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ABSTRACT

“ In a fluidized graphite nuclear reactor concept, a bed of
graphite particles, fluidized by an upward flow of helium, ceould act
as ﬁhe'mﬁderator and coolant for a reactor core of‘solid fuel ele;\
ments, |

This thesis.ipvesﬁigated some important physical characteris-
ties of éuch a fluid bed. The plating of graphite on surfaces within
the system was measured usihg bed temperatures up to 350° Co3 no sig-
nificant plafing was observed, .The particle size distribution and
attritioﬁ were determineds; the pérticle size distribution remained
conétant with increasing temperapures; and the bed attrition was al-
most nonexistent, The entrainment of fines from the bed was of con~
stant size distribution and was effectively‘filtered from the helium,
Apparatus‘was assembled and operated to produce a fluid bed and to
determine the fluidization paraméters,of bed height—to-diaméter ratio,

gas velocity, gas distributién, and bed particle size distribution.



CHAPTER 1

INTRobUGTIQN

1.1 Description of Fluidization

A .FluidizAation, as an iﬁdﬁstrial process @erationg was praec-
ticed in ore processing as early as the sixteenth century, but signi—-
ficant industrial recognition has come only in the last twenty years.
Ghemical engineering has exploited ﬂuidizatien processes profitably,
and now this phenomenon is developing ‘sp'ecific nuclear engineering
applications. | |

To define fluidization, consider éx_ packed bed of finely divid=-.
ed solid-materialo A fluid moving upward through the bed, at low
, sﬁperficiél velocity,' flows through the‘intérstices of the bed, with
the solid particles remaining fixed in position, As the fluid veloci-
ty is increased; the bed volume increases. The frictional drag
increases until it becomes high enough to sui;pert each particle., At
this point, 'Ehe'preSSuré"‘ drop is essentially equal to the weight of
the bedo Now that the particles i‘orrqing. the béd are ’sepa%rated by -
fluid, the bed is unable to resist a shearing foree and behaves like
a liguid. When a bed of solids exhibits this characteristic, it is |
termed fluidized,

The fluid bed has an interface s exhibits viscosity, and has
£ilm coefficients similar to those of a liguid, It differs, 111:91.:c'1<:evdl;y'.9
from a fluid in that the gas fluidized bed densitir is not greatly af-
fected by temperature between the extreme limits of the gas
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condensation point and the solid vaporizing pressure. The particle
movement within the bed is generally circular in a vertical plane;

the particles rise in the center and descend near the outer edge, with
some lateral movement throughout. Some bubbles of gas adhere to the

particles and circulate in the same manner,

1.2 Application of Fluid Beds to Nuclear Technology

Flﬁidization has had important chemical and physical applica-
tions in the nuclear fuels and pcﬁer industry. Also several nuclear
reactor or‘reactor component conbepts have suggested applicatioﬁs for
fluidization techniques. |

Fluid beds‘ofrfuel particles may be used as the reactor core,
or fluidized_sélids may'be used as moderators, coolants, or both, with
solid core elemen£é° Fluidization has also been suggested as an effi-
cient means of contfoliing reactor power levels, either as a control
rod device or by fiuid bedxdensify changes,

In a fluidized core, fuel particles are formed as solid balls,
and the fluid most frequently used is water. Solid moderator sur- "
rounds the upper region of the core, and some power control is exer-
cised by varying the fluid floﬁ and thus bed density.

A modification of the fluidized core concept could involve a
mixing of another moderator material with the fuel solids to form a
homogeneous core design. Such cores would have contrél rods of boron
or cadmium in the bottom. of thé vessel as a safety device to absorb
neutrons, if the fluid fIQW'rate were suddenly decreased and the fuel
settied to the bottom of the vessel.

A different concept, one using a fluid bed,és a moderator and



coolan%; has many desirable features. OSuch a system uses graphite
lparticles and helium as the fluid. The core is formed of solid fuel
elements placed within a large bed of fluidized graphite, The bed

acts as a moderator for the core and is the heat transfer medium from
the fuvel to steam pipes within the fluidization vessel, .The bed is a.
moderator and consists of only carbon and helium; thus, the neutron
ecbnomy of the system is excellent. The steam tubes are not in an area
of high neutron fluxes; therefore, they may be fabricated from materiéls
used in fossil fuel steam generating systemsa.

Fluidized reactors, in common with other gas cooled reactors
could result in feduced fuel'preparation and fabrication costs. More~
over, their expected excellent neutron economy allows the use of natur-
al or slightly enriched fuel. Fluidized reactor concepﬁs would invoive
‘1arge vessels and systems, but their design is basically simple, withva
minimum amount of moving parts and control equipment.

Before a complete analysis of the féasibility of a fluidized
moderator nuclear reactor can be made, several factors must be deter-
mined that cannot be found in the literaturéo In the caée of graéﬁite
and helium, the parameters affecting fluidization must be investigated,
particularly in the high temperature ranges. Heat tfansfer rates,
erosion of surfaces, loss of particles by entréinment, changes in par-
ticle size and attrition, purification of the helium stream, and plat-
ing of grephite on heat transfer surfaces must ail be determined for

the conditions of a reactor system.



CHAPTER 2

STATEMENT OF THE PROBLEM

This investigation is to determine some essential infermation
abeut the gas fluidiéation of graphite, as it might be used in a nu-
clearvreactoro The plating out of graphite on surfaces withinvthe
system, particle'size distribution, entrainment, and attrition of the
bed are to be determined, The particles»enﬁrained in the gas_will be
filtered and ebserved. This work ié'to be done éverva range of tem—
peratures, limited only Ey the characteristies of the equipmeﬁto

Involved, first, is the design and construction of a contaiﬁ-
menf vessel aﬁd gas system suitable to épeiate a fluid bed and evaias
ate certain critical parameters for fluidizatioﬁ° These parameters
are the height~to~-diameter fatio of the fluid bed, the gas velocity,
the gas distribution method, and the particle size distribution of the
bed. An integral part of this investigatien is the testing of the ex-

perimental setup, procedure, and measuring apparatus.



