
~3.8
-11.1
-6.0
-2.2
~3.8
~4.3
~3.7
-6.3
-5.0
=-5.4
-3.9
-5.5
-5.0
-1.6
-2.3
X
-5 .4
-5.9
=5.1
-4.8
=-3.7
=642
-6.2
~5.5
6.1
=442
=-7.1

POOL
TEMP
)

LY
29.4
8.7
28.0
27.4
17.8
32.2
3.4
29.8
29.2
46.1
37.8
35.9
33.3
32.5
$3.2
43.8
41,3
38.2
37.1
38.¢
32.3
30.7
29.4
28.7
47.3
38.4
36.0
33.6
32.6
54.1
.2
41,7
39.1
37.9

t

PLATE TEMP(C)

27.9
26.1
2644
264
2646
28.3
26.0
26.%
26.2
26.2
2944
27.0
27.2
27.2
26.4
3C.2
27.9
27.9
25.0
28 .4
28.0
26.7
2645
26.5
2641
29.1
27.8
27.4
28.0
27.6
30.9
2841
29.1
29.1
30.2

26.9
26.7
26.7
2644
26,1
27.2
26.9
27.3
26.9
27.0
27.6
8.7
29.2
28.8
28.9
20.8
30,1
31.3
31.2
31,1
27.4
272
7.2
27.0
26.7
28.5
29.1
29.3
9.3
8.9
50.0
30.7
31.5
31.9
31.9

8

28.7
26.8

T

27.0°

2648
26.7
28.9
26.9
27.3
27.0
27.1
29.3
27.8
28.0
27.7
27.9
3C.56
29.1
25.9
29.8
29.5
27.6
27.0
27.1
27.2
26.7
248.7
27.7
27.8
28.0
27.7
30.7
29.0
29.7
29.8
29.7

SUPERFITIAL

6AS VELOCITY
{(Cn/MIN)
27 . .000
25.4 .065
26.0 1.033
2642 6.329
26,3 17.955
25.2 .000
26 .8 <065
25.8 1.033
26.3 6.329
6.2 17.95%
27.3 .09¢
25 .1 .065
27.0 1.033
28.1 6.329
8.1 17.955%
8.7 .090
30.7 .055
30.¢ 1.033
30.6 6.329
31,1 17.955
26.7 .07¢
25.9 .065
26.2 1.033
26.0 6.329
25.8  17.955
28.0 .000
28.2 L0588
27.7 1.033
2648 6.329
8.6 17.95S
29.3 .00¢
30.4 .065
31.8 1.033.
31.9 6.32%
31.6  17.955

(ReFr)

.0000

«1524-~C9
«6138-C6
.1385-03
«3119-C2
.0000

«1613-C9
«6505-06
L1464 9-C3
3261-C2
.0000

«1002~C9
«7106~06
+1551~-03
«3484-02
0000

«»2012-09
«7911-06
«1710-03
«3514-02

-.0000

«1615-C9
«6420-~06
«1435-03
«3220-02
0000

.1828-C9
«7114-C6
«1559-33
«3486-02
.0000

.2025-G¢9
JT960-06
«1745-03
«3886-02



RUN
NO .

401.
402.
403.
404,
405.
436,
407,
08.
409.
41C.
411,
412,
413,
414,
415.
‘416,
417.
Lib.
419.
4206,
L21.
L22.
423,
424,
L25.
L26.
L27.
426,
429.
430,
431,
&32.
433,
434,
435,
AFIN

Data for Porous Lower Boundary, Discrete Hole $ide Boundaries, and Solld

vwith Upper Plate to Lower Plate Electrodes.

POVER
SIDE

244
«165
127
<112
097
«319
<191
.183
<159
c141
328
»203

. ape
U

.190
<181
o311
225
.224
« 217
« 196
.270
<143
©.140
Z11s
<193
274
172
172
<166
<162
. 268
<180
.189
<192
.190

FRACTION
BOTTOM

o146
«203
195
182
169
121
«158
179
161
156
<111
155
169
157
153
«114
166
<191
181
.181
<136
182
«133
<173
<163
131
2174
«182
171
<170
£129
.178
«192
<191
<194

e e 6 B s g e St et o = o,

10°p

611
632
«678
7006
«735
«56C
«650
«638
«680
«703
561
643
627
«653
666
«575
8G9
.585
-602
623
<594
675
677
<713
<734
594
653
<646
<663
«668
-6C3
642
613
617
«616

NUSSELT NUMBER

S10E

14.0
30.2
37.0
3a.5
45.3
29.5
34,7
3.4
S1.5
53.1
36.0
42.1
54,7
74.2
83.3
37.3
44,9
57.9
80.2
84,4
24.9
28.1
3e.8
45 .4
L5.6
28.5
34.2
¢5.8
69.1
76.5
32.1
35.8
4.8
68.8
81.5

8oTTONM

20.4
84 .4
115.7
159.8
218.9
25.1
61.06
es.7
119.1
140.0
25.4
63.2
&5.8
112.1
135.5
28 .9
66.3
90.1
130.2
1¢L7.9
24.8
71.7
106.9
163.2
160.3
27 .1
&4
R8.4
124.2
138.2
31.2
63.3
3.0
122.3
136.7

ToP

" 70.5
173.6
2542
425.6
667 .6
82.3
233.6
228.9
£05.0
(44,9
115.0
27146
282.8
506.1
619.2
133.0
271.14
315.9
476.0
622.3
99.9
220 .4
316.3
£30.7
504.3
118.4
253 .1
309.7
521.8
663 .4
138.0
271.9
363.0
511.4
561.1

ASPECT
RATIO

1.051
1.0351
1.051
1.051
1.051
1.051
1.051
1.051
1.051
1.051
1.051
1.051
1.651
1.051
1.051
1.051
1.051
1.051
1.051
1.051
1.542
1.542
1.542
1.542
1.562
1.542
1.542
1.542
1.542
1.542
1.542
1.5¢2
1.542
1.542
1.542

RAYLEIGH
NO.

«7610+08
+8209+08
« 7454408
«7520+08
«6870+08
«200k ¢09
+17c4 409
«16724+09
+15b68409
21425409
«5500+09
«44094+09
«4 043409
«36414+09
«3547 40y
«$976+09
«7513+09
«1242409
+6600+C9
«6221409
24739406
«3874408
«3610+08
«33u84N3
3085408
2123009
»94724038
+8653+08
«79b56+08
«74065+08
«22C5+09
«1697409
<1568 +09
+1470+09
«1365+09

Upper Boundary

e 1664402
«4938402
«7051402
«1043403
«1545403
22465402
«4030402
«5907402
«878b¢02
« 1070403
.2730402
elB561402
«6UL5402
+84694402

«1053¢G3 .

30135402
47690402
50622402
8539402
«9706402
« 1676402
3203402
«4737+02
«7663+02
e 7979402
«1674402
«2980+02
.3941402
«5877402
65806402
«196002
- 31072402
23922402
«5197+02

.5705402°

SUPERIFICAL (ReFr)
GAS VELOC!ITY
(CM/KIN)

. 000
. 065
1.033
6.329
17.955
« 000
«C65

1.033°

6.329
17.955
. G00
«G65
1.033
6.329
17.955
.CCO
«065
1.033
6329
17.955
« 000
« 065
1.033

6329

17.955
.000
T
1.633
6.329
17.955
.000
065
1.033
6.329
17.955

R T e

L

~0000

«1524-09
«6138-06
«1385-~03
«3119-02
«0000

+1613-09
«6505~06
«1449-~03
+3261-02
«0ul0

.1602~0¢9
«7106-06
«1551-03
«3684-02
.0000

«2ui2-09
«7911-06
«1710-03
«3b14-02
+00LG0

«1615-09
.6620-G6
«1435-03
«3¢20-02
.0u00

.1028-09
« 711406
+«1559-03
+3488-02
.0000

+2025-09
«7960-06
.1745-03
«3886-02

S s R T e L



Data for Porous Lower Boundary, Dlscrete Hole Side Boundarles, and Free Surface Upper Boundary.

RUN INPUT
NO. POWER

(w)

41. 100.
42. 100,
43. 100.
44. 1CC.
45. 100C.
Lo. 100.
47. 100.
48. 100.
49. 150.
SC. 1C0.
51. 2C0.
52. 200.
53. 2C0.
S4. 200.
55. 2C0.
56. 2C0.
57, 2060,
5%. 200.
© 59 206.
65. 200«
61, 40C.
62s 4CO0.
63. 4G0.
66e 40C.
65. 400.
66. 400.
67. 40C.
66. 400.
69. &GO,
. &CC,
71. 600,
72. 60C.
73. 600.
74. 600.
?75. 600.
76, 60C.
77. 6CC.
78. 6G0.
79, 600,
6.. 6CC.
121. 100.
122. 10C.
123. 100.
124, 100,
125. 100.
126. 100.
127. 1C60.
128+ 1CC.

e Vg, i e v

LEFT
SIDE

34,4
24.6
24.6
24 .7
k.7
26,5
24.90
24.2
23 .4
21.9
70.6
53.4
51.6
. 5042
50.6
50.2
50.2
5.2
48.4
36.7
135.0
99.8
96.4
97.1
99.8
$9 .1
29.7
8.4
95.6
87 .4
165.8
146.9
152.4
15242
152.2
152.3
152.3
148.6
16242
119.3
29.1
22.5
20.9
21.0

T 21.6

21.0
21.5
21.5

POJER(WATTS)
RIGHT BOTTION

S10E

33.4
26.3
26 .4
26.0
25.9
247
24 .0
23.9
23
21.6
69 .8
59.7
58 .2
56 .4
59547
5S4 .6
53.1
52.0
L9.8
38.3
139.8
117.2
112.8
109.9
109.8
107.6
103.3
103.3
160.4
99.9
191.3
163.3
163.0
165.86
167.7
160.0
158.1
155.2
143.7
121.5
29 .7
25 .7
23.4
22.1
22 .4
21.3
22.1
21.6

15.3

35.3.

