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Dependence of Dryout Heat Flux on Particle Diameter for

Volume~ and Bottom-Heated Debris Beds

Abstract

The dependance of the dryout heat flux on the particle diameter

has been investigated experimentally for volume~ and bottom­

heating in the particle diameter range 1 to 16 mm for Freon-113

and water. The experimental data for volume-heqting are in

agreement with theoretical models assuming turbulent flow,

whereas the laminar models overpredict the dryout heat flux in

this particle 'diameter range heavily. For bottom-heating the

dryout heat flux shows the same particle diameter dependance

as for volume-heating as long as the beds are in packed state,

but the absolute values are abouta factor of two lower. Beds

may dryout at different heat fluxes depending on the state they

assurne.

Abhängigkeit des Dr~out-Wärmeflusses vom Partikeldurchmesser

für volumen- und bodenbeheizte Partikelbetten

Kurzfassung

Die Abhängigkeit des Dryout-Wärmeflusses vom Partikeldurchmesser

bei Volumen- und Bodenheizung wurde im Partikeldurchmesserbereich

1 bis 16 mm für Freon-113 und Wasser experimentell untersucht.

Die experimentellen Werte für Volumenheizung stimmen mit Modellen,

die eine turbulente Strömung annehmen, überein, währeno die

laminaren Modelle den Dryout-Wärmefluß in diesem Partikeldurch­

messerbereich massiv überschätzen. Der Dryout-Wärmefluß für Boden­

heizung zeigt dieselbe Abhängigkeit vom Partikeldurchmesser wie

bei Volumenheizung solange die Betten kompakt sind, allerdings

sind die Absolutwerte um etwa einen Faktor zwei kleiner. Die

Betten können, je nachdem welchen Zustand sie einnehmen, bei

unterschiedlichen Wärmeflüssen austrocknen.
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1. INTRODUCTION

Decay heat removal from beds of fuel particles after a hypothe­

tical core me~t-döwn accident is an important aspect of safety,

especially for liquidmetal fast breeder reactors. Inadequate

heat removal from the bed can lead to bed heatup, fuel melt,

and attack on supporting structures. Considerable research has

been performed to determine the conditions for dryout. According'

to theoretical models the dryout heat flux d~pends sensitively

on the particle diameter, bit the exact dependance is qu~te different

in the variou~ models. The basic difference, what concerns larger

particles (diameter > 1 mm) is, that Dhir and Catton /1/, Hardee

and Nilson /2/ and Shires and stevens /3/ assume laminar flow

whereas Ostensen /4/ and Lipinski /5/ assume ,turbulent flow.According

to the laminar models the dryout heat flux should be proportional

to the square of the partiale diameter, whereas the turbulent models

predict a square root dependance.The models generally agree with

available experimental data, which virtually all lie in the particle

diameter range 0.3 to 1 mm. Only very few experimental data /3/ are

available for larger particles. To check the theoretical models

for larger particles, the dryout heat flux dependance of volume­

heated beds with adiabatic bottom and bottom-heated beds on

the particle diameter has been investigated systematically in

the particle diameter range 1 to 16 mm for Freon-113 and

(demineralized) water. Inductively heated stainless steel spheres

were used in the volume-heated experiments. Bottom-heating of

beds of glass spheres was accomplished by heatinginductively

either a steel ring which was soldered to a bottom plate made

of copper or, alternatively, a shallow bed of stainless steel

spheres.
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2. EXPERIMENTSANDRESU~TS

2. 1 Exper imenta'lse't-up

The experimental set-up for volume-heating is snown in Fig. 1.

The partieulate bed is eontained in a eylindrieal, double-wall

quartz glass vessel (inner diameter 8 em, bottom area 50.27 em2 ).

The (adiabatie) bottom of the vessel eonsists of a thick

plate. Above the plate there is a 5 mrn thiek glass or A1
2

0
3

plate to proteet the plate from tbJ;: hot bed and to equalize ,the

bed temperatures at the bottom. The bed is heated volumetrieally

by an' induetioneoil (inner diameter 10, Sem height 13 em,' number

of windings 9teonneeted to a 400 kHz generator.

The heat is iemoved from, the top of the bed via the eooling

liquid (Freon-113 or distilled water) with a,heat exehanger

eonsisting of a helieal eopper tube. The distanee between the

top of the bed arrd the lower end of the heat exehanger (HXr was

larger than 10 em. If the liquid leyel, ~s high the heat ex­

ehanger is immersed in the liquid. The heat transfer between

the bed and the heat exehanger is then partly by eonveetion in

the liquid and the liquid pool may by subeooled. If the liquid

level is below the heat exehanger the bed power is transfered

by vaporization and recondensation to the heat exehanger and

the pool is saturated.