CHAPTER 3

FLUIDIZATION TECHNOLOGY

A discussion of the technology of fluidization’is appropriate
before going into the procedure. of these experiments. When the solid
particles are completely separated from each other, the fluidization
is termedA“particulateo“ Particulate fluidization is normelly
achieved oﬁly when the fluid is a liquid. TWhen a gas is used;, the
solids are present in the bed, not as individual units, but as aggre-
géteso Thus, gas-type fluidization is termed “aggregative,® and no
nean freé particle path is discernible. The gés rises thr@ﬁgh the bed
as bubbles, with some of thé gas éiinging.to the particles; or aggre-
gates, as they circulate through the bedel

A flﬁid bed that has a defimite upper boundary, with the sol-
ids moving freely within it, is in a "dense-phase." If fluid veloci-
ties are increased so that solids aremenﬁrained and rise upward
throughout most of the bed, having no upper bounda:yg the bed is in
the “dispersed.suSpension? or "dilute fluidized phase." If the parti-
cles.are entrained in a higk vélocity gas, one has a “éas;suspension”.

or Yslurry.®
g Minimem fluidization" is that point where the fluid velocity
is suffiéient to expand the béd and allow free movement of particles.

There is little, or no; mixing of particleé wntil fluid velocities are

1. Max Leva, Fluidization, McGraw-Hill Beok Co., Inc.,
19599 Po 19 .
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6
increased slightly to further expand the bed and achieve a "turbulent
fluidized bed." This bed is‘sﬁill in.tﬁe dense-phase but has excel-
lent solids mixing and particle_qirculatione

"Channeling" is a condition within a bed whereby the fluid
picks out a preferential path through the solids, leaving the parti-
cles ou£ of the stream at reéto This is more prevalent with gas than
liquid, and beds made up solely‘of fine particles are more susceptible
to channeling than Bedslwith a distribution of larger particles.

"S1lugging" is a condition in which bubbles of the fluid, more
frequently gas than liquid, coalesce to a size approaching thé diame-(
ter of‘the confinement vessel. The bubbles rise, forming piston-like
slugs of solids between bubblesg‘which also rise to a certain height
and thenAdisintegra'be° Slugging increases as height-to-diameter ratios
and fluid velocities increase. Erosion on surfaces increases, and par-
ticle attrition is more noticeable.

Attrition is the gradual reduction of large particles to
smaller ones by the grinding action of the bed., Certain amounts of
these fines are entrained in the fluid and removed from the bed, even
when the bed is in the dense-phase.’

Variaﬁies affecting fluidization are: particle size distribu-
tion, f£luid flow rates, the distribution of fluid to the bed, the
height—to~diameter‘ratiog the agitation or vibration of the bed, the
shape, size, and density of the Solid, the viscosity and density of
the fluid, the temperature of the system, and the.shape and make-up of

the containment vessel. A change in the quality of fluidization will |
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affect bed density, particle movement, bed turbulence, heat transfer,
erosion, attfitiong and ‘entrainment. ;

Qonéidering a nucléar reactor system, changes in bed density,
: particulérly if chaﬁneling or slugging occurred in the core area,
would be serious, "Quality of fluidization" is a term that deécribes

the degree of homogeneity of the bed.



CHAPTER U

EXPERIMENTAL‘PRDGEDURE

Lol Materials 4

To develop experiﬁental techniques and to define the fluidiz—
ing condiﬁi;ns in an appropriate mammer, initial experiments used sand
and air, The sand was sifted, using Tyler Stendard Screens; to deter-
mine the size of pariicles and to sepérate it aécofding to these
sizes. Microscopic examination of the sand showed a rough éppearance@
A1l particles which would not pass a 20 mesh sieve were discarded.
The following screen sizes were used to classify the sand particle
sizes: 20, 42,‘609 80, 100, 115, and 150 mesh. (The appeﬁdix con-
tains a table relating Tyler mesh sizes to the opehing in inches, mil-
limeters, and microns.) Air to fluidize the sand was supplied by a
| small air COmpressorg

When experieﬁce had been gained with sand and air, graphite
powﬁer and helium were substituted. The graphite was of reactor grade
- and was donated 5y the National éarbon Company. 1t was sifted and
separated using the Tyler Screens., The sizes separated were as fol-
lows: greater than L2 mesh, less than 42 but greatef than 100, less
than 100 but greater than 115, less than 115 but greater than 150, and
less then 150 mesh., All graphite passed a 20 mesh sieve,

: The helium was supplied in large metal bottles. The helium

was released through an Airco helium regulator which could regulate



the pressure on the outlet line,

4.2 Equipment

The apparatus consisted of a containment vessel, gas inlet and
distribution system, and a gas outlet and filtering system. The bed
.eenteinment vessel was constructed using a borosilicate tempered glass
pipe; 36 inches highs one~quarter imch thick, and with a three inch
inside diameter. Aluminum flanges were attached to the ends ef the
pipe, so that addltlenal plates or flanges could be seeured as needed.
The pipe was mounted vertically en a wooden frame. The top of the
' ?ipe’was closed with an aluminum blind flange. Holes were drilled iﬁ
the flange %o pr@vide the gas outlet and equipment access to the bed
from the‘topg Plastic and rubber gaskets were used to seal the vessel
at each eﬁdg 4An alumlnum.bllnd flange with a centered inlet hole
closed the bottom of the vesselc

Du“lng most of the experiments, the bottom of the containment
vessel was assembled as shown in the picture in Figure holo Normally
flat circular dietributien ﬁlates With‘smali holes drilled in a circu~
lar pattern were ueed to distribuﬁe the gas at the bottom of the bed.
Tin plates were used in the cold beds and'changed to investigate opti~
mim hole size and distributiono Fef the heated runs, a four-inch-
dlameter stalnless steel dlstrlbutlon plate (shown in Figure h 1 above
the alumlnnm blind flange gas 1n1et plate) was drilled ‘and used in the
manner determlned from previeus experlmentso The grap@;te charge was
supported by this distribution plate when ne ges was flowing. There

was an empty space three inches in diameter and one inch high between
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FIGURE

BOTTOM OF THE CONTAINMENT VESSEL AS IT IS ASSEMBLED FOR A HEATED RUN.