35.1%
35.1
35.6
35.1
34,3
341
33a
31.0
26-8
68.9
67.8
68,3
68.4
66.2
65.1
65,1
61.9
L3.0

50.3

120.4
132.7
134.58
133.7
130.6
131.6
129.6
127.5
113.1
7543
159.9
201.3
20641
206.1
202.4
197.3
197.3
16L.7
16545
19.7
(4.6
L5.7
L7484
£5.6
44,0
43.6
L1.8

JOoP

~N o
(-3

O—IOOFNQMOONMNJ"N-AO@

- -
Mt O~ NO OO WS WU NN

w
.

-
~N
.
(%

1644

[PRWENEVEVR VRN S

e & % 8 8 s s e

P X~ R B

AIR

«00
.08
<16
.40
.62
1.0¢
1.81
2.20
3.09
4okh2
.C9
.08
.15
.38
v62
1.01
1.82

2.22

3.23
429
.C0
«C8
16
40
.02
1.06
2.C1
2.37
3.58
5.16
G0
.07
.15
.36
57
1.01
2.C2
2.46
4.01
5.58
. G0
«C8
«17
L 41
.01
1.02
1.77
2.08

EN
BAL

ERROR(X)

ERGY
ANCE

1.8
10.9
11.2
11.0
10.2
11.5
12.5
12.2
13.2
15.6
-9.8
~-6.2
-8.1
-9.1
-8.9
10.4
11.2
10.4
12.5
11.0
-7.8
11.3
10.4
1C.2
-9 .6
11.1
11.2
11.8
11.7
14.2
10.5
-8.6
~7.8
=-6.7
~6.2
-8.1
-8.8

-=9.3

A

10.7
25.0
15.1
-3.4
-6 .8
-6.1
-7.0
-9.7
-8.0
-9.9

pootL
TENRP
Q)

39.1
32.6
31.7
31.0
30.7
30.2
29.7
29.6
29.2
28.7
4704
38.6
37.1
35.6
35.1
34.3
33.5
33.2
32.5
29.8
64.8
51.3
L8.2
45.7
46,5
43.3
41.9
41.8
40.4
38.4
7646
63.1
$9.7
5645
$4.8
$52.6
50.6
49.8
L7 .4

3.6

0.8
35.6
33.9
33.2
32.9
32.0
31.3
30.9

L

PLATE TENMP(C)

27.8
25.9
25.8
6.0
25.7
6.1
26.0
26.0
25.8
256
27.6
25.7
25.8
6.0
25.6
25.6
25.6
25 .6
25.6
24,7
30.0
27.9
277
7.9
27.8
27.4
28.1
27.3
27.0
26.4
33.%
31.8
3G.9
30.6
39.7
30.6
30.2
30.3
29.9
27.9
27.0
6.2
25.6
25.8
2546
26.0
25.6
25.7

28.0
26.9
26.7
26.8
26.6
26.4
2644
26.4
26.3
26.0
2.2
27.2
26.9
26.7
26.8
2¢.6

26.2

26.4
26.0
2¢.9
31.0
29.9
29.4
2.9
28.9
29.0
28.7
28.8
28.2
27.6
35.1
34.0
32.9
33.0
32.6
32.0
31,8
31.7
30.8
29.2
7.2
26,3
26.1
25.9
5.7
26.0
25.8
25.9

-]

¥

6

28 .9
25.0
25.0
25 <4
25 .4
25 o4
25 .6
256
25.8
26 .3
24 .7
6.7
26,7
25.0
25.0
25 .0
25.3
25.0
25 .6
26.7
25.6
25 .2
iS.2
25.2
25 .2
25.2
25 .3
25 .3
25 .8
7.7
25.3
23.9
23 .8
24.8
25 .1
6.7
2447
25.1
262
25.9
6.7
25 .4
25.6
253
251
25 .1
2542
2543

SUPERFLTIAL
AS VELOCITY
(cm/mINg

.000
517
1.033
2.519
3.907
6.329
10.979
12.885
17.955
24.8901
030
317
1.033
2.51¢
3.277
6.529
10.97¢
12.835
17.955
24.801
.020
517
1.033
2.51%
3.907
0329
10.97¢
12.835
17.955%
24,801
.000C
517
1.033
2.519
3.907
6.329
10.97¢%
12.885
17.955
24.801
© «010
517
1.033
2.51%9
3.907
6.329
10.97¢
12.5635

(ReFr)

0000

«8312-07
«6539-06
«9354-05
o347 4-04
.1442-03
«7553-03
«1215~02
»3256-32
«8485-02
.0u00

.9381-07
$7271-06
«1022-04
«3778-04
»1579-03
.8121-03
«1304-02
«3484-02
.8730-02
.0000

«1171-06
«8892-C6
«1231-G4
«46505-04
«1876-03
«?574-03
2154 4-C2
«4091-02
+1035-01
.0000

»1395-06
«1067-GC5
+1487-04
«5335-04
«2191-U3
«1112-G2
«1774-02
«600-32
.1134¢-01
.0000

.£813-07
.6822-06
.9753~05
«3618~04
.1512-~03
«7795-03
.125C-02



129,
130.
131,
132.
133.
134,
135.
135%.
137.
138.
139.
14C.
141.
162,
143.
1ha,
145.
146,
147,
144.
149.
15¢C.
151,
152,
153.
154,
155.
156.
157.
153.
156.
16C.
FRIN
20<.
203.
204,
205,
2J6.
<07,
2dé.
239.
21C.
1.
212.
213.
214,
215.
216.
217,
216,
219,
220.
221.
222.
223.
224,
225.

——

100,
100.
2CC.

200.

260.
20C.
200.
200.
200.
260.
20¢.
200.
4CG.
400.
450,
400,
£co.
4G0.
4Ce.
LGo.

4CGC..

4CO.
6C0.
60C.
6CC.
6GJ.
6C0.
600.
600.
6G0.
600,
6GGC.
100.
10C.
100.
10C.
100.
13C.
t¢o.
1¢0.
10C.
10C.
20C.
2uCe.
200,
200.
200.
200.
<00,
200C.
230,
200.
40C.
400.
40C.
400,
4C0.

21.3
20.6
59.3
43.0
40.3
41.0
41.7
41.7
L3.4
43.1
42.3
2.0
113.9
88.5
§3.4
8¢.3
87.0
87.0
ar.0
87.0
87.0
83.5
170.2
128.8
128.6
12¢.7
128.¢
127.5
132.1
11,2
129.3
122.9
24 .1
16.1
17.1
15.7
15.5
16.2
15.7
15,5
15.7
14.5
55.9
45.1
61.5
39.6
36.8
36.1
35.5
36,7
34,7
34.7
100.4
86.9
“82.8
73.8
80.5

20.5
19.7
61.43
47 .5
451
451
43.7
43.3
L44.7
43.3
42.9
L3.9
113.4
98 .9
90.9
b6 .5
86.5
90.2
58.7
68 .7
86.5
52.9
176 .1
143.0
137.5
133.0
141.7
141.7
139.8
132.8
135.0
127.3
25 .0
21.2
0.0
18 .7
18 .9
18.0
17 .8
17.5
16 .8
15.5
57.5
52.7
(9.8
46.1
42.8
37.3
36 .8
38.5
37.1
37.1
102.7
160.9
94.5
86 .4
82.9

40.5
38.1
L4.3
83.5
86.4
§9.9
89.y
85.b
85.8
82.3
79.3
75.2
6C.9
145.0
159.3
164.5
161.4
159.4
157.3
154.2
151.2
140.9
£2.0
222.8
233.9
23,0
222.%
231.5
231.4
231.5
22844
211.3
27.9
47.8
4541
48.9
S1.1
52.3
5141
L9.2
4745
62.7
52.8
71.7
81.3
89.9
93.2
97.7
95.0
g9.6
84.9
B4.9
bt
140.0
149.7
169.6
177.9

ey

ONO AW POV NDIONO O

P NOO MV AR N VAN W

NN NN N
-

23.9
23.6
2.3
39.1
115.1
45.9
L2,5
43.5
43.0
Lb.5
Le.6

~
[}
.

-~
D <«
NN O NN NO S VON Vel O WV SOV 0w

-
MN N VVNO NNO VOO WIAME S BTN

VAV RV RV
QNN
o

247

2.91
4.C2
.00
.08
.16
«38
«63
1.00
1.73
2.C3
2.86
4.10
. G0
«G7
.15
37
« 57
.9}
1.0E
1.9¢C
2.76
3.65
.CO
.08
15
«38
«58
1.C3
1.97
.40
3.35
5.C8
“CG
.01
.03
.u8
.16
«59
.95
1.94
2.69
3.
.00
.01
033
.08
« 16
«61
.99
2.00
2.73
2478
]
.01
«C3
.07
o 14

~-11.4
=13.9
-9.1
~10.1
-11.5
-9 .4
-9.6
=-11.5
-9.5
-12.0
-13.5
-15.9
-10.3
-10.0
~10.5
-9.7
-10.5
~10.2
-10.3
-11.1
~10.8
-12.5
-9 .4
-9.8
-9.8
-8.9
-3.1
-8.6
-8.4
-8.8
-9.5
-2.9
-1%.4
~7.8
=-9.5
-12.1
-9.5
~7.6
-8.9
-10.2
-11.4
=15.5
-2.0
~1G.6
-9.7
-8.4
-10.3
~11.2
-13.0
=14.5
~16.8
-16.8
-11.7
~8.7
-9.7
-9.0
-8.5

30.5
30.1
L9.5
41.8
40.1
38.2
37.2
36.1
35.1
34.6
33.5
33.0
64,6
5543
5246
49.8
L7.6
6.3
441
L3.7
2.1
40.8
79.7
66,6
65.1

60.9

59.0
55.8
5¢.1
53.2
51.3
48.3
41.0
36.2
35.0
3401
33.6
32.7
31.8
31.1
30.3
29.5
51.3
48.2
L6.9
‘3 .6
‘1.1
38 .4
37.3
35.2
34.3
34.3
70.7
66.4
63.1
5845
55.7