The power removed by the heat exehanger was determined from
, .

the measured volumetrie flow rate V and the temperature inerease

t,THX of the eooling water aceording to

(1)

c = 4.18 J/gOe and p = 1.00 g/em3 are the speeifie heat and

the density of the eooling water, respeetively. The flowrneter"

Was conneetcd' to thc beat cxehangcr inlct. For thc dryout

measurements the temperature of the eooling water at the heat

exehanger inlet was 14 ~ 2 oe. The flowmeters have been ealibrated

at 14 oe. During the dryout measurements the flow rate was kept

eonstant. The aeeuraey of the flow rate measurements is estimated

to be ~ 3 %. The error in t,T HX was sometimes up to ~ 0.5 °c,
+ 0'normally about _ 0.2 c.
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The power loss through ~he vessel has beert estimated from

measurements with a similar vessel /6/ to be about 1 W
°c

due to(T 1- T . t)' For water thepower lossespoo enVlronmen
vaporizationthrough the open-top of the vessel are weIl

. .
below 1 %. For Freon the vaporization losses might be

remarkable if the heat exchanger is not very efficient. In a

first series of investigations, covering the Freon dryout

measurements for 2 and 3 mm 95 , steel' spheres"a single-helix heat

exchanger has been used. The vaporization lo~ses have been

measured to be < 1 % for both particle sizes. Later on,

covering ~he ~reon dryout measurements of the larger particles,

a double-helix heat exchanger wi th an additional copper top

plate was used to keep the Freon vaporization losses suffi­

ciently s,mall. The measured dryout heat fluxes have been cor­

rected for these heat losses.

['emperatures were measured wi th thermocouples using a data logger.

The temperature of the liquid pool above ,the bed was normally

measured at three positions:

About 1 and 2 cm above the bed surface and at the center of

the heat exchanger. Bed temperatures were normally measured

at three horizontal planes: About 2 mm above the bottom, in

the center and about 10 mm below the bed surface. At least

three thermocouples were available at each of these planes.

Details on the thermocouple (TC) arrangements are given in

Fig. 2. The different arrangements are identified by the

data, when they were first used (year/month/day). For the

~maller particles (diameter $ 4.76 mm) the thermocouples

were located in between the particles, for the larger particles

they were in a 1 mm drilling within the particles (Fig. 2).

The thermocouples were running vertically from above into the

bed region. After fixing the thermocouples in the bed region

the particles were poured into the vessel.

In thevolume-heatedruns, the particles were stainless steel

spheres with 2, 3, 4.76, 7.94, 10 and 15.88 mm diameter respec­

tively. To prevent circular currents extending over larger bed

regions, the surface of the spheres has been oxydized.
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2.2 Porosity measurements

The porosity 8 of the 8 cm diameter beds (height 6-9 cm) was

determined during the dryout measurements with the fixed

thermocouple 'arrangement in the bed region and afterwards with

and without thermocouple arrangement. 8 was measured by filling

in the dry bed from below through a tube a certain liquid volume

~VliqUid and observing the rise ~H of the liquid level in the

filling tube (Fig. 3). The porosity is then calculated according

to

,Ftube
F .
vessel

(2)

Fvessel and Ftube are the areas of the vesse+ and the fillin9

tube, respectively. To exclude boundary effectsat the bottom

and the surface, the liquid level was at least one particle:

diameter above the bottom or below the tQP of the bed before and

after adding the liquid, respectively. The total error of the

porosity is estimated to be < 3 %, where 1 % is due to uncer­

tainties in ~Vl' 'd and 2 % due to uncertainties in ~H.J.quJ.

The results are shown in Fig. 3.The porosity values are

genetally reproducible within the estimated error. No systematic

differences are seen if either Freon or water is used. Moreover,

the porosity values with and without thermocouple arrangements

are equal within the experimental error. Attempts to compress

the beds has also no detectable influence on the porosity.

The porosity increases with the particle diameter. The measured

values have been fitted bya straight line. The error in the

recommend 8-values is estimated to be about ± 1 %.