The packed bed of graphite contains the temperature measuring probe,
the heating coil, and the plating samples. The gas inlet plate is
shown resting on the wooden frame. The thermometer in the foreground

indicates the helium inlet temperature*



the bottom of the plate and the top of the.gas inlet plate.

For severzl cold runs, funnels were investigated for gas dis-
tribution. A metal and a glasé furmel were tried, each being secured
to the bottom of the vessel by,an aluminum flange with a large center
hole which fitted over the funnel. Rubber gaskets sealed the'lip of
the funnel and the glass vessel rim. .

A filtér waé made and attached to the exhaust fitting at the
top of  the contaiﬁment vessel by a five foot length of plastic tub-
ing. ihe filter was constructed from a three~inch—leng£h of four=-
inch-diameter steel pipe., Two holes were drilled and tapped for one-
quarter-inch pipe on the outer rim of the steel pipe. The holes were
spaced thirty degrees apart and were fit@ed with Swagelock fittings,
one used as the filter intake and the other to connect a manometer to
measure filter pressure. Filter papers were placed across each qpeﬁ
face and held in place by masking tape. No tépe was allowed to cross
the filtering surface of the paper, Wire mesh was placed outside each
paper surface to keep the paper from pushing out or rupturing due %o
pressure., The wire mesh was held firmly by two outer fléngess bolted
together across the outer circumference of the steel pipée The as-~
senbled filter maj be seen in Figure }.2 at the extreme left of the
picture.

In egrlier‘work, two straight copper tubes were spaced vertiéal«
1y iﬁ the bed to measure the pressure drop across the bed. The heabting
coils were held in place by two gquarter-inch-diameter glass tubes with
heavy copper wires inserted down the center 6f each tube, The heating

coils were connected across the ends of the copper wires., A stainless



FIGURE lu2
EQUIPMENT SETUP FOR A HEATED RUN.

Equipment seen on the bench-top from the left: the filter and
manometer, junction box, timer, two ammeters, the thermocouple
potentiometer, and the helium bottle at the right of bench. In
the foreground is the 17 amp variac and the top of containment
vessel. Note that the potentiometer is displayed vertically only

for the photograph.
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A 13
steel prebe was used t§ hold samples in place within the vessel.

Te measure the amount or effeect of graphite plating, the fol=-
lowing sémpies were used:

1. A five inch long stainless steel rod, type 316, of

| 0,125 inch diameter. 1
2, 21 and 26 gage steel wires of five inmch length with
copper electrical connecters attached te each end
for aéseMblyo

3. Varieus nickelfchremium wires of 30, 20, and 18 gage,

normally ceiled to heat the bede |
The stainless steel rod was held to the sample probe by a set screw,
ﬁith the two steel wires held bowed between the set screw and the end
of the stainléss steel red. The schematic diagram in Figure l.3 shows
the manner of positiqning the steel samples within the bed., The sam—
ples were arranged at a one-inch-radius frem the vessel c.zen'l:ez"lj.nevo
The heating coils were of two and three inch coil lengths and could be
?esitioned vertically or herizontally in the center of the vessel at
any desired height.

Bed temperatures were obtained with a chremel=alumel type
thermocouple éttached to a probe that could be raised te any height
above the distribution plate and could be rotated frem the vessel
center to the outer wall. The thermocouple wires were packed in, and
insulated by, magnesium oxide powder and were sheathed in stainless
steel. The picture in Figure li.2 shows the equipment setup for a
heated rﬁna. Rubber and ceork stoppers were drilled and fitted over the

tubes introduced into the vessel, plugging the holes in the top flange.



FIGURE U.3

FLUIDIZATION APPARATUS

Measurement circuits for heated runs are shown. Not to scale
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Rubber-metél cement was used to seal the stoppers into places
A 17 amp, 120 volt awbotransformer was used as the power supply

for the heating coil, and two laboratory ammeters and voltmeters were
used when necessary. Sample weights were measured on an analytical
balance, while heavier weights were weighed on a laboratory balance.
Sample yesistance was measured on a Wheatstone bridge. Analysis of
filter'particlé Sizes was made with a microscope using a screw microm—
eter eyepiece and a 10X objective lens. Photographs of filter parti-
cles were taken with a Universal Camera Microscope "lMe F" or metallo-
graph, Helium flow was measured by an orifice~type flowmeter that was

calibrated in the laboratory.

b3 Procedure

Fluid beds were obtaiﬁed,with sand and air to test the equip;
ment and provide data on solids size distribution and gas distribution
methods. For a given run, the charge of solids was not altered except
by action of the beds Height—to;diameter ratios were observed for var-
ious charges, and the optimum results were noted. Agitation of the
béd.by'mechanical stirrers and pulsing the air supply was attempted;
and the effect on fluidization was observed.

The conditions which gave the best results for sand and air
were dupiicated.for graphite beds., Cold runs using air, and later
helium, were made to test the grephite particle size composition of
the charge, height-to-diameter ratio, and gas distribution system.