25.8
25.6
2643
24.9
2446
24.9
25.1
24,8
24.8
24.9
25.0
26.6
29.1
27.3
26.4
26.7
26.4
27.0
27.1
26.8
21.0
26.7
3044
28.2
2B.$
28.3
26.9
28.9
23.4
28.7
28.4
28.2
26.3
2645
264
25.7
26.1
26.1
25.9
25.9
26.3
254
27.4
2641
2641
26.1
25.9
26.1
25.9
25.9
25.9
25.9
29.4
28.%
28.0
274
27.0

25.9
25.9
27.0
25.8
25.4
2544
2543
25.4
25.4
25.2
25.3
25.1
2¢.3
8.0
27,4
27.3
27.2
27 .4
27.7
27 .4
27.6
27.1
31.2
29.8
29.8
29.6
29.9
36.0
30.4
30.1
29.9
29.7
8.5
27.2
2¢.7
26.5
¢.7
26.)3
2¢.5
26.5
26.9
2641
2%.0
27.6
27.2
27.2
26.7
26.5
6.5
26.7
6.7
26.7
32.0
31.9
3n.6
29.¢4
29.1

27.6
27.3
25.9
28.1
28.0
28.7
6.8
28.3
28.6
2841
27.9
27.6
26.7
3d.9
31.9
32.3
32.06
32.06
32.06
2.6
32.1
31.8
28.9
37.6
39.0
39.0
38.4
40.4
37.9
37.8
37.0
35.7
c7.0
27.3
27.4
27.4
27.8
200
27.8
21.4
27.4
26.9
20.9
271.2
261
28.3
238.3
207
260
2Vt
29.1
29.1
28.7
32.0
32.1
34
3442

25.7
25 .4
25 .2
25.8
25 .4
25.1
25.2
25.3
25.6
2543
26 .0
26.2
25 .9
23.2
23.2
22.8
23 .1
23.0
23.6
23.0
23.8
24 .4
27.0
25.1
6.8
2446
k3
23.7
24 .1
4.2
b .2
26.2
23.9
23 .8
24.0
4.0
24 .2
263
6.2
24 .6
&4 .0
24 .6
25.8
26.9
25 .9
2546
25 o4
25.2
25.2
25.4
25.4
25 o4
3.9
23.7
23.7
22.6
23.3

17.955
24.811
.09C
.517
1.033
2.519
3.937
6.32%
10.979
12.685
17.955
24.871
.090
.517
1.033
2.519
3.997
6.329
10.97%
12.585
17.955
24.871
.00¢C
«517
1.033
2.51%
3.907
6.325

10.979 .

12.88%
17.955
24.2971
«072¢C
<065
«194
<517
1.033
3.977
6326
12-b68S%
17.955
24,601
.00C
+U85

+ 194
«517
1.033
3.907
6.329
12.835
17.955
17.955
.000
.06
«194
517
1.033

-3357-02
«8785-02
.0000

.9968-07
«?2759-C6
«1079-04
-394 0-04
«16338-03
«8373-03
c1361-C2
«3551-02
.9270-C2
.0600

«1243-G6
«9535-06
«1325-04
«4755-04
«1974-03
993C0-0C3
159 3-02
«4198-02
«1085-01
.0C00

.1463-06
<114 6-35
«1570-0¢
«5701-C4
+2303-03
.1171-G2
+1667~-02
«4912-02
.1232-01
.0G0G

£1743-C9
«45906-G8
.8564-07
.6785-06
«3606-L4
«1507-GC3
.1253-C2
«3364¢-02
.£055-C2
.C600

.2171-C9
»5534-08
«1026-06
«7076-06
dLOLE-UL
«1080-03
«1356-02
+3606-02
«3606-G62
«0000

«2551-09
.7359~L8
+1307-C6
999 6-06



226. 400, 79.2 86.4 182.1

23.9 56 -7.0 50.1 26.9 29.1 34.1 23.6 3.937 «h971~04
227. 40C. 74.8 84.0 176.9 22.9 .54 ~1C.1 48.6 27.4 2%9.4 34.1 23.8 6.32% «2056-03
22¢. 40Q0. 77.0 E€L.5 174.9 25.0 1.91 -9.2 45.7 27.2 29.1 34.0 23.0 12.685 «1648-02
229. 4CC. 76.4 £2.9 166.06 23.1 2.82 -10.8 43.8 28.0 29.6 33.6 23.4 17.955 4318-02
23C. 4CC. 75.4 &0.2 159.4 39.3 4.24 -10.3 42.7 27.6 29.4 33.0 24.7 26.501 «1118-01
231. ¢0C. 144.9 15%.2 118.1 103.2 . .00 -12.9 86.8 31.3 4.1 3¢.3 25.8 03¢0 .000¢C
232. 680, 132.1 1576 179.2 7442 U1 -16.5 79.4  39.9 3%.7 35.4 25.2 <055 «338G~C9
233. 62C. 1z4.8 14¢.7 21C.2 c1.6 .C3 -9.8 T6.9 30.2 32.8 30.9 25.4 «1%2¢4 .86C2-C8
234, 6CC. 119.3 136.0 23¢.4 54.7 .C7 ~-9.3 70.9 30.6 33.3 39.2 23.2 517 «1555-36
235. 6C0. 120.3 129.3 251.¢ 49.0 <15 ~8.3 67.6 30.0 32.6 4C.9 24.3 1.033 .1187-C5S
236. 6CCe 118.4 133.2 252.8 110.5 56 2.6 61.8 30.2 32.8 40.6 24.3 3.907 «5935-0¢4
237, 6C0. 120.3 133.2 248.2 1C6.5 91 1.5 59.0 30.9 33.7 4G.2 23.4 6.32% $24623-C3
238, 660, 123.0 131.2 243.7 122.4 .21 3.4 S6.4 29.8 3.0 L0.7 4.6 12.835 +1961~C2
236. ¢00. 11646 122.6 227.0 154.7 3.¢5 4.5 53.6¢ 30.0 3.0 39.6 25.3 17.955 «5064-02
264C. ¢CC. 105.6 1C9.1 201.2 148.0 5.30 ~5.2 4L8.8 30.2 30.7 37.6 29.4 26.8M1 «12463-C1
281. 1GC. 16.2 17.5 42.8 10.7 00 ~-12.8 £3.1 25.6 2€.3 25.9 23.0 NI .0000
2B6z. 100, 126 14,9 5644 6.9 -G -9.4 38.7 24,8 25.6 27.8 23.1 065 .1837-G9
233. 10¢C. 11.5 14,6 59.9 6.8 «C3 -8.1 33.1 2446 25.9 27.8 ¢3.0 <194 «450(-C8
284. 10C. 11.0 13.4 6C. ¢ 6.6 .C8 -8.5 35.9 24.6 25.6 27.8 23.1 2517 887 3-G7
285. 100, 16.7 13.0 €0.46 6.5 15 -9.2 3409 4.4 25.2 28.1 22.9 1.033 696 5-06
23%. 100, 10.2  12.8 ¢3.8 6.5 57 -46.2 3401 2444 25.7 28.3 22.9 3.997 «3700-0¢6
237. 106, 9.7 11.8 57.9 5.8 .52 ~14.0 32.6 2444 25.2 27.7 ¢3.1 6.329 «153C~03
<d8é6. 100. 10.4  12.9 5846 6.6 Tub7 =95 31.8 24,6 25.6 27.9 22.9 12.585 «1272-02
239. 10G. 10.8 13.0. $7.5 7.2 2.¢&7 -8.7 31,2 2444 25,4 27.4 23.0 17.955 »3398-02
29C¢. 1G0. 10.5 12,4 54.2 T8 3.59 -11.5 30.8 24.4 25.0 27.3 23.4 24.801 8902-G2
291. 20C. 37.2 39.9 77.4 30.8 GO -7.3 60.8 26.7 27.83 26.1 26.3 .000 .000¢C
292. 20G. 28.4  3¢.1 $8.3 18.7 .01 -10.2 55.1 25.9 27.6 29.6 5.0 »Ub5 «26419-09
293. 20C. 26.1 33.2 104.7 16.2 .03 -9.8 5264 2542 2649 29.8 24.4 « 194 .627C~08
29u. 20C. 22.7 ¢%9.2 105.6 11.9 .08 -15.3 t7.6 25,0 26.9 30.1 24.1 «517 «1096-06
275. 260, 21.5 27.2 113.2- 11,2 17 -13.4 45.6 25.7 26.9 30.8 24.4 1.033 «8492-06
256+ 2G0. 20.9 4.9 114L9 7.5 <63 -15.6 41,7 25.2 261 30.6 25.4 3.997 «4300-C4
2§7. 2C0. 21.7 24.5 118.4 8.5 1.01 -13.0 40.8 25.0 2¢.7 30G.8 25.3 6.32¢% .1302-03
298. 2¢C-. 23.6 20.8 123.9 847 1409 -9.2 39.4 25.0 26.5 3G.9 25.4 12.4835 «1481-02
279. 2C0. 22.6 26.3 119.2 9.1 2.75 -10.1 37.8 25.2 2643 3ued ¢5.8 17.955 «3072-062
30C. 200. 21.7  24.2 105.6 °.0 4.00 -17.8 35.9 24.8 26.1 29.6 25.7 24,809 «$813-C2
XJ31. 400. 60.4 o67.7 130.9 96.6 (0 -1t 78.7 28.7 31.3 30.7 26.0 e -0000
332. &GO, 53.6 66.5 159%2.7 61.8 .01 -14.5 764.6 "28.% 50.7 32.2 3.6 085 «3173-C9
333. 400. 51.8 063.6 140.4 48.8 .03 -13.9 71.3 27.4 29.8 34.1 23.7 £ 194 «8236-08
354. 40C. 46.1 59.1 197.5 ¢0.1 .03 -14.3 67.0 26.9 29.8 35.7 24.0 «517 «1472-C6
305. 400G, 43.7  56.2 209.0 3¢.1 .15 -14.7 61.9 26.7 29.3 306.5 23.9 1.033 «1099-(5
306, 400. 42.0 52.1 218.9 28 .4 57 -14.5 56.8 26.3 28.7 37.9 24.2 3.907 5506~
307. 4G0. 46,1 w8.8 22C.0 26.9 «89? ~14.8 54.3 26.5 28.3 37.7 24.0 6.329 »2250-03
308. 40C. L5.7 52.1 2C%.1 25.7 1.63 ~16.4 51.3 26.3 2B.5 37.2 24.t 12.835 «1814~02
30¢. 4CO. 45,7 5¢.2 216.9 2B.4 2,77 -12.5 49.1 26.5 29.1 35.8 24.3 17.955 £4740-C2°
31C. 40C. 45.7 56.2 216.9 285.4  3.83 -12.2 49.1 26.5 29.1 35.56 2443 26.3871 «1269-01
311. 600. 79.4  93.2 329.C 175.9 ] 12.9 90.0 34.4 33.9 38.7 28.9 «000 000G
312. 4CC. 70.3 97.3 319.8 117.5 «01 51.2 88.9 33.7 38.9 39.4 272 035 «3775-09
315. 600. 70.3 94.1 372.7 97.2 <03 5.4 B4.h  33.1 38.9 39.0 26.1 <194 «9659-08
314. 60C. 64.0 85.5 37t.6 82.0 .C8 .5 78.9 32.6 41.7 37.0 5.6 517 «1719-06
315. 600, 62.7 B86.4 392.9 74.3 «16 2.7 76.0 32.0 43.3 36.0 24.4 1.033 «1323-05
316. 600. 67.2 85.9 400.9 65.4 «62 3.3 71.8 32.4 44.3 36.6 zhob 3.907 «6796-04
317. 600. 68.1 8.7 4CO0.9 64.8 .99 3.9 89.7 31.9 44.4 38.2 23.9 6.32% .23812-03
318. 600. 64,0 B82.8 377.0 102.9 2.42 4.9 63.9 31,1 42.8 35.2 28.1 12.885 «2187-02
319. 600C. $9.5 &80.5 339.5 148.1 3.06 5.3 $9.5 30.9 41.1 34.3 5.0 17.955 «5577-02
32C. 60C. 59.5 80.5 339.5 148.1 5.G5 5.5 59.5 30.9 41.1 34.3 25.0 24,801 + 147 0-01