2.3 Beds of volume-heated stainless steelspheres with

adiabatic bottom

For these measurernents the vertical center of the induction coil

and of the particulate bed were at the same height to get a

hom9geneous power density distribution in the bed.
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2.3.1 Power calibration
------~----------------

As has been discussed in section 2.1, the heat exchanger power

should·be equal within about ± 5 % to the power generated in

the bed. It was tried to check this relation by measuring the

bed power via the average rate of rise in the bed temperature

6T/6tbed when a constant high-frequency power was applied. For

these measurements the bed was just covered by water. The bed

power was calculated according to

The first term is the heat capacity of the water, Hand F

are the height and the bbttom area of the bed, p .and c are

the density and the specific heat. To determine 6T/6tbed
the readings of the bed thermocouples (TC) were averaged.

This check was performed three times, once for a bed of

7.94 mm spheres and two times for 15.88 min spheres. It was found

that PHX and Pbed agree in the average only within about 20 %.

The main reason for this discrepancy is probably the uncertain­

ty in 6T/6tbed • This uncertainty is mainly due to differences

in the 6T/6t-values ·of the various thermocouples, which are

probably caused by convective movements in the water.

~~~~~_B2ill2g~~~!~~_2f_E2~§f_9§~~!~~

In the voided (air-filled) beds the thermal conductivity is very

small. If a constant high-frequency power is suddenly applied

to the bed, the temperature rises linearly with time and the

power density q is proportional to the initial local tempera­

ture gradient.6T/6t-values are shown for the three instrumented

horizontal planes (bottom, center, top) as a function of the

bed radius in Fig. 4. The values scatter in the average by

about ± 10 % ,around the mean value. This scattering is

probably caused by the fact, that only the surface of the

spheres is heated and therefore the temperature gradients

measured wi th the thermocouples depend sensi tively on "the local

arranqement of the spheres ~when the thermocouple~ are between

the spheres) or·on the exact position of the thermocoupla

within the spheres.



For the whole range of sphere diameters (2-15.88 mm) no syste­

matic variation of the power density with the radial or axial

position within thebed can be seen. If there are any syste­

matic power density inhomogeneities, they are weIl below

± 10 %. A similar result was found earlier with 54 mm diameter

of 2 and 3 mm stainless steel spheres /6/.

Normally the following procedure was used to determine the

dryout heat flux jdo: First a rough value of'jdo was ob­

tained by increasing the h~gh-frequendy power, which is

controlled b~ a potentiometer (Pot), in quite large steps.

Afterwards the dryout region was investigated in detail by

increasing the power by small steps starting-well below

dryout. This second step was ~o~mally repeated several

times. After each power increase, the system was allowed to

achieve stationary conditions. This took normally some

minutes and was controlled by the thermocouple readings. When

stationary conditions were achieved, the thermocouple signals

were registered at least three timesr Over a large power range

the bed tempenatures stay near the boiling point. Dryout is

indicated if the signals of one or more thermocouples begin

to rise strongly with the power, achieving values definitely

above the boiling temperature of the liquid. For Freon-113

(boiling temperature 47.7 °C) the dryout temperature limit

corresponds to about 70, a~d fo+ water to about 130 °C. For

the different runs thc bed height, the type of heat exchanger

and the thermocouple (TC) arrangement is specified. In some

runs it was tried to control the state o~ the liquid (saturated

or subcoold) by the amount of liquid filled into the vessel.

It can be seen that it is very difficult to get subcooled

conditions for Freon. The pool temperatures are always above

or ve.ry near the boiling temperature. Therefore for Freon the

state of the liquid generally may be assumed to be saturated.
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The determination of ~he dryout heat flux jd6 is illustrated in

Fig. 5, where the measured heat flux j (average over at least

three values) is shöwn as a fundtion of the power·controlling

potentiometer setting (Pot). The measured values are fitted by

a smooth line. From the measured dryout Pbt-value, jdo is

then determined from this smooth line. Using the fitted instead

of the direct measured jdo value.reduces the statistic~l un­

certainty considerably. The error in jd is estimated from
. 0

the uncertainty in the smooth line fit (this accounts for sta-

tistical uncertainty of the power determination), from the un­

certainty in the Pot-value corresponding to dryout '(estimated