The entrainment of fines and the atirition of the bed were observed

éﬁd recorded.
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The final phase of this investigation involved heating the
graphite and helium fluid bed to observe the quality of fluidization,
the plating of graphite 9 ‘the emtraimnemf of fines, and the attrition
of the bed. In preparing for a heated r-r:m_9 all samples were weighed:
and their resistance was measured befere they were mounted on the .
- sample rod and placed in the vessel. All circﬁits and connections
were checked to test measurement eircuits and air-tightness, The fil-
ter was wiped clean, and two fresh filter papers were weighed and then
taped to the filter operings., A graphite éharge of known particle
size distribution and weight was poured into-the vessel after the
other apparatus was assembled.
The heated bed runs were made in the following manner. The
]fiélium régulatcr was adjusted to provide 10 psig. on the valve 'bé the
flomne'bere: The helium flow was varied, wntil the best fluid bed was
observed, The height increé.se was reeorﬁed from packed to fluid ]oedc.
The préésure in the filter was recorded from the manometero. Time was
started when ﬁhe bed became fluidizede' |
_ .Electric current was applied ‘b.o» the heé%ing coil and the clur-
rent and voltage recorded. Current leakage through‘ the graphite bed
to the sample probe was recorded by measuring the current and voltage
- between one heating coil lead and the sample probe. As the bed
reached higher 'bemperatures s The ‘helium flow was reduced to maintain
a dense-phase turbulent bed 'Wl‘th optimum fluidization quality. The
bed temperature was noted on the thémocouple potentiometer, while the
thermocouple junctic;n was fixed in pbsitino When the temperature

reached a S'Eeady state, all instrument readings and the running time
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were recorded, Heating current was held constant fer each funo After
steady state was}reetcl:{ecL9 a temperature profile of the bed was made in
accordance with the heat transfer investigation made by Captain Stone-
burrer. When the desired running time had elapsed, the heating cur-
rent was slowly feduced to zero with thé bed still fluidized. As the
‘bed cooled; the hélium flow was deereased and the running time halted,

After each rﬁn the samples were removed from the vessel; re-~
weighed, and measured for resistance. The graphite charge was recov-
ered from the vessel and its particle size aistributien défermined by
sifting and welighing., The filter was disassembled and particles
trapped inside were scréped ento the filter papers using a spatula,
The filter papers containing the graphite were weighed and set aside
for later observation with the microscope and metallograph.

- The first five heated‘runs were made with the same graphite
charge; the only changes in compoéitien were due to bed action. Then
a charge of all fines was used for a heated run; the particles all
passed 60 mesh, with ever half passing 80 mesh, The final run used
the original graphite charge, but the samples were placed abeve the
| bed rather than in it. For these last twawrunsg a one foot length of
18 gage nickel-chromium wire was attached to. ore end of the vertical
heating coil, so. that the heating. current passed threugh it in the
circuito This long wire extended above the bed‘and was heated during

these two funso



CHAPTER 5

DISCUSSION OF RESULTS

591f Graphite Plating , ' _

When the grephite was fluidized, dust-1ike particles would
coat the surfaces abbve the bed, though the surfaces within the bed re-
mained relatively clean, VThese‘particles had a slippery‘consistency
and adhered to other surfécesland each other readily; however, the ap-
paratus could be wiped clean with a cloth easily. In both cold and
heated runs, a fresh charge of graphite fluidized fér the first time
left an even; heavy layer of these fines above the bed. If the same
charge Wére_reused without adding previously unfluidized graphite,
there was very little surfacé duste |

’ The pléting samples turned blue-black ia eolor after one or
more heated runs., Any graphite particies.that did not shake off the
samples due to experimental handling’were classified as plating and
measured'accofdinglyo ‘For the seven heated runs, and in several other
heated fluid bed attempis, a few very large graphite particles, or ag-
glomerations of particles, would cling to the heating coils, Usually
these particlés or agglomerates were at the eﬁds of the coil between
the more closely spaced turns. (An attempt was made to keep the samé
distance between each turn, though some distortion was caused when
mounting the coils on the heating leads or by the action of the bed on
measuring apparatus.) These large particles seemed to adhere to the
coil as it cooled in the fluid bed, Onece steady state temperatures

18
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were reached in the bed, the current and voltage/across the heating
coil remained constant in all heated runs.

The plating samples were exposed within or above fluild beds of
mild turbulence with excellent particle movement. Channeling éﬁd slug~
ging were not observed during the heated runs, and the interface re-
sembled the surface of a rapidly boiling liquid.

A resume of the conditions for eéch heated run is given in
Table I. Measurements made to détermine graphite plating are consoli-
dated in Table IT. The increasé in sample weight islan indication of
graphite élating on fhe surface, A consistent change in sample reSis~
tance would indicate a surface effect by the graphite or a reaction of
the metal with the carbon. The sample diameters were carefully meas-
ured with a micrometer, but no significant change could be noted after
heating and i‘luidization'exposure°

A graphic picture of the variation in weight of the samples is
‘given in Figure 5.1, along with the variation in weighing obtained
measuring'procedufal control, The fluctuation of sample resistance
is shown in Figure Sa2,‘as well as the variabions observed for proced-
u?al contiolg ,

An experiment was performed to.determine the range of proced-
ural control variations due to the following:

1. Laboratory conditions |

2. The touching or handling of samples in the experimental

procedure

30 Variations in measuring equipment performance and

- accuracy



TABLE I .