— T —



RUN
KO .

41.
L2.
3.
L6,
45.
Lo
47.
48.
49,
5C.

51.°

52.
53,
54,
55,
s6.
57.
58.
59,
6C.
61.
62.
83,
6be
65-
06,
81,
68,
69.
70.
71.
72.
73.
Tae
75
764
77,
8.
79.

, &l.
121.

122,

123,

124,

125.

126.

127.

124.

129.

Data for Porous

POVER
SIDE

+787
572
+574
.570
«563
558
550
548
+535
515
.778
.603
+598
.586
583
+585
581
570
«561
oh22
oTL5
«612
«583
576
-560
582
«571
571
«555
519
702
.564
«570
«568
569
566
567
«5%38
536
535
692
499
4?75
459
.73
e 469
L73
478
71

FRACTION
soTTON

178
396
396
.395
.397
397
393
338
341

-.368
L1469
367
<369
.376
375
<370
367
366
354
.245
136
2339
370
.375
370
<367
370
367
361
329
.140
304
36t
.368
V366
367
.360
363
345
323
231
62
490
.505

w450
687
474
bbb
457

Lower Boundary, Dlscrete Hole Slde Boundaries, and Free Upper Surface Boundary

0P

.035
.032
<031
+035S
040
<047
.058
.064
.084
.118
.073
.030
.033
.038
041
<046
«052
<066
.0E5
«333
.118
.09
.0L6
<049
.050C
.051
«058
062
«084
«151
<157
072
066
Q4
063
067
072
.079
.121
<141
076
.040
.035
.036
.037
064
.053
058
.071

NUSSELT NUMBER

SIDE

31.5
44.1
50.1
59.0
$9.0
67.6
73.5
77.3
80.3
79.4
30.7
£9.1
53.9
63.5
63.0
67.6
71.9
75.7
77 .4
79.2
39.8
49.2
S4.5
61.5

- 66.8

711
77.8
76.3
79.5
81.1
3.9
513
56.7
64,8
69,06
7443
79.46
82.3
69.3
§2.9
2242
27.3
271
30.8
31.9
37.4
40,8
L4L,.8
47,6

BOTTOM

11.6
60.0
71.4
101.7
101.7
100.4
111.7
130.9
1¢1.3
170.7
11.9
69.5
78 .4
100.2
109 .7
109.2
111.5
162.5
132.6
157.9
13.4
S6.2
80.0
95.6
100.9
112.7
137.7
137.1
133.8%
137.9
15.4
72.9
85.9
96.7
107245
121.0
13L4.8
13445
151.5
182.5
13.2
$8.6
80.3
93.9
100.9
110.4
130.1
137.7
146.5

TorP

ASPECT
RATIO

1.308

1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.108
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.%08
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.308
1.3C8
1.308
1.308
1.434
1434
1.634
1.434
1.434
1.634
1.3
1.434
1.634

RAYLEIGH
NO. -

«4251408
«3419+08
«3259+08
«3211408
«3206+08
+3091+08
2992400
02976408
«2806408
«2742408
«1140409
.9063+08
+83561408
+7847408
LITL908
«73444+Cb
«70094+08
« 7038405
«6695+00
+6125+Cs
355809
22501409
.2321+09
«2160+09
2101409
L1964+ 09
<17 13409
«18v64+09
«1826+09
«1651409
«6658+29
«5158+09
.6818+09
«6693409
«6329¢09
4 009¢09
3790409
«3607409
+3390+0Qy
2545409
.3077.+08
2886408
«2609¢08
+2561408
.2505+08

23494087

12332408
02243408
22173400

.}

M Superficlal

Gas Veloclty

«6224+01
e 14649402
.1723402
«2463402
«2653402
«2416402

«2719402,

«3220402
«3564402
« 4438402
$ 7627401
.1810+02
«2030+02
02547402
22791402
.2823+02
«2907+02
e XT744402
23578402
+6158402
«9356+401
+1583+02
2065402
«2435402
«20607+02
.293u«02
.355u+02
.3568402
3543402
«3999+02
»1045402
«1915402
22256402
«2510+402
«2855402
«3151402
3571402
«3543402
24196402
+4801+02
4989401
«1106¢02
«1429402
»1621402

«1795+02°

«1976¢02
«2395+02
«259002
2791402

(CK/HIN)

. 000
«517
1.033
2.519
J.007
64329
10,979
12.885
17.955
244801
«C00
«517
1.033
2.519
3.907
6,329
10.979
12.585
17.955
24.801
« 000
517
1.033
2.519
3.907
64329
10.979
12.685
17.955
24.801
. 000

. 517
1.C33
2.519
3.907
6.329
10.979
12,885
17.955
24.801
.CCOo
517
1,033
2.519
3.907
6.329
10.979
12.885
17.955

R

(ReFr)

.0000
.8312-07
«6539-06
.9354-05
o3674~04
+1462-03
«7553-03
«1¢15~02
«3256-02
+8485-02
.0u00
.9381-07
«7271~06
.1022-04
«3778-04
.1579-03
«2121-03
.1304-02 -
+3484-02
L2720-02
+0u00
+1171-06
+8092~06
«1231-04
.4505-0¢4
.1876-03
$9576~03
«1544-02
LLu91-02
.1u35-01
.0000
«1395-06
.1667-05
«1467-04
«5335-04
.2191-03
.1112-02
«1774-02
«4600-02
«1134-01
.0000
.8813-07
«6822-006
.9753~05
.X018-04
.1512-03
.7795-03
«1¢50-02
«3357-02