fromrepeated,'runs) and from the uncertainties in the heat ex­

changer flow rate and temperature rise.

The measured jdo values have been corrected for the radial heat

losses and for vaporization losses. ~he corrections are very

sma11 (< 3 %) •

It should be noticed that after dryout the temperatures might

be very high, but are geherally stationary at a fixed power

level. Some runs (especially with water) had to be terminated

before reacbing stationary conditions not to destroy the vessel

by too high temperatures.

For the bed of 2 mm spheres in Freon, a strong movement of the

spheres at the bed surface was observed.This led to remark­

able deformations of the original horizontal surface during

the dryout 'measurements. For.the other dryout measurements no

movement of the steel spheres was observed.

For theinvestigations with water. the corrections of the dryout

heat flux for the vaporization ~osses are negligible and those

for the radial heat lasses are very small. For the smaller

spheres dryout was indicated, as was generally the case for Freon-113,

by the thermocouples. In one run with the 7.94 mm and in most

runs with the 15.88 mm spheres, dryout was not indicated by the

thermocouples but by glowing in the bed. Although with water

it was possible to achieve subcooling up to about 40 oe (for the

7.94 mm spheres), no systemtic dependence of jdo on the sub­

cooling can be deduced from the measurements. This is not unex­

pected because if the be'd characteristics and the overall flow
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1 -+ cFi·
and heat:

pattern are not affected by the subcooling, jdo~'

(Tb 'l~Tlr wheiec and haie ttie-spe.cifici-heat
.01. pao - --

o~_vaporization of the li~uid and (Tboil-Tpool) is the

subcooling. Tpis relation predicts only ~ 7 % increase in

jdo for 40 °c subcooling as compared to the value for saturated

conditions. The effect of subcooling is therefore smali com­

pared to the scattering in the experimental dryoutvalues. As

was the case for Freon-113, also for water thedryout heat

fluxes may therefore be assumed to refer to saturated condi-

tions.

The variation of heat flux j and bed temperatures T with time

are shown for some runs in Fig. 6 for Freon-113 and in Fig •. 7

for water. Only those th~rmocouple signals are plotted for

which dryout was observed. Generally, for Freon-113 and water,

after a stepwise variation of the heat flux,the temperatures

change rapidly (within seconds) to new stationary values. Es­

pecially for water, relatively high temperatures (> 500 °C) may

be achieved after dryout.

"Bottom heating" of stainless steel spheres was simulated by

lowering the center of the induction coil by about. 7 cm as

compared to the center of the bed.The corresponding vertical

power density distribution for a bed of 7.94 mm diameter

spheres is shown in Fig. 8. The power density decreases about

exponentially in the vertical direction to about 30 % at the

center as compared to the bottom.

In addition, clean bottom-heated experiments have been performed

with glass balls. The container was the same as for the volume­

heated experiments. The balls \lere not, exaetly-~pherieal, butthe

deviations from spheres aresmall « 6 %). Also thesize was not

exactly.~equal. For the smaller balls (~ 3.1 mm diameter) the width

of the particle size distribution amounts to about 10 % of the

average diameter, for the larger particles this figure is even

less. The porosity has been measured as described in 2.2.
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Because the porosity may be influencedby shape factors (which

might .be different for the var~ous particle sizes) ,the measured

values have not beeri fitted by a smooth line.The measured

average is used for furth~r evaluations.

For all bottom-heated experiments the double-helix heat ex­

changer was used. Two different heated bottoms were used: A

flat copper plate and a thin lay~r of st~inless steel sphere~,

both inductively heated~

Bottom heating was accomplished with an inductivelyheated
. .

steel ring which was soldered to a massive copper plate

(Fig. 9) .. The seal between th~ copper plate and the

glass vessel was not completely tight. Some +iquid drained

through the seal, but is is estimated that the enhancement of

the heat flux caused by this effectis negligible. Dryout heat

fluxes were determined with this set-up for Freon-113 and water

for the bare copper plate (Zuber heat flux) and for 5.2 mm dia­

meter glass balls as a function of the bed height. Dryout was

indicated by the three th~rmocouples located at different radial

positions within the copper plate 2 mm below the surface. The

three thermocouple readings were before and after dryout within

20 C equal. The results are shown in Fig. 9. Symbols with arrow

down indicate that the measured value is an upper limit, those with