CONDITIONS DURING HEATED RUNS

Run Des:.gnatn_ono I - II CIII v v A1l Fines

Heating Goil Position: H H H ( H . v v
Average Bed Tempo(°C): k5 65 60 100 . 225 240
Bed Temp, at Plating Samples, (°C), (measurement distance sbove distribution plate shown):
0,5 inches hs . . o ' .
1.0 45 ' 55 L5 120
1.5 ) L5 65 50 120 2,0
2,0 45 ' - 45 - 120 240
2,5 L5 55 95 200
3.0 45 50 80 185
3.5 . 95 - 200
o0 - : 70 90 200
o8 50 90 205
Steady State Readings in Amps and Velts: S 4
Heating Current: ly o2 6ol - 6,0 15,0 12,5 12,0
Heating Voltage: 8,0 18,0 9,0 16,0 26,0 3.0
Bed Current: 0,15 1,25 1.6 . ko0 2,5
"Bed Voltage: 1.0 0.5 003 067 1.2

\

Total Running Time, ‘ )
(mine)s 19.1 3500 26,3 65 - Ty -1 45,0

»Noteé: 1; Heating coil positions were horizontal or vertical as 1nd1catedo
2, .The potentiometer battery was weak during Run IIT,
3o - The steel plating samples were placed above bed in final two runs.

s

. 350

13,0
10,0

60,0

i
i
i

1

032



TABLE i1

| GONSOLATED GRAPHITE PLATTNG DATA

elg @f Samples 1n Grams»“'“'

Ran TI Bun I  Run V - A1l Fines

- 0.5050

Sample - Original Wto Rwn TIT ‘Run VI
Staiiless Stecl Bod  7081220% - 777966 7.779% 77198 T.T8110  7.78188  7.78250 T.78748
21 Gage Steel Wire 18307k  1.83130 1.83100 1.83100 1.83087 ° 1.83178 = 1.83196 1.83239
26 Gage Steel Wire =~ 1.32126° 1:32126 - 1,32128 1.32145 1.3215h - 1.,32279 1.3227h 1.32252
20 Gage Nifr Goil ..~ 1,33433 : 1,33457 L S
20 Gage NiCr Coil 0¢97551 o - 098557 '
20 Gage NiCr Coil 157726h : 1.77726 1.78078 1.78)38
18 Gage NiCr Wire 2.,23270 : . 2,23300 2,23300
30 Gage NlCr G@ll O°13636 O 133h8_ - ) o - :

% Sample included small needle peint which breke. off before measurement fellew1ng Run Ia —
Re51stance of . Samples in @tho

Sample | erlg:izieiiﬁ
30 Gage Nifr Coil  1.,7300 1.6870 |
Stainless Steel Rod 0,0280 0,0570 0,070 0,0300 0,0399  0.,0496 0,0379 0,0380
21 Gage Steel Wire 0,0560. 0.,0590  0,0610 0.0550 ©  0,0610 0.,6580 0.0550 0,05%90
26 Gage Steel Wire 0.1580 » 0,1630 0,1890 0:,1670 = 0.1600 = 0,1620 0,1570 0.1570 .
20 Gage NiCr Coil 1,6260 ' ' o710 : :

- 20 Gage NiCr Coil 1,1950 1.1890 o o *
20 Gage Nilr CGoil 2,1220 . 2,1260 2,1286 2,2030
18 Gage NiCr Wire 0.1810 : 0o 5117 :

12



(Procedural Control Variation Shown by Vertical Bar)

Sample Weights In Grams

26 GAGE

Hours of Sample Exposure. (Individual Runs Shown)

FIGURE 5.1

SAMPLE WEIGHTS AFTER HEATED RUNS
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(Procedural Control Variation Shown by Vertical Bar)

Resistance of Samples in Ohms

Hours of Sample Exposure (Individual Runs Shown)

FIGURE 5.2
SAMPLE RESISTANCES AFTER HEATED RUNS
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The three primary plating samples and the finél 20-~gage nickel-chromium
heating coil and 18-gage heated sample were allowed to stand in the
laboratory for 48 hours following Run VI, Table III shows the results
of the weight and resistance measurements, as compared to the data
after RBun VI. The procedure followed is shown in the table, with max-
imam observed differences recorded abt ihe bottom of each column,

To @rovide an analytical calculation of the weight of graphite
plating, computations were made éssuming the graphite was plated one
wmil thick on the éyiindrical‘surface of the five inch long stainless
steel sample rod, Gurries_Hamister9 and MacPherson have measured the
density of crystalline graphite and obtained a value of 2,26 grams per
cubic centimeter, This density was used, assuming the plating is more
nearly crystalline fhan powder, and this value would give a conserva-
tiﬁe estimate. The graphite would have a volume of 0,001962 cubic
igches or 0,03220 cubic centimeters and weigh Oa0728 £rans

During the final three heated runs, the stainless steel rod,
the 21-gage steel wire, and‘the heating coil showed a consistent
weight increase., The 26~gage steel wire lost weight slightly during
the final two runs; The stainless steel rod gained about 0,0075 grams
during the heated runs, approximately 10% of the weight of graphite
necessary to achieve a one mil thicknesso:,When the ends of the sam-
ples were cleaned in ethyl alcohol, each sample lost a large fraction
of the previous weight gain. In the case of the stainless steel rod,
this is explained by the fact that the ends were rough, while the side'

surface was highly polished., For the two steel wires, the terminals



" TABLE ITT
PROCEDURAL CONTROL VARIATTIONS

Tpial ‘Sample 1, o Sample 2,

sample 3. Samplels . Sample S,

, Grams . -Ohms Grams Ohms Grams  Ohms . Grams Ohms Grams  Ohms
1.°  7.787h8  0,0380% 1.83239 050590 ~ L1o32252  0,1570 = Lo78438 12,2030 ° 2,23300 0,517
- 26 0,0420 0,061} . 0,1633 ' 2,2310 0,5000

3 7.78205 0,0292 . 1.83157 0,0580  1,32228 00,1638  1,77975 12,1655  2,23286 0.)4983
ko 7.78149  0,0308 1.83139 0.,0540  1.3222 0,1603  1,77968 . 2,1593  2.,23294  0,5090
5o : T 0.0330 . 0.0566 0,1580 ' 2,1570 0.5020
6, 7.7807h  0,0398 ' o

To . T.78074 0.0345

8% 7.78012 0,0308

9 7078018‘ 0.0291
10, . 0,0300

Diff, O 00736 O 0129 O 00100  0,00T7h 0,00028 0,0068 0,00470  0,0740 0,000l 0,013
Trial 1, Results from Run VI,
2, After 48 hour exposure in laboratory.
3o Clean sample terminals in ethyl aleohol and air dry.
Lo Handle samples in manner used in equipment setupe
5. Disconneet Wheatstone brldge leads from sample terminals, then reconnecto
6, Clean rod in alecohol, wipe with paper towel, air dry, handle with tweezers,
7o Replace on balance or reconnect leads to terminals and rem.easureo
8o, Handle sample in manner used. in equipment setupo
9¢ Repeat procedure of Trial 7.
10, Remove and reconnect leads on the Wheatstone bridge.