© sion e gt o T



B T

130. <468 k43 .089 49.0 146.1 17.5 14434 «20794+08 «2877202 24.801 .8785~-02
131. 663 244 094 26 .8 19.0 7.1 1.434 <8L065+C8 «6812401 .C20 .00060
132, «504 Y- .032 28 .4 62.9 3.7 1.434 6702408 1181402 517 «9v68-07
1335, 482 488 029 29.4 7.7 3.7 14434 «6277+08 «1386402 1.033 W7759~06
134, 475 496 «029 346.5 98.2 L.2 1.434 5991408 «1726+02 2.51% «1u79-04
135, 472 498 .030 37.4 112.2 4.8 1.434 .573608 «1965402 3.907 »3940-04
1364 480 <485 -035 40.6 115.8 6.0 1.434 539908 «2082+02 6.329 +1638-03
137. <437 AT4 039 46.7 138.9 7.9 1.434 5301408 2554402 10.979 «8373-03
133. 491 L6068 041 L7.6 13344 g.2 1.434 «5064408 .2485¢02 12.885 «13541-02
139. +493 459 SOLY SL.t 149.3 11.8 1430 «4770+08 «2638+02 17.955 #3551-02
140, 492 L7 <060 $3.7 166.1 15.8 1.434 «4551+08 «2868402 24.801 .9270-02
Tt 6346 <170 «196 31.9 15.9 18.0 1.434 «24 1409 «8183+01 « 000 .0000
142 521 <403 076 AERS 59.7 8.6 1.434 «1944 409 .1290+02 517 «1¢43-06
143, 487 X3 <068 344 7.8 8.4 1.434 «1803+09 21525402 1.033 +9535-06
164, 478 455 066 38.5 95.7 9.0 1.434 «1696¢09 « 1831402 2.519 «1325-06
145, 484 451 065 L2.6 109.3 9.7 1.434 «1579409 «2115402 3.907 e4755-06
146. - o493 bt} <063 L7.6 112.8 0.0 1.63¢ «1524+09 2336402 6.329 «19724-03
14 7. 4690 439 071 54.1 140.0 12.8 1.434 «1429409 « 2783402 10.979 .9930-03
14b. 494 <634 Q72 56.7 143.0 12.7 1.6348 «13%8+09 2872402 12.885 «1593-02
146, 686 424 .Gv0 61.7 157.2 18 .1 1.434- <1339+09 «3236402 17.655 «4198~02
156, 475 402 .122 61.9 161.3 27.0 1.434 1208409 «J694402 24. 801 «1085-01
151. o637 151 .212 3606 5.7 21.3 1.434 4953409 «9091401 .CC0 .0u00
152, #5903 W12 .085 35.0 76.2 11.0 1434 «38CLe09 «1613+02 517 «1403-06
153, 691 «430 079 36.9 3.8 11.1 1.434 23679409 £ 1798402 1.033 «1146-05
154 434 426 .G8% L1.6 106, 1 13.4 1.434 33569409 22170402 2.519 «1570-04
155. <490 422 .088 L5.7 115.1 14.0 1.434 +3269409 «2377+02 3.907 «5701-04
156. 491 422 087 51.3 151.1 16.9 1.434 2999409 »3120402 64329 .2303-03
157. l94 21 085 55.7- 143.7 15.7 1.43¢8 2880439 2977402 10.979 «1171-02
158. 93 423 .08¢ 57.3 151.2 16.0 1.4634 «2804+09 «3117:+02 12.885 .1867-02"
159. 487 617 097 6044 159.9 19.6 1.43¢ «2655+09 3343002 17.955 «4v12-02
16C. 458 387 155 65.8 169.8 39 1.434 2060409 +3820+02 26.801 .1232-01
201. 580 330 «0%90 20.2 206 L.6 2.169 53¢7 07 »3010401 - 000 +2u00
202. h27 518 .035 22.3 56.7 L.3 2.169 5355407 «6311401 . 065 £1763-09
233, 410 531 059 22.8 66.9- 5.1 21069 «5056+97 «7266+01 194 +4596-08
20¢. 391 2556 053 22.8 77.3 4.8 2.169 «4743+07 .8010+01 «517 +8564-07
205. «380 565 <055 25.3 92.6 5.6 2.1¢9 4751407 9439401 1.033 L6785-06
206, 370 565 <064 27.8 117.% 7.5 2.109 4729407 L 1174402 3.907 .36G6-0¢4
207, «368 562 .070 31.7 133.7 8.9 2.169 «4510+07 « 1372402 6.329 «1507-03
2035, 38 568 «03¢ 3644 144.,7 12.4 2.169 e 630507 «1523402 12.885 «1¢55-02
23¢9, 346 536 0986 47.1 178 +4 14.7 2.109 «6120+07 «1320402 17.955 «53566-02
21C. «355 «5CS 2140 43.1 176.4 5.5 2.169 «3785¢C7 «1994s 02 24.801 «8655~-02
211, 616 .287 077 24.3 21.9 7. 2.169 1720408 4393401 . .000 .Cu00
212, «547 .4 01 <052 2.4 34.8 4.2 2.169 «153640b «4998401 «C65 .2171-09
213. 506 451 <004 5.7 49,6 6.2 2.1069 L14GE 408 «63406%01 2194 «5534-08
214, 468 491 041 26,2 60.6 4.3 2.169 «1376408 «7122401 «517 .1026-06
215, XYy 519 037 28.¢C 75.9 ot 2.169 «125040b «BL21+01 1.033 «T076-06
216. e13 «550 -036 31.53 104.3 5.1 2.769 «1132+90 «1092+02 3.907 «Lue8-04
217. 415 546 .0397 3L.0 113.2 5.8 2.169 .10634+08 « 11954902 6.329 .1680-03
218, 428 5264 «048 L 43.5 166.7 8.9 2.169 «96:12+07 «1311+02 12.885 .1356-02
219. 631 510 .059 L7.6 173.1 11.8 2.169 F.9045+07 2195402 17.955 «3006-02
220, 431 510 059 4746 173.% 11.8 2.169 «90454+07 «1958+02 17,955 «3606~-02
221, 575 T .267 «157 25.1 22.2 11.7 2.169 «5197+08 4776401 . .000 .0u00
222. £514 383 102 25.9 t0.4 8.7 2.169 «485C+Cs 6069401 «065 .2851-09
223. 491 REY 075 25.2 t8.1 8.6 2.169 44497408 «6683+01 . 194 «7359-08
224. «l54 Ahb66 080 27.5 69.6 8.1 2.169 4072408 22605401 517 «1307-06
225. Y] -L86 .J68 29.8 83.4 7.7 2.169 .3813+08 «9890+01 1.0633 «9996-06
9.4 2.169 «33681¢Cy «1364402 3.907 L971-04

226. XX 489 <0066 38.2 ~115.8

v T



227 k42

228. kb
229. XY
23(C. 434
231, 576
232. 528
233, <498
234, L67
235. 453
236. 409

237. L16
235, 410

23¢%. 381
240, 377
281. 386
28¢. 302
233. 284
2846, 267
285 261
286, 245
287. 249
. 288. «258
239. 261
290. 259
291, 2416
292. 348
293. 329
294, «306
295. 281
2906. 271
297. 265

298. 2706
296. 272
30C. «279
301. «340
302. 352
303. «335
304. +307

39%. 287
306. 275
307. 273
308, 293
309. «291
31C. +290
311 . 255
312, #2277
313. 260
314, .248
315..  .242
310, 2247
317. 251
318. .233
319. 222
320. «221

aFIN

692
W41
o7
hoS
.226
J334
.388
430
457
11
.408
.393
J363
2353
491
.622
642
.660
666
.630
.673
648
.631
612
.18
£S48
.581
.623
654
.681
.680
2665
.663
L2
368
Y
.523
ST
613
640
.648
626
.620
+618
488
.529
.586
616
.637
W66
L6043
.599
.538
.537

066
074
.0e7
122
197
»133
.113
101
089
180
<176
198
-256
$269
«123
.077
075
«073
<073
075
.0738
064
107
.129
166
<104
.09¢C
070
«Ges
043
.055
.058
<066
.079
272
181
£142
117
100
085
.081
.082
L
092
260
194
154
136
.121
.107
<106
67
2240
242

40.4
47,5
55.0
56.9
28.1
29.4
30.6
32.4
36.2
41.5
47.7
51.2
5544
59.4
13.1
10.6
10.7
12.0
12.4
13.7
14.0
18.6
20.5
20.1
11.5
1t.1
11.4
12.4
13.0
14.8
16.1
1943
21.3
23.2
12.9
13.2
13.4
13.6
1405
16.2
1748
0.8
26.5
2445
14.9
15.2
16.7
17.9
12.9
23.8
26.3
29.2
32.3
32.3

124.7
153.6
167.8
169.3
21.1
38.0
54.3
72.9
93.4
118.4
132.2
155.0
165.9
187.4
25.6
54.0
59.6
78.2
93 .1
117.5
123.9
157.6
1661
16446
23.6
38,7
46.8
62.2
78.2
107.1
122.7
148.0
167.3
175.0
26.6
37.0
L7.8
62.5
82.9
115.9
132.9
150.06
165.3
165.3
62.0
62.6
79.4
B7.7
98.2
112.0
118.4
130.7
134.9
134.9
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13.7
14.2
29.3
43.9
44,3

2.169
2.169
2.169
2.1469
2.169
2.169
2.169
2.169
2.169
2.169
2.169
2.169
2.169
2.169
5.705
5.30%
5.305
5.305
5.305
5.305%
5.305
5.305
5.305
5.105
5.305
5.305
S.305
5.305
54305
5.305
5.305
5.%05
5.305
$.305
$.305
5.305
5.305
$.30%
$.305
5.305
5.305
5.305
5.305
5.305
5.305
5.305
5,305
5.305
5.305
5.305
5.305
5.305
5.305
5.305

«3115+08
+2894408
«26934+08
.26246+03
9967408
«9313+08
«8606+08
.60474+08
.7503+08
eT4469+08
6902408
0590408
61068408
e69714¢08
«18G1+00
«16¢6+00
«1614+006
+1677+06
«1412+00
«1410+006
1223400
+1247+006

«1224 <00

J1176+06
«6127406
.51484+06
«48294006
+3909+006
3847406
«3345+00
«3301+Co
«33561+00
«3119+00
2652406
« 1656407
«15G8+07
«1432407
«1299407
. 1154407
«1024+07
9576406
«B87054+006
.86C24+00
.d6¢8+00
39066407
«3473407
»33459+07
.2863+07
22765407
22601407
2508407
02224407
.2024 07
.2028+07

«1460402
1839402
2072402
«2195+02
5373401
« 6564401
»8U55+01
«9760+01
«1175402
«1661402
1869402
02275402
«26306402
«2958+02
+1230401
.204501
«2187+01
22791401
«3293+01
«4071401
43348401
«5726+01
«6125+91
.6336401
.1331+01
+10606401
«18%¢+01%
2351401
.2821+01
«37004¢01
4254201
.5261+01
«5949+01
.6421401
+1704+01
« 1864401
22151401
2555401
.3180+01
k80401
«4850+01
«5671401
6285401
+ 6304401
.3009+01
L2791401
+3190+01
3352401
.3629+01

T .4081401°

W 4339401
+5140+01
+5900¢01
.5919+401

6.329
12.885
17.955
24.801

.000

. 065
194
.517
1.033
3.907
64329
12. 685
17.955
2¢.801
. 000
.065
194
.517
1.C33
©3.907
6.329

12.885
17.955
244801

« GO0
.065

. 194
o517
1.C33
3.907
6.329
12.885
17.955
24.801
.0co

. 065

+ 194
.517
1.033
3.907
6.329
12.885
17.95%
24,601
.G00
L065

« 194
W57
1.033
3.907
6.329
12.885
17.955
24.801

«2056-03
«1048-02
431802
«1118-01
.0u00

.3380-09
.3602-08
«1555-06
.1187-05
.5935-04
.2423-03
L1v61-02
«Su66-02
«1¢43-01
L0600

.1837-09
+4y00-03
+8073-07
«6965-06
+3700-04
.1530-03
£1272-02
+3398-02
.8v02-02
.0000

.2419-09
.6270-08
.1096-06
.8492-06
+43500~04
+1002~03
.1481-02
«30672-02
«9013-G2
.0000

.3173-09
.2236-08
L1472-06
.1099-05
«5504-04%
«2250-03
«1814-02
«L740-02
.1249-01
0000

+3775-09
«9659-08
.1719-06
.1323-05
677604
.2012-03
.2187-02
«5577-02
.1470-01



Data for Porous Lower Boundary, Discrete Hole $1de Boundarles, and Solid Upper Boundaries with
Upper Grid to ‘Lower Plate Electrodes.