an arrow up indicate that is a lower limit. Movement of the

particles was noticed with water and small bed heights.

In the following series of experi~ents with the copper plate

the dryout heat flux dependance on ·the particle size was deter­

mined for deep beds (bed height 6 ± 0.5 cm) with Freon-113 and

water as coolant. For these experiments the set-up (Fig. 10)

has been improved by inserting a tight Teflon seal in the gap

between the copper plate and the wall of the glass container.

Dryoutwas again indicated by the thermocouples in the copper

plate. Generally, at dryout the readings of the three thermo­

couples were withiri 20 C equal. Only for water and larger parti­

eIes (diameter ~ 5.2 mm) differences of up to 100 C were noticed.
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~~~~~__!h!U_!~Y~~_2~_~~~!n!~~~_~~~~!_§Eh~~~§ .
In thi.s series of experiments t.he.heated cOpper plate was re­

placed by a thin (2 - 3 cin) layer of.inductively heated stain­

less steel spheres (Fig. 11) ~ The bedheight of the overlaying

glass balls was normally 6, in some cases up t09 cm. The

arrangement of the thermocouples is also shown in Fig. 11. The

dryout heat flux of the bottom-heated glass beds was investigated

as a function of the particle diameter. To ensure that the dry­

out is determined from the glass bed and not from the sta1nless,

steel bed, the diameter of the stainless steel spheres was gen-

erally larger than that of the glass particles. In addition for

the 3.1 ·nun diameter glass ballstwO~differentbottom layers were

used. Dryout·was normally indicated by' thethreethermocouples

located i.n theheated steel bed. For water and larger particles,
. .

dryout was sometimesindicated also by glowing or only by glowing

inthe steel bed. In one run only, also one thermocouple in the

glass bed wasdefinitely above the boiling point.

3. DISCUSSION OF RESULTS

.J.:.J...._.P.!'..Y.p~!:~J1Lbß9'§_.9.L.Y.9.JJ.uJl~=lli@~.l?j:llj,nl.e.~iL,J;..te~_1_.lW~_
. .kli..tlLilgili!?il,1:i..9_ .P.9'!:j:.91!L

As has been discussed earlier, subcooling effects are negligible.

In addition, essentially no particle movement or vapor channel

formation have been observed with these beds. Moreover, experi­

mental investigations /6/ with 2 and 3 mm stainless steel

spheres in Freon-113 with bed heights from 2 to 6 cm revealed

no bed height dependance of the d.ryput heat flux.Therefore

the experimental data may be put together and refer to deep,

packed beds and saturated liquids.

The dryout heat flux depends strongly on the porosity of the

beds. According to /5/ for particles larger than about 1 mm

jdo N ( ~~E )1/2. For comparison with theoretical models the

experimentalvalues have been normalized to E = 0.40 u~ing

this relation. ,The corrections are 27% at the most (for the

15.88 mm partic~s)~
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The normalized dryout heat fluxes are shown in Fig. 12 as a

function of the particle diameter. The valueswhere one, two

or ~ three thermocouples went into dryout or dryout was indi­

cated by glowing are not very different •. Therefore the heat

fluxes corresponding to complete dryout are probably not

much higher. This is favorable with respect to comparison

with theory, becauseit is generally not obvious ifthe theore­

tical dryout fluxes refer to beginning or complete dryout. The

experimental heat fluxes for initial dryout have been fitted by

a smoothcurve. It can be seen that the experimental curve agrees

quite weIl the. relation jdo~ d 1 / 2 (d particle diameter).

In Fig. 13 the experimental dryout heat fluxes are compared

with measuredvalues of Shires and Stevens /3/ for water and

calculated data /5/ using differerit theoretical" models. The

values of /3/ have not been normalized because no exact E-values

are given, but the porosity probably was about 0.40. If both

~xperimental data sets for water are fitted by smooth lines,

the two sets agree within about 30 %, which is satisfactory

in view of the different heating methods (direct electrical

heating of the metalic particles by electrods is used in /3/)

and the uncertainties in E. Nevertheless the difference between

the two experimental sets is about two times larger than the

error we would attribute to the fit through our data.

What concerns the comparison with theoretical prediction,

Fig. 13 shows that for water both, the model of Ostensen and

that of Lipinski, are in excellent agreement (practical within

our estimated error) with our experimental data, whereas the

other models overestimate the dryout heat flux for the largest

particles (15.88 mm diameter) by nearly two orders of magnitude

(Ostensen and Lipinski essentially added a turbulent term in

the equation of motion). It has been shown /5/, that the

Lipinski model agree$ also reasonably weIl with numerous

experimental data in the particle diameter range 0.3 to

1 mm, whereas.the Ostensen model is generally too high in this