Sample 1, Stainless steel rode
' 2, 21 gage steel wire.

3. 26 gage steel wire,

lio 20 gage NiCr Heating coil.
5, 18 gage, long, NiCr wire,

¥4
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had much‘larger‘sﬁrface area than fhe wire and were made of copperrand
tin electrical connectors.

A consistent increase in resistance, with increasing weight
and exposure, was noted for the heating coil; however, this total
increase for the final three heaied runs was approximately equal Lo
the resiétance variation from roem exposuré and nérﬁal handling devia~
tions. The steel samples did not exhibit any consistent resistance
trend coﬁpared with weights, and again the variations that did exist
in sampie resistances‘weré in the range of experimental error devia~
tions.

The blue~-black éolor was completel& removed, from the stainless
steel rod when it was wiped with a paper towél soaked in ethyl aleco-
hol, The weight was decreased te.approximately that of the imitial
sémplegweighto |

In the:final two heated runs with the samples above the bed
(ekcept for the heating coii)gAbed action would not help keep them
(éleaua‘9 and one would expect én increase in the amount of graphite

 p§rtic1es adhering to ’ghema Also the highest temperatures were ob~
tained during these runs. 'The_samples that gained Weight during these
conditionsAgppeared to do sé,only on the ends or attaéhed terminals,
and the 26ngage steel wire lost weight. Sinee the current and velbage
rgmained.eenstant during steady state operation of the heating coil;
amy graphite particle-a&ditions must have been made when the coil was _
é@olingo

An ¥ test was made to compare the variance of the plating test

weights with the variance of the procedural control weights. Table IV



TABLE IV

STATISTICAL EVALUATION OF PLATING DATA

Samples’ of Test of Contrel F ~ F DBist, Table
Sﬁaiiiiess o _

steel rod 5.31 : 9,48 0,531 9,01

21 gage : _ '

steel wire 2.u7  5a8L Ooh2h 2344,0

26 gage
steel wire

12.28 - 6,16 2,040 23,0

27

' Variance  Variance = ' '95% Value From.
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shows these variaéces and their ratios‘whiCh are the F values for this
data. The 95% value from the F Distribution Table is shown in the
. right-hénd coiumn of ‘the table; iThese figureé show that there is ne
significant difference between the plating variances amd the comtrol

variances.

5.2 Particle Sizes, Attrition, and Entrainment

‘The distfibuﬁidn'dfléértiéle"éizeé iﬁiﬁhe graphite'charge was
determined. by sifting the charge between runs wsing a uniforﬁ'éne hun~-
éred ghakes. -The results of the sifting'and weighing for the heated
© runs are shownrin Table V. Also shown in the table is the weight of
graphite recoveréa'in the filter. The entraimment of particles from
the bed was iﬁvestigated by determihing the amount and size of parti-
cles trapped in the filtefa Bed'attfitien is ebserved by determining
the loss of large particles and gain in fines, including fines lost
by entrainment.

in determining the differences in welghts of filter papers,
before and after use, theieffect of taping the papers to the filter
had to be known. In several triais of preparing the filter, but not
making runs, an avérage weight 1@ss:of 0,01903 grams was noted, after
the masking tape was removed from the filter paper. This loss Wwas
added to the weight differences to give the fesults récorded in Table
Ve

- Initially the effect of fluidiéation on partiéle sizges was

ebserved'for unheated beds, The graphite charge ased:was-made up of

only eourse and fine partieleé@ Matheson and Hall have noted that a



IABLE V

GRAPHITE PARTICLE SIZE DISTRIBUTION AND BED LOSSES

Charge = RmI R II Rm III R IV  RunV  Run VI

 Average bed temp. in °%C: . 45 6§ 60 100 225 350
Time for run in minutes: - 19,1 35,0 2663 " 6le5 ThoT 60,0

G::‘*aphite Charge Composition Grams Grams Grams Grams Grams Grams Grams
Smaller than L2 mesh, °) = L27.6 46,2 379.8 4013 403.6  399.7  1406.1
Would not pass 60 mesh.) , ' :

Smaller than 60 mesh, | 1705 38,1 18,3 1.7 16} 709
Would not pass 80 mesh.) . : :

Smaller than 80 mesh, ) L 2,9 L2 1.7 1.8 1.2
Weuld net pass 100 mesho) ‘

Smaller than 100 mesho) 0.1 1,0 0,3 007 0,7 0.7
‘Total CRe7.6 h25.2  421.8 L2l 1420.5 - 4186 L15.5
Losses due to handling )

and entrainment from bed) o : ‘ -

from previous run. ) 2.1 3oy 007 0.6 1.9 30l

Weight of graphite trapped ' \
in the filter. 040868  0,12137  0,14910 0,09810  0,29042 0,10042

e Gttt
bt

1

N
-\



_ 30
full distribution from O to SOQ mictons gives poorer fluid beds than
one ranging from sbout 100 to 840 microns, The optimum composition -
by weight is 25% fines.and 75% coarse. The graphite charge closely
appro%imated thié condition, including 1773 grams of particles
greater-than~}2 mesh and 35,2 grams of less=-than-100 but greatéruﬁhan-
115 mesh. - This charge was used in several beds of fair—to~gooq fluid-
ization for a total time of L6 minutes. Air was the fluid and the.
oublet stfeam'was bubbled thfough a large Eeaker of Watef to allow
removal and cbservation of enﬁréined particlese The following is an