RUN INPUT .POWER(WATTS) ENERGY POOL PLATE TERP(C) SUPERFITIAL (Refr)
NO. POMER LEFT RIGHT BOTTOM TOP AIR BALANZE TEnP L R 8 Y 6AS VELOCITY .
(v) SIDE SIDE ERROR(XY (C) (CR/KIN)
1. 100. 17.8 1647 16.8 45.1 .0C -9.6 32.2 25.8 26.2 25.4 25.0 .09¢ 0000
2. 100. 8.6 8.9 13.1 63.0 .69 -6.3 27.5 25.3 25.8 25.8 25.1 517 .T443-07
3. 100. 6.4 6.8 11.3 56.8 «17  -18.9 27.0 25.3 25.7 25.1 25.1 1.033 .5883-06
4. 100. 5.2 S.4 11.4 1.7 <42 -16.0 27.5 25.9 6.3 20.2 5.4 2.519 .8624-05
5. 160. - 5.6 5.8 13.7 7t .S -t.1 27.6 26.46 26.6 26.6 25.4 3.907 .3228-04
6. 1CC. 5.1 5.1 11.9 71.4  1.09 -5 & 27.2 26.2 26.3 206.06 25.4 6.32% .1357-G3
7. 1C0C. 4.5 4.5 1C.8 70.46  1.82 -7.9 27.0 26.1 2£.1 25.6 25.¢6 10.97¢ .7056-07
8. 16C. 6.2 6.5 10.6 70,2 2.2 -8 . 27.0 26.0 26.1 26.1 25.4 12.88% .1140~02
9. 160. 4.0 [N 10.4 68.9 2.96 -9 .4 26.9 25.6 25.9 25.9 25.3 17,955 .3077-02
19. 100. 3.5 4,1 10.1 67.7 4.24 -10.4 26.7 25.6 25.7 25.b &5.6 24,801 .8067-L2
11. 20C. 28.5  27.2 20.4  101.1 A B B Y 35.9 27.3 27.7 271.3 i5.6 - .GOC .0000
12. 200« 19.4  19.9 Zh.t 122.8 .C9 ~3.9 30.1 25.1 i£.7 25.3 25.2 517 .T936-C7
13. 2€0. 16.9 17.3 23.7  121.5 .18 -10.2 29.8 26.6 26.8 27.4 26,9 1.033 .6315-36
14, 26GC. 17.0 17.1 23.9 122.3 W43 -9.6 29.5 206.4 25.9 27.1 24.9 2.51¢% .9U67-GCS
15. 200. 16.7  17.1 23.6  12%.5 69 -8.2 29.3 26.1 27.2 26.8 25.2 3.907 336604
16. 200. 16.7  16.5 23,46 12R.6 V.12 -6 .8 29.1 26.0 26.9 26.8 25.2 6.32% .1422-03
17. 20¢€C. 14,4 146 22.6 131.8 1.95 7.5 28.7 2647 26.6 27.7 &5.2 10.979 .7362-03
12, 200. 1.0 -13.6 22.1 131.8 2.29 - =-8. 28.6 2646 24.6 27.2 25.2 12.885 .1187-02
19. 2C0. 13.2 12.8 21.2 129.6 3.17  ~=10.1 28.4 2046 2647 20.6 25.2 17.955 .31903-C2
29. 2GC. 12.7 12.3 20.6 127.9 4.52 -11.0 . 28.3 25.7 27.0 27.0 25.2 24.801 .8391-02
21, L0C. 59.5 59.5 34,3 211.0 .00 -8.9 £3.6 27.6 27.4 2749 25.8 03¢ .0000
22. 4GC. 36.9 &J.4 56.9 231.9 .12 -1C.0 33,2 26.7 26.9 28.1 26.0 W517 .3418-07
23. 400, 35.6 39.9 £9.8 237.9 .23 -9.2 33.9 26.3 28.1 27.7 26.0 1.033 .6822-06
24, AGO0. 36.6 4C.3 51.6 232.0 .5¢ -9.7 33,4 26.2 27.7 29.0 25.7 2.519 .9784-05
25. 400, 37.0  392.9 52.0 239.4 .88 -7.7 33,2 27.7 27.3 28.9 25.4 3.937 304 1-C4
26. 400. 35.9 37.5 S0.5 242.4 1.42 -8.1 32.6 271.4 27.2 28B.2 2640 64329 .1526-03
27. 400. 30,2 35.2 £9.1 2564.4  2.47 -6 .2 31.7 26.3 27.6 26.0 26.0 10.979 .74 3-03
28. 49C. 34,2 35.4 t9.1 245.4  2.87 -8.2 31,6 26.2 27.7 27.4 26.0 12.89% L1265-02
29. 40C. 33.3  34.7 (9.4 265,55 4.01 -2.3 31,2 24.6 2¢.4 29.0 25.8 17.959% .3402-02
30. 4030. 31.4 0 33.5 48.3 244.0 5.5& -9.3 30.9 6.6 26.2 28.8 25.8 24.601 . .8920-02
901, 630. 96.3 95.2 5t.4 306.8 .00 -7.2 §1.3 24.4 27.2 26.4 29.4 .000 .CG00
9G2. 60C. 72.1 B82.9 89.9 30%.2 .12 -7.8 L1.4 27.1 27.6 28.7 31.8 517 .9906-07
903, 63C. 73.7 78.5 93.9 292.9 .28 -10.1 L0.5 26.8 27.7 29.0 31.7 1.033 .7607-06
904. 60C. 75.8 64.4 96.6 295.7 .70 -7.7 39.6 27.1 27.9 29.5 30.9 2.519 111104
905. 6CO0. 76.6  86.6 97.4 299.9 1.09 -6 .4 38.3 26.6 2¢.1 29.3 31.3 3.9937 .4033~04
906. 600. 74.8 80.7 96.3 299.9 1.76 -7.8 37.7 27.1 28.1 29.3 31.6 6.32% .1694-03
9C7. 60C. 7L.8 0.2 96.3 362.7 3.11 -7.2 36.7 27.0 27.7 29.8 31.4 10.979 .B661-C3
908, 60C. 7¢.3 81.3 ' 96.3 305.5 3.57 -6.5 36.5 26.9 7.6 29.6 31.7 12.835 .1393-02
9GS. 600. 3.2 76.4 98.0 293.1 4.96 -9.0 36.5 26.9 27.7 29.7 31.46 17.955 .3170~02
91C. 660, 72.6 78.0 98.6 291.7 6.85 -8.7 36.3 27.4 27.3 29.9 31.8 24.801 .9902-02
81. 100, 16.6 4.9 12.0 4L9.8 G0 -8.0 31.9 25.7 25.4 2448 24,7 .00 .0000
82. 100. 7.3 8.0 16.5 $7.7 .08 -10.3 27.6 25.2 25.9 25.& 25.2 517 JT464-07
§3. 10G. 7.6 8.1 17.4 57.4 .17 -9 .4 27.5 25.2 25.3 25.7 25.0 1,033 .5955-06
84. 10C. r.7 8.1 17.1 58.0 W42 -8.6 27.3 25.6 2%.7 25.1 &5.¢ 24519 .8589-G5
85. 10C. 7.5 8.1 17.2 50.5 .65 -7.1 27.2 25.0 25.7 24.9 2542 3.907 .3193-0¢4
86, 100. 7.4 7.8 16.9 50.8 1.G6 -7.0 26.8 25.3 5.4 25.0 25.4 6.32% L1360-C3
87. 100, 6.8 7.4 164 59,1 1.3 -8.5 26.6 25.1 5.1 25.2 2542 1U.979 .6981-G3
88. 100. 6.1 . 6.5 14.9 57.0 2.15 =13.4 2646 25.4 25.3 25.2 253 12.885 .1128-02
T : _,..4—'/"’
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89. 100. 4.4