range. For Freon-113 the agreement with Lipinski1s prediction

seems to be even better than for water •. The overestimation of

the laminar models is similar as for water.
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In Fig. 14 the experimental data for water are compared-wit.h

more detai1ed ca1cu1ations based on Lipinski's model /5/,

showing also the effect of different bed heights •.According

to the ca1cu1ations, for the partic1e diameter range investi­

gated here, the dependance of the dryout heat f1ux ön tbe bed·

height is sma11 for water and neg1igib1e for Freon-113, in

agreement with experimental findings /6/. Therefore, the

procedure of putting together the experimenta1data for the

different bed heights ( 6 to 9 cm) seemsto be justified.

In the theoretica1 models the beds are norma11y assumed -to

be radia11y unrestricted. On the other side, the experiments

(especia11y in-pile experiments) are restricted to diameters

of about 10 cm and the desired radial infinity is approximated

by adiabatic walls. The question then arises'what is the

minimum bed diameter to achieve resu1ts' which are representa­

tjve for radia11y un1imited beds. Be10w are compared the

dryout f1uxes measured here with those found with 5.4 cm diameter

beds and adiabatic bottom /6/, both norma1ized to a porosity

of 0.40.

Bed

Diam. (crn) Heiqht

8 8

5.4 6

1

26

20

2

36

.20

38

2.2

30

26

2

34

32

3

36

As can be seen from Fig. 12 the 5.4 cm bed diameter data

agree essentia11y with the curve fitted to the 8 cm bed

diameter data. It shou1d be mentioned that the radial heat

losses were very sma11 (less than 3 % in both cases). From

this it may be conc1uded that for sma11 radial heat losses

a bed diameter of 5 cm seems sufficient for dryout investiga­

tions of partic1es with diameters 1ess than 3 mm.

The 10cation of the dryout zone is shown in Fig. 15 (z axial,

r radial coordinate). The b1ack symbols indicate where the

dryout was first observed, the open symbols the extension of

the dryout zone if the power was further increased. The 10­

cation of the dryout is generally not reproducib1e in repeated
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dryout runs with the same bed. In a previous .imrestigation 161
movements of the dryout zone havebeenobserved at eonstant

power. These observations indieate that the generation and

the loeal distribution of_the dryout zone are stoehastie

proeesses. This stoehastie nature is refleeted in Fig. 15. It

is very diffieult to eondense the data of Fig. 15 to some use~

ful general trends. It may be mentioned that for Freon~113

dryout never started at the bottom and for water this .happened

only oeeasionally for the 2 mm diameter partieles. These

results are not eontradietory to the observations in 171 'that.
for partieles of 2, 1.2 and 0.68 mm diameter in water, dryout

generally oeeurs near the bottom.

3.2 Dryout in bottom-he~ted beds

The dryout heat fluxes for the ps~udo "botto~-heated" beds of

stainless steel spheres are lower than the eorresponding heat

fluxes for uniform power density (volume heating). The differenee

amounts to about 30 % (Fig. 12). A theoretieal interpretation

is not possible at the moment. However, one may eonelude that

even a strong inhomogeneity ~ the power density has only a

small effeet on the dryout heat flux. Furthermore it is inter­

esting, that even with a strong eoneentration of the power

density at.the bottom (Fig. 8), dryout did not start at the

bottom but in the eentral region.

What eoneerns the experiments with the heated eopper plate, one

may first eompare the bare plate values with Zuber's predietion

181

( 4)

where Pv and Pt are the vapour and liquid density, g the

gravitational aeeeleration, a the surfaee tension and h the

heat of vaporization. With P = 7.4.10- 3g/em3 ,po = 1.51 g/em3 ,
2 v ~ -4 3

a = 13 gis and h = 144.6 J/g for Freon-113 and P = 6.0·10 g/em,
. 3 2 v

PQ, = 0.96 g/em , a = 59 gis and h = 2257 J/g for water one gets

Zuber heat fluxes of 19.2 and 111 w/em2 for Freon-113 and water,

respeetively, whereas the experimental values are 33±6, 29±6

30 ± 5, 27 ± 5 for Freon-113 and > 147 w/em2 for water. It is

not surp~isina that the experimental values are some~hat higher
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than Zuber's prediction, because surfacero~ghness increases the

dryout' heat flux and thecopper platewasprobably not sufficientIy

weIl machined.

If thecopper plateis covered with 5.2'rnm,glass balls (Fig. 9),

the dryout heat flux decreases initially strongly with increasing

bed height from the bareplatevaltie. For bed heights smaller

than about 2, cm, stropg movement of the balls is observed. Above,

this critical bed height thereis no movement and the dryout heat

flux is essentially independant of the bed height.

What concerns the measurements with a shallow ,(S 3 cm) bottom