" analysis, after fluidization, of that graphite charge which was ini-
tially just coarse and fine particles:

1. Greater-than-lj2 mesh = 1384 grems

2, Passed L2 but not 100 = 33,8 grams
3., Passed 100 bub.not 115 = 22,6 grams
be Passed 115 mesh = 6,05 grams -

11.7 gfams of graphite were lost from the bed by entrainment or in
handling. . |

Another series of cold runs showed a similar change of parti-
cle siges in tﬁe graphite‘charge, and after 90 minutes of fluid bed
operations, the fines that had collected in the filter were analyzed.
The initial charge waé all coarse particles of greater-than-§2 mesh;
funnels and plates were used fo: gas distribution. The filter~pérti~
cles had a tendency to agglomerate, so 250 shakes of the screens were
used}instead of the normal 100, The following weights of particles

were obtained,
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1, Greater~than-115 mesh = %38&13. grams
044655 grams
1.3025C grams

2, Passed 115 but not 150

L]

3, Passed 150 but not 200

o

1.88280 grams.

i

ho Passed 200 mesh

The resul‘ﬁ of the arialysis of filter particle sizes during the
regular 11.1ea'bed runs are given’ in Table VI, The sample Was prepared
for m:Lcroscop:Lc and metallograph exam:.natlon by shaking or scraping
graphite fr@m the filter paper on’co a glass slide, then tapping the
slide until the graphite spread evenly on the surfaceo The particles
would adhere to ~£he ‘surface so that the slide could be inverted with-
out observable spillage. The average particle size shown in Table VI
was determ:med by visually obsermg the range ef particle s:Lzes on
“the sllde s then measuring with the e:y'ep:l.ece the groups v:u.sua...ly se~-
lected 'bo represen‘b the average size partlcleso
| F:Lgure 5.3 is a phetograph made W:L'bh the metallograph ef the
f:ther graph:l.te partlclesafter Run VI@ Small, average s and large size
1nd1v1dua1 partieles are shown, as well as several large masses or ag-
gloraerat;ons of smaller particles. These agglomerations were nelther
counted nor measured in determining the figures shown in Table VL

The entrainment of particles was especiaily heavy‘during thez
heated run with a charge oi‘- all fines. The orlglnal charge was made
up of half 60 to 80 mesh partlcles with the ether half pass:Lng 80
mesho The total weight of the charge was. 388,,1 grams. After 'bhe }45
‘minute 1‘:"1311:1.9 4807 greams of grapiaite Wereic’oilected in the :f.'il'ber' .and

the whole containment vessel above the bed was biack with graphite



TABLE VI

GRAPHITE PARTTCLE SIZES IN THE FILTER

"RmmI . Rm Il  RmIIT RinIV  Rm V' Run VI
.?értiele.Size __:Lg 4M§'.evrons ‘ . »
Smallest particle cbserved: ‘ 05 07 065 065 008 1.2
Largest partiele observed: 80 95 120 80 60 110
hverage size range: . 8 to16 10 to 15 11 to 1y 12 to 14 1L to 13 12 to 18
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FIGURE 5.3

PHOTOGRAPH MACE BY A REICHERT METALLOGRAPH OF THE FILTER GRAPHITE

PARTICLES AFTER RUN VI. MAGNIFICATION: 250x

33



dust,

The graphite entrainment decreases with a decrease in the
amount of fines in the bed. For the heated runs there was a decrease
in filter graphite weight with the exception of the last twe regular
runs., The increase here corresponds to notably higher bed tempera-
tures than previously useég'though the analysis indicatesrthe particle
distribution in the bed and the filter remain essentially constént
with earlier heated runs., The heated helium may pick up and entrain
mere graphite partiéles above the bed and in the plastic tubing before
reaching the filfero A small hill of graphite Waé observed opposiié
the inlet part of the filter only after Run V., This extravgraphite
probably came from the lines since the overall bed loss is low. The
heated runs showed very little bed attrition with an almost constant
particle size distribution. This general lack of grinding in the
heated beds may be explained by several theories. First, there may
have been grinding, Eut an equal amoupt of agglomeration of smaller
particles., Sintering would not take place at these low temperatures
and pressures; however, some adhesion of particles is evident both in
the filter and the bed. Another possible reason involves the‘small
bubbles of helium that are known to circulate with the solids through
the bed. Under heated conditions, these gas bubbles might cling to
the particles, acting as cushions to prevent much of the contact be-~
tween particles. The amount of heat does not seem to be a* factor yetg
since the particle‘size distribution remained'essentially constant
over a range of 5ed temperatures, Very low_helium flow rates were

 used in the heated beds; yet, the particles have good movement. This

makes it appear likely that the gas bubbles, circulating with the
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particles, aid the bed movement,

5.3 Fluidization Variables

In general, fair=£o»good fluidization could be produced using
this equipment setup, The height-to-diameter ratios of 1 £o 1.5 were
@bservéd to produce more satisfactory beds; it was difficult to achieve
a.fluid bed if the ratio was below 0.7 and ratios above 2.5 resulted
-in slugging., The distributions of coarse and fine particlés were ob-
served to be bétter than a distribution of all fines or the use of a
‘charge of uniform sized particles.