4.0 16.1 60.5 2.98 -11.9 26,9 25.9 25.8 25.8 25.4 317.955 «3077-02
90. 100, 4.3 4.5 15.8 583.64 4,12 ~12.8 266 25,3 25.6 25.6 25.4 24.871 «8057-G2
91. 200. 27.9 26.0 20.7 112.0 .00 6.7 3744 26.8 2742 27.0 25.4 .020 .0000
92. 200. 18.1 19.0 25.6 133%.0 .10 -2.1 30.0 25.0 26.0 26.9 25.3 517 «7928-07
93. 200. 17.0 18.0 23.9 131.0 .19 -4 .9 29.6 25.1 25.6 25.9 24.9 1.033 627 0-06
94. 200. 18.1 17.8 25.7 130.1 45 3.9 292 25.3 25.9 6.7 25.4 2.519 «9003~05
95. 200. 17.4 17.8 4.7 129.2 .70 =51 29.1 25.3 25.7 20.8 25.3 3.977 «3351-04
96, 200, 17.8 17.3 246 131.9 1.3 =3.7 2846 25.3 25.7 26.2 25.4 6.32% «1405-03
97. 200. 17.1 15.8 23.2 129.1 1.9¢6 -6 .4 281 24.9 25.6 26.3 253 10.97¢ .7251-03
98. 20C. 16.2 15.7 22-4 131.0 2.29 ~6.2 2748 25.4 25.3 26.6 25.3 12.835 .1162-02
99. 2C0. 15.5 15.% 21.7 129.2 3.07 -1.6 27.7 25.2 25.3 26.6 (5.3 17.955 -313%-02
10G. 200. 164.8  14.2 1.2 125.5 4.24 -10.0 27.6 247 25.1 25.4 251 24.871 .8243-02
101. 400. 55.6 5446 41.7 213.1 .00 -8.8 43.5 2640 26.7 26.1 26,2 .00¢C 0600
102. 400. 37.1  40.2 S0.8 232.7 .1C -9.8 3444 2404 2546 25.9 2644 T.s17 .8611-07
103. 400. 37.1 40.2 S4.7 228.4 20 -9.9 33.6 2449 25.3 206.1 26.4 1.033 «6763-C6
104, 40C. 36.9 39.0 58.9 231.2 «50 -8.4 33,2 2544 26.1 26.0 26.4 2.519 .9753-05
105. 400. 36.1 39.0 58.1 234.0 .81 -8.0 32.8 25.0 26.1 27.2 é6.3 3.997 «3610-04
106. 400. 36.6 38.2, 58.1 227.%7 1.31 -9.7 32.1 25,2 26.2 27.2 26.7 6.32¢ 21515-03
107. 400. 35.5 36.2 $7.0 232.6 2.17 -9.1 31.6  25.3 25.8 26.1 26.2 10.979 «7T835-03
106. 40C. 35.2 35.6 56.5 234.0 2.066 -9.0 31.1 25.1 25.8 20.0 26.4 12.83%5 «1255-02
1C9. 400. 35.2 3402 56.5 236.7 3.69 -8 .4 308 2543 25.9 27.0 26.¢ 17.955 «3374-02
110. 400. 34.1 3341 56.0 231.2 5.10 ~10.1 305 25.1 25.& 27.0 26.4 24.801 .8848-02
111. 6G0. 83.5 82.5 59.6 304.2 .C0 -11.7 S1.2 28.1 2R.8 27.2 29.3 000 .0000
112. 606G, 62.3 68.2 91.6 325.7 .13 -8.7 41.9 26.2 27.7 3G.1 30.8 517 «99727-C7
113. 600. 64.5 70.5 98.2 316.8 .27 -8.3 41,2 26.3 28.2 2v.0 3.7 1.033 J7877-06
11¢. 6C0. 68.6 71.4 103.0 312.3 68 =74 40.7 6.7 27.8 30G.4 30.6 2.51¢ «1135-94
115. 6GO. 69.5 2.8 103.0 303.3 1.0¢ -8.4 39.8 27.2 28.0 3C.1 30.9 3.937 LA167-04
116. 600. 69.0 70.5 1C3.0 319.8 1.75 =7.5 38.6 26.9 28.0 30.4 30.8 6.32¢% .1725-03
117. 600. 67.7 67.8 160.3 309.3 3.C¢ -8.7 37.4 27.1 27.6 30.2 30.8 10.979 «8782-03
113. 600. 68.1 66.4 99.6 307.8 3.56 ~9.1 37.6 26.4 27.6 29.4 30.8 12.885 .1424~-02
119. 63C. 66.8 4.6 100.3 304.9 4.96 -9.8 37.2 - 2647 27.6 29.4 30.2 17.955 »3823-02
12C. 60GC. 64.5 62.7 99.06 30%.4 4.08 -11.0 36.3 26.3 27.2 36.0 30.2 24.801 .9691-02
1ote. 10GC. 1.0 11.5 14.2 61.3 G0 -2.0 31.4 25.7 25.7 25.b 23.8 000 .0000
162. 100. 6.4 7.3 16.0 62.2 .08 7.9 27 .4 24.8 25.2 25.2 2L.9 «517 ST433-07
163. 10C. 6.5 7.6 16.2 61.4 17 ~8.2 27.7 25.4 25.6 25.2 2444 1.033 «5979-06
lo4. 100. 6.9 7.7 1645 62.6 eh2 -5.8 27.3 25.6 25.6 25.3 24.3 2.519 .8577-05
165. 100. 6.6 7.2 15.6 63.4 <66 -6 .6 26,9 25.2 25.4 25.2 244 3.907 «3172-04
166. 10C. 7.8 10.5 10.8 64,7 1.07 =5.1 2648 25.6 25.4 25.06 24.2 6.329 «1346-03
167. 10C. 7.4 10.2 11.2 67.2 1.té -2.2 26.7 25.0 25.6 253 <43 10.979 .7000-03
168. 190, 7.1 9.5 11.0 67.6 2,15 -2.7 26.7 24.8 25.0 25.3 24.7 12.885 .1131-02
169. 100. 6.8 9.4 10.0 67.6 3.00 ~2.9 263 25.2 25.0 25.2 4.4 17.955 .3037-02
170. 120. 6.2 8.0 9.7 65.9 &£.12 -5.2 26,2 25.0 24.8 25.2 24.7 24.891 .7982-02
171. 200, 6.0 27.% 28.0 102.8 «CO -7.7 35.7 25.0 25.0 25.9 25.6 020 .0000
172. 200. 20.7 2¢.1 33.5 1C8.8 . C9 ~7 .4 29.7 23.7 24ebh 25.0 25.3 517 .7860-07
173. 200. 20.7 2.0 33.9 1038.8 »18 -7.2 294 23.7 2444 25.0 2544 1.033 4263-C6
174 200, 21.4 2322 34.5 108.2 cbd =5.9 287 2403 25.2 25.2 246 2.51¢ .8829-G5
175. 20C. 2144 22.5 33.9 109.4 69 -6.0 3.7 23.7 25.0 25.2 25.2 3.907 «3314-04
170. 200, 21.8 22.3 33.2 107.1 1.12 -7 . 28.1 23.9 e¢t.8 25.3 24.8 6.32% .1387-C3
177. 200. 22.2  22.3 33.2 111.2 1.94 -L,6 26.1 23.9 2t.1 25.2 26.0 10.979 724 1~03
178. 200. 21.6 21.6 32.2 110.0 2.27 -6.1 27.9  23.9 24L.6 25.2 25.7 12.885 .1165-02
179. 200. 21.2 20.5 30.9 10%.2 3.17 -8.0 27.7  24.1 2404 25.2 25.3 17.955 .3136-02
18C. 2¢CC. 20.5 0.3 30.9 1C07.5 4.38 -7.2 27.5 23.9 24.4 25.1 25.3 24.501 .8232-02
181. 400. L6.7  49.0 55.0 215.7 .00 -8.4 43.0 26.3 26.7 26.0 &5.9 .09GC .C000
182. 40C. 30.1 42.6 59.0 226.8 .C1 -8.9 39.1 24.8 25.9 26.6 26.6 055 .1852-99
183. 400. JL.4 739.8 57.9 23G.6 . Ce -2.3 35.8 26.8 25.9 26.7 26.3 «174 L669-08
134+ 4CC. 32.5 38.7 Se.b 239.6 11 -8.2 34.8  26.8 25.4 26.9 26.7 517 -80687-G7

165. 400. 33.9 37.6 57.2 249.9 21 ~-5.3 33.2 24.8 25.6 20.9 26.1 1.033 «6734-C6



186.
187,
188.
189.
190.
191.
192.
193.
194.
195.
196.
197,
198.
199.
20C.
321,
J22.
323.
324,
325.
326,
327.
328.
329,
33C.
331.
332.
333.
334,
335.
336,
337.
33&.
339.
34C.
341,
342,
343,
344

400.
40C.
400.
400.
400,
60G.
60C.
60GC.
600.
600.
600.
600.
600.
600.
600.
160.
100.
10GC.
100.
10C.
100.
200.
20C.
200,
200,
200.
200.
400,
LC0.
400.
400.
400.
L9C.
60C.
600.
6C0.
600,
600,
6G0.

35.2
34 .4
33.3
31.9
3C.6
82.0
60.4
58.3
59.6
62.9
62.8
63.6
64.0
62.8
61.6
2.2
1.4
1.2
.9
.9
.3
12.3
10.7
10.1
10.0
11.0
9.1
24.8
0.6
18.7
18.7
18.7
18.7
4.5
35.5
35.5
36.3
40.8
39.6

5745
57.5
56.1
53.3
52.4
83.3
91.5
95.3
98.5

102.8.

107.1
10&.1
106.0
106.5
104.9
37.C
32.9
31.3
28.9
26.3
23.2
S6.7
53.6
52.3
50.6
Ly.4
41.9
97.6
95.1
92.0
8.2
£0.1
69.4
1¢6.4
127.0
127.0
125.7
127.¢C
122.06

240.7
236 .8
244.6
228.2
240.7
293.1
323.6
315.2
316.7
311.2
295.8
29¢L .4
297 .1
291.6
290.2
60.6
65.9
67.3
0.2
73.7
72.3
167.6

116.8 -

114,7
12%.7
1270
127.8
22¢6.2
240.5
245.7
253.9
26642
264 .2
345.0
367.7
360.7
36446
359.8
364.7

.78
1.30
2.65
3.70
5.10
.00
.02
.S
.13
.28
1.08
1.76
3.67
5.09
6,89
.0
.01
.C3
.18
1.1
3.13
.00
.01
.03
.18
1.67
3.C3
'00
.01
.03
« 17
1.11
2.17
.60
.G
G4
.23
1.52
4,29

)
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32.2
31.38
31.0
30-5
30.2
54.7
46.3
L4 .4

£3.3,

2.2

40.2

39.4
38.1
37.3
37.3
32.4
30.6
29.9
28.9
28.3
27.7
36.2
33.2
32.2
30.9
30.3
28.8
LL.7

.40.7

38.8
36.4
33.6
32.2
55.0
45.7
L4 .9
42.7
41.0
39.3

2446
235.4
25.0
2444
24.6
28.1
7.0
24.5
26.9
7.0
27.0
27.0
26.9
27.0
2649
27.6
27.0
26.7
26.7
26.9
26.5
25.9
2643
25.7
4.8
26.7
25.4
2.0
2645
27.2
26.9
27.0
25.4
29.4
28.7
28.7
1.2
23.3
28.7

25.9
25.7
25.6
25.6
5.6
29.8
28.5
27.6
28.5
27.8
28.7
28.3
28.5
28.3
28.1
28.1
27.6
27.4
27 .4
7.0
6.7
6.9
6.9
26.9
26.7
26.7
261
28.9
29.1
29.1
2E.5
28.0
8.0
3G.2
31.3
31.5
31.3
31.7
31.3