layer of steel spheres one may first comparethe dryout heat

fluxes f~r Freon-113 without glass balls with thedeep (~ 6 cm) bed

data (Fig. 12). Within about ± 10'%, with corresponds to the

experimental error, the values are equal for the particle sizes

fnvestigated (2 - 10 mm diameter), confirming earlier findings /6/.

In Fig. 16 and 17 the dryout heat fluxes for the bottom-heated

glass balls are compared with those for the volume-heated steel

spheres (for volume-heating onlY,the heat fluxes corresponding

to initial dryout are shown). The values of each of the three

data sets are connected by smoo~h lines to guide the eye.

First one finds that the dryout heat fluxes for the glass balls

are generally about a factor three lower when heated with the

copper plate as compared to those with steel sphere heating.

This shows that the dryout. heat fluxes with the copper plate

are not characteristic for the beds of glass balls. It is

supposed that these values reflect'the characteristics of the

copper plate - glass bed interface. No theoretical description

is available for such a configuration.

Comparing now the bottom-heated(glass over steel) with the

volume-heated values one may distinguish two regions. For par­

ticle diameters d > 3 mm the two data sets show, for Freon-113

as weIl as for wat~r, nearly the same dependance (jdo ~ d 1/ 2 ),

however the absolute values are lower for bottom-heating than

for volume-heating. In the average the ratio of bottom-to-volume

heated values is about 0.6 for Freon-113 and 0.5for water.
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These ratios are consistent with a value of 0.5 deduced by Dhir

and Catton from theoretical considerations based on laminar

flow and verified experimentally /1/. Following the considera­

tions of Dhir and Catton a.nd assuming turbulent flow one gets

a ratio of 1/13= 0.58. This number, too, is consistent with

our experimental data. One comment should be added in this con­

text: To arrive at different heat fluxes for bottom- and volume­

heating it is necessary to release the assumption of pressure

equilibrium between the vapour and the liquid phase in each

horizontal plane. Instead one demands pressure equilibrium only

at the bed surface. It is questionable, how the violation of

the physical evident assumption of local pressure equilibrium

can be justified.

For particle diameters < 3 mm the behaviour of the glass beds

is very complex. This complexity is attributed to particle

movement which may cause changes in the bed characteristics.

These speculations are confirmed by the observation that for

the same bed in two cases quite different dryout heat fluxes,

obviously corresponding to different bed types, were found:

For the bed of 1 mm diameter particles in Freon-113 heated with

the copper plate movement in the whole bed or only in the upper
2part was observed. The dryout heat fluxes were 6.4 and 2.7 W/cm ,

respectively. For the bed of 2 mm diameter particles in water

heated by the steel spheres strong particle movement combined

with large diameter (~ 1 cm), stable vapour channels (void of

particles) or no particle movement was observed. The dryout

heat fluxes were 66 and·~ 6 w/cm2 , respectively. Which state of

the bed is achieved depends, amoung other parameters, also on

the power history~ Generally it was observed that with a slow

power increase the high dryout state was achieved, whereas with

a fast power increase the bed stays in the packed, low dryout

state. The observation that the same bed may assume different

states (packed, non-channeled or channeled) has also been made

in Sandia's inpile experiment D-4 /9/.

The bed type obviously has a strong influence on the dryout

heat flux. Our observations concerning the different bed types

may be summarized as folIows: If there is no particle movement

the beds stay in a packed state. This was the case for the high

density steel spheres in water and in Freon-113 for steel spheres
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with diameter > 3 mm. For diameters < 3 mm movement at the bed

top w~s observed. In water for the low density glass balls

movement at the bed top was observedfor diameters ~ 3 mm and

in the whole bed for the ßmaller diameter glassballs. In

Freon-113 for the glass balls movement at the bed top was ob­

served for diameters < 5 mm and for 1 mm diameter over the

whole bed. The particle movement.changes the state of the bed

from packed to non-packed. But the non-packed state is quite

different for water and Freon-113: In water, large (~ 10mm

diameter), empty (particle-free), stable vapbr channels develop.

Such particle-free channels were not observed with Freon-113,

although the vapor is released from the bed surface .from more

or less stable centres. The formation of particle-free vapor

channels in water is probably due to the high surface tension,

which causes the particles to stick together~

From these observations it is concluded that there may exist

different types of non-packed beds. Therefore the hitherto

used descriptions (deep, shallow /1/; packed, channeled /9/)

are not sufficient. The type of bed and correspondingly the

dryout heat flux depend, among other parameters on the density,

size, shape of the particles, on the wetting behaviour, surface

tension and heat of vaporization of the liquid, the bed height

and the power history.

4. CONCLUSIONS

- The dryout heat flux for volume- and bottom-heated particulate

beds has been investigated in the particle diameter range 1

to 16 mm for Freon-113 and water. The experimental values for

volume-heating agree weIl with 'the turbulent models of

Ostensen and Lipinski, whereas the laminar models are far too

high for these relatively large particles. Lipinski's pre­

diction is also in reasonable good agreement with data for

smaller particles (0.3 to 1 mm) where Ostensen's model is too

high. Therefore of the available models only Lipinski's is in

reasonable agreement with experimental data over the whole

interesting particle diameter range.

- The dryout heat flux for the beds of glass balls heated by

a shallow bottom layer of stainless steel spheres shows für
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larger particles (d> 3 mm) nearly the same particle diameter

dependance as for volume-heating. The absolute values however

are about a factor of two lower, which may be explained in

the context of the avai+able theoretical models, by demanding

pressure equilibrium between the liquidcind vapor phase only

at the bed surface. For smaller particle diameters (d < 3 mm)

the behaviour of the dryout heat flux gets very complicated

because the beds may change from a packed to a non-packed

state.

- When bottom-heating is provided by a plane copper plate the

dryout heat fluxes are even a factor four lower than volume-
\

heating. This' ind.-a.eates that for SVtcJ:!3.' aUconf"iguration the

measured dryout flux is not characteristic for the bed of

glass ball~but for the bed-plate interface.

- There are two areas which are not sufficiently well under­

stood and need further investigations: 1) Behaviour during

and after dryout, especially location,growth and temperature

of the dryout zone. 2) Parameters which determine the differ­

ent types of non-packed beds and relation to dryout heat flux.

- Further interesting results are:

1) Liquid subcooling has only a very small influence on the

.dryout heat flux if the bed type is unchanged.

2) The same bed may dryout at very different heat fluxes,

depending on the state of the bed, which in turn is

governed by the preceding bed history (power trace).

3) If the radial heat losses are small, a bed diameter of

about 5 cm seemsto be sufficiently large for dryout in-
. .

vestigations of particles with'diameter less than 3 mm.
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Fig. 2 Thermocouple arrangements for volume-heatedbeds
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spheres



.5

l

J
0 0 ~

6T/6t ~C/s) -.Q--f!.--!--e._-
q (rel J Zb .average ~ •

2t -

e-.----t-~~

I

3mm0

o top
~ center·
• bottom

TC between
spheres

-

I

80/9/11 Pot 4
TC 80/9/11

I

1 I-

2.5--!--~...~--QS"
~ ~ ~

•

4.76mmO
I

I

8Ql9/16 Pot 2'
TC 8019/11

1~

-_8- ~o 0
.5f:. l6---..----~

~ ~ ..
-

I

8011013 Pot 3
TC 8019129

1I-

2 4

r

2mm0

80/9/11 Pot 2
TC 80/9/11

Radius(cm)
o

I
I\)
I\)

TC within
spheres

-

o

1

• •
--- .___~__..L:i._

o 021-

I

Q • •• 15.88mm0
3 ~ 6%__~_, 3 ~

80/10120 ~ 0
Pot 2.5

-
2 t". ---~-~~-6-~--- v 0

~.

I

lOmm0

t .03 • _
-----1!-LS; ~ 0 _

2L

I

7.94mm0

41'"" -

• 1l •------ ----~-

Q~ 0 0

2~ - 1Ir - 1~ -I 11'- -
80/9122 Pot 3
TC 80/9/19

80/10/14 Pot 25
TC 80/9/29

80/10/16 Pot 2
TC 80/10/16

80/11/6 Pot 3
TC 80/11/4

I I I

=================================================================================*=========================
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Fig. 12 Dryout heat fluxes for volume-heated heds of stainless steel
spheres(adiabatic bottom,saturated conditions at atmospheric
pressure,void fraction E = 0.40, bed height 6-9 cm)
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Fig. 14 Comparison of experimental (points, bed height 6-9 cm)
volume-heated dryout heat fluxes with Lipinski's prediction
(curves) /5/ for water (bottom adiabatic, saturated conditions
at atmospheric pressure, void fraction E = 0.40)
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Fig. 16 Comparison of volume- and bottom-heated dryout heat fluxes

for Freon-113 (saturated conditions at atmospheric pressure,

void fraction € = 0.40, bed height 6 - 9 cm)
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Fig. 17 Comparison of volume- and bottom-heated dryout heat fluxes

for water (saturated conditions at atmospheric pressure,

void fraction € = 0.40, bed height 6 - 9 cm)