27.0
27.1
27.0
26.8
26.9
¢80
28.8
20.9
29.3
29.7
30.3
3d.4
3U.d
3G.6
30.4
27.9
27.8
7.6
27.6
26.9
26.3
27.2
26.7
206.7
20.1
26.1
25.6
29.4
26.0
27.8
27.4
27.2
26.7
1.9
30.2
30.0
2y.7
29.1
29.1

261
2642
25.0
25.8
25.3
8.0
29 .1
30.8
30.9
31.8
30.2
32.1
30.6
0.8
31.8
25.2
25 .8
25 .6
26.2
26.3
26.%
24 .4
26.9
27.7
26.9
26 .2
5.7
2649
29 .1
28 .9
28 .1
27 .4
28.2
31.9
31.2
30.7
33.9
32.6
32.9

3.907
6.329
12.885
17.955
24.801
.000
«065
174
517
1.033
3.927
6.329
12.885
17.955
24.391
+00C
«065

« 194
1.033
6.32¢
17.955
030
<065
«1%94
1.033
6.329
17.955
.00C
.055
«194
1.033
6.32%
12.835
<030
<065
«194
1.033
6.329
17.955

356904
«1507-03
«1252-02
.3357-G2
.8794-C2
.0000

«2099-09

.5483-08

,1021-36
.8018-06
«4199-04
«1758~03
«1439-02
.3836-02
.1011-01
.0000

+1559-C9
.4175-08
«6164-06
.1395~03
«3140-C2
.0000

.1642-C9
«4356~-08
6452-06
«1666-03
.3229-02
.0600

<1911-09
«4977-C8
«7171-06
.1557-C3
.1281-02
.0000

.2075-G9
.5529-08
.8090-06
.1808-03
«3999-02



Oata for Porous Lower Boundary, Dlscrete Hole Side Boundaries, and Solld Upper Boundary with
Upper Grld to Lower Plate Electrodes.

RUN POWER FRACTICN NUSSELT NUFMBER ASPECT RAYLEIGH M SUPERFICIAL (ReFr)
NO. S1DE 8OTTON Top SIDE BOTTON TOP RATIO  NO. CAS VELOCITY
. (CH/HIN)
1. ".382 <120 499 29.4 16.9 66.2 1.051 .8235+08 1682402 .C00 .0000
2. <187 140 673 9.0 82.0 28346 1.051 6869408 6953402 .517 L7443-07
3. .143 .135 .702 69,1 88.4 32401 1.051 .5758408 7782402 1.033 .5083-06
L. 126 .135 «739 2.0 95.7 32444 1.051 6158495 «B8602402 2.519 862405
Se .11¢ 143 738 5544 139.3 35C.7 1.051 7069408 -1160+03 3,907 ©.3¢28-04
6. .198 126 766 6241 209.0 452.5 1.051 .6812+08 .1980+03 6.329 «1357-03
7. o7 117 786 . 56,3 74.5 5004 1.051 T .6576+08 7579402 10.97¢9 .7056-03
d. .095 17 .787 50,1 130.4 500.4 1.051 65594038 132303 12.885 «1140-02
9., -.073 L1164 .793 39.8 111.6 496.9 1.051 6429408 .1160403 17.95S 3U77-02
1C. .085 2112 .803 39.1 122.0 633.4 1.051 6252408 .1291+03 24.801 8U67-02
11. 314 W115 +571 - 34.8 25.0 102.8 1.051 .1859+09 2587402 . 000 .0000
12. 205 150 W645 52.2 ©65.0 273.1 1.051 216037409 5150402 . 517 «7936-07
13, 190 132 678 $7.6 105.9 262.3 1.051 1456409 9533402 1.033 .6315-06
14. .139 132 679 6L.8 106.8 284.0 1.051 1670409 L9600+G2 2.519 «9067-05
15. .184 «128 687 72.6 150.7 332.4 1.051 1476409 .9332402 3.907 «3366~04
16. .178 .126 696 69.8 109.8 361.7 1.051 L1t 1409 . 1040403 6.329 .1422~-03
12, <155 122 723 72.9 228.7 408.7 1.0519 1445409 223103 10.979 .7362-03
18. .150 .120 730 .71.8 170.0 £23.3 1.051 14627409 1684403 12.885 «1187-02
19. S YA <118 737 72.3 124.0 448.3 1.051 «1350¢09 21249403 17955 «3193-02
2C. 141 116 744 77.7 172.¢ 464 .1 1.051 1353409 «1775403% 24.801 .8391-02
21. .327 094 579 39.3 22.7 123.1 1.751 .4940+09 .2871002 . 000 .0300
22. .215 181 b4e 63.6 195.2 339.5 1.051 «3410499 +886U+02 . 517 .8418-07
23. .208 137 .655 61.3 €4.4 318.4 1.051 3529409 7336402 1.033 .6022-06
24, 213 2163 NI 64.2 126.2 3181 1.051 .3440¢09 21034403 2.519 .9784~05
25. .208 141 L0651 71.0 126.8 326.5 1.051 .3465009 .10714+03 3.907 «3641-04
26. .200 .137 663 7404 123.4 393.8 1.051 233634909 .1069+03 6.329 +1528-03
27. +185 131 5846 79.4 141.9 4£80.9 1.051 +3344409 . 1292403 10.979 «7043-03
26. .100 134 677 B2.4 126.6 L74,3 1.051 .3256409 1127403 12.885 1c65-02
29.  .185 <135 +68C 76.5 236.3 L86.7 1.051 3213409 .20864+03 17.955 «3402-02
30. 179 133 .6E8 75.8 237.1 513.4 1.051 23143409 «2118+03 2L.E01 .8920-02
90 1. 34 .105 «551 631 23.7 141.8 1.051 «96 39409 2693202 .00 0000
902. <280 162 .557 56.7 72.8 330.3 1.051 .7079+09 5334402 517 .9906-07
903, .282 174 544 59.6 84.7 344 .5 1.051 «6715+409 «5791402 1.033 «7007-06
904, «290 178 *535 69.3 98.5 355.8 1.051 JO6TB40? T ,6702402 2.519 «1111-04
90S. <290 1T «530 78.5 113.7 £52.3 1.051 6450409 .7792402 3.907 LL033-04
906, .281 T4 .545 80.7 119.9 511.2 1.081 +62264Cy .8202+02 6.329 .1694-03
907. .278 .73 549 86.7 165.3 607.0 1.051 .60324C9 .9998+02 10.979 <8661-03
903. 277 172 $551 88.1 145.3 "670.2 1.051 .0022+0? 1007403 12.885 .1393-062
209, 2274 .180 .56 25.2 150.4 618.0 1.051 5859409 .9959402 17.95S .3770-02
91C. 275 .180 «565S 238.3 160.5 687.3 1.051 5845409 1061403 24.801 +9902-02
81. <321 139 .54 24.5 18.9 72.5 1.130 019400 «15006402 . 000 .0000
82. A7 184 Y3 41.4 81.9 259.7 1.130 493608 «4913402 517 W 7664-07
83. 173 192 .635 37.9 101.7 247.1 1.130 4957408 5560402 1.033 25955-06
8¢, .173 A7 .640 49,5 82.6 332.5 1.130 .49584086 45806402 2.519 +8589-05
85. .168 «185 6467 S4.0 281.3 332.3 1.130 409808 sLa5us02 3.907 «3193-C4
86. 163 .182 0655 56.7 99 .4 L71.6 1.130 «691540b 6037402 64329 «13L6-03
87. -155 .179 Y 52.7 132.¢ 92,2 1.130 4763405 8171402 10.979 L6vE1-03
8b. 146 172 683 S8.3 129.0 S21.1 1.130 4511408 . 7740402 12.885 «1128-02
89, 096 «183 721 43,3 156.0 47%.1 1.130 «4670+08 9437402 17.955 23072-02



9C.
91.
92,
93.
94,
95
96.
97.
98.
99.
160,
101.
102,
103.
104.
10s.
106.
107.
106.
19¢.
11¢C.
111,
112.
113,
114,
115.
116.
117.
118,
119.
120,
161.
102,
163.
164,
165.
166.
167,
168,
169.
17¢.
171,
172.
173.
174,
175.
176,
1717,
178,
179,
1840.
131.
182.
1e3.
1d4.
185,
18¢.

»101
«289
.190
184
187
186
182
«176
170
«167
161
302
214
214
207
236
«207
«197
.195
.190
187
313
238
245
252
259
251
L2487
247
243
238
2229
149
2154
#1855
«1L8
«193
<180
170
<183
«156
«288
231
«230
237
234
. 238
£233
«230
227
.220
o241
.215
.205
<194

.189

.198

.182
<111
«131
«126
<134
130
o127
124
119
.118
118
R ARY
<141
152
161
158
1061
<157
155
154
156
£112
«167
179
185
.187
.186
183
.183
185

-«187

#1145
174
«176
175
<166
14
<114
113
+109
.105
155
181
.183
185
.180
179
174
<172
«168
£167
150

182

. 160
154
151
154

«717
600
680

. «690

679
«684
#6091
»700
o711
o715
. 721
<584
685
634
$632
638
632
XY
«650
056
657
574
«595
576
«563
«554
503
570
<571
572
575
626
06706
«670
669
«686
«693
706
717
.728
739
557
588
«587
577
586
583
593
«598
«6GC5
613
.589
623
.636
652
<660
647

49.0

62.5

35.6

57.7

161.5
20.7
87.5
69.5

107.6

113.3

111.9

140.1

196 .6

209.9

108.0
2.7
63.0
78.8
86.2

110.7

126.0

1i0.1%

117.5

159.1

170.2
2541
0.3
3.3

103.9

110.8

132.4

146.3

12844

135.9

16646
206.9
77.5
711
921.3

100.¢
91.3
90.2
88.4

103.0

107.2
30.5
76.6
82.5

1C6.5

105.2

130.8

125.6

129.7

135.8

139.1
33.4
9.1
66.7
6.7
95.4

113.0

$77.1

97.6
30440
300.0

369 .0

367.3
457.6
505.8
S50 .9
608.3
569.8
127.0
308.8
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