'Devicgs were required to give the proper distribution of gas
to the bed., . Work with distribution plates, funnels, and funnels en-
closing plates was done to determine optimum gas distribution. The
vfunnels produced the fastest particle movement within the bed; how-
ever, these beds were characterized by a tall spout of graphite spew=
ing up above the bed center, The distribution plates produéed more
ﬁniform fluid beds without theICenter sp&utingg Larger sizes and num-
"bers of holes per plate were investigated, but thé most efen guality
' beds were obtained with distribution plates having 0,040 inch diameter
holes spaced slightly more than one per square inch of plate surface,
This design was used on the distribution plate for the heated rums,

Fluid flow rates were low; the air velocities ranged from 1 te
2 feet pér second while the helium flows during the heated rﬁns.ranged
from 0,13 to 0,80 feet per second. Above minimum fluidization, the
flow rates could be varied as much as 0.5 feet per second without vis=-

ibly affecting fluidization quality. The lowest flow rates producing
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acceptable fluid beds were used for all runs.

Physical agitation of the bed increased the quality of fluid-
ization and allowed minimum fluidization to occur with lower fluid
velocities,  Agitation was accomplished by pulsing the air flow from
the compressor or by stirring the bed I;;hile in operation.

A graphite density of 2,065 grams per cubic centimeter was

measured by displacement of methyl alcohol,



CHAPTER 6
CONCLUSIONS

Significant graphite plating was not observed on the surfaces
of the steel sa.inples at béd 'bemperatureg up to 350680 The blue-black
film on the steel was due to the preseneé of carbon, but was not ef-
fectively observed exeept oh the stainless steel sa.mpleg The weight
of the film is not sufficient te be a 'x;eliable indication of graphite
plating, Several large graphite particles or masses did adhere to
the nickelathomium heating coils causing a resistance increase. These
particles did not become attached while the coil was operating at
steady state temperatures. The maximum ‘inereases in weight due to
-graphite plating were 0,00782 grams for the stainless steel, (corres-
ponding to less than 0.0001 inch thickness), and 69117);; grams for thé
heating coil. Further investigations of piating mast be made at
higher temperatﬁres;

For heated beds of graphite and helium, attrition is very
slight with the particle size distr:}i.buti@n within the bed and en~-
trained in the helium being constant., This equipment can produce good
fluid beds and be used to determine certain critical flwidizatien par-
ameterse.

Because of bed conduction and the leskage of heating current
between the heating coil terminals s a bed current and voltage were ob-

served between the sample rod and a heating lead., It is not known teo

37
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what extent this current affeeted graphite plating on the samples.o A
heating device that is insulated frpm the bed would eliminate eurrent
leakage %o ﬁhe bed.
_ A systematic timetable was ‘not fellowed after each run so Atha.t
there was some variabion in the time a sample remained in a graphite
packed bed bei’o;’e measurements were made. Th:Ls exposure variation
could have: resulted in a procedural error in sample weight or resis~
tance. A trial procedure is necessary after, as well as during, fu~
ture experiments of this na:lﬁax'ee Included in the procedure should be
a (uniforni cleaning of sample ends and terminals before measurementse

Variations in paréicle gize measurement may be regulated by -
increésing 'bhé nu.mber of sieve shakes per screening. The percentage
of smaller particles that de not fall through a 1arger.sereen opening
will decrease with each .additinal shake up to a limiting value.

o Little is mentioned in the literature concerning fluidizing
graphi'beh with helium, so mest of the known data on gi'aphite plating
comes from gas-suspension work, 'whereby very small particles - average
size of 5 microns er less - are transported with high gas velocities
and pressures. In their investigation of gas-suspensieiz coelants for
power reactors, Y;I”a.'l.sh‘9 eto.als., reported the plating of graphite on
heat transfer surfaces. lNMoreover, the graphite litefally piled up, or
plated, on some surfaces within pumps, valves, and lines. The plating-:
differences noted between this investigation and the suspenéion inves-
tigation may be eiplained by coﬁsidering 1) the reduced gas veiocity
and pressure; 2) the increased particle sizes; and 3) the lower temp-

eratures compared to the gas-suspension data mentioned above,
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The lack of attrition in the heated beds tend to confirm the
reports concerning the circulation of bubbles of fluid with solid
partieles in fluid beds.

The optimum flﬁidizatien parameters observed in this investi-
gation conform in general te the results described by Leva or Zenz and
Othmer. Fér the distributien plate design, a slightly Sméller'héle
size and 25% more of thgm‘gave better results than simiiar designs re-
ported_by‘Lévao The ratie of coarse to fime particles did not appear
as critical for géod‘fluidization as given in Zenz and Othmer's book;

however, the charge of fines gave poor results as predicted.



CHAPTER 7

FUTURE WORK

The gxperﬁpent program should continue until heating éeurces
for the bed approach core ’oempergtures appropriate for a fluidized
graphite nmuclear reactor. Gra]éhite plating, partiele size, attrition,
and entrainment mast be determined. |

The parameters of fluidization observed in these experiments
may be extended to 'futﬁré work, and improvements in the fluid bed
should be attempted. Baffles; bed agi‘bation; and vibratien should be
tried to determine the effeet on fluidization quality and on heat |
transfer characteristics of the bedo In general, anything that im-
proves fluidizatién should improve ’cf;he}bedv heat transfer data, but
there is a speciaj_ reagon for investigating the effect of baffles on
the heat-producing surfaces in the bed., OSeme density fluctuation is
normal in gas fluidized beds, and this could lead to hot spots along
& h(_eat. element, especially if chanmeling were to oceur. Baffles or
other bed agité:bion might control, or limit, density éhanges and chan-
nelihgo

The temperature limits of 4'bhe glass containment vessel have
been reached, and an iron vessel of four-inch inside diameter is
available to build apparatus for higher temperature worko With'-the
higher temperature, there will be a requirement for vessel insulation
to increase bed temperatures and to hasten steady state conditions.

Equipment improvements and additioms should be made, including

10
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the use of more themoc\ouples s & pump to recirculate the helium, and
more samples and heating sources. These would allow greatly increased
- operating times, improve the guantity and quality of data obtained,
and facilitate an investigation of the filtering, purification, make-
up, and pumping requireménts for a complete gas system.

A further extension of this work would be the design and con-
" struction ef a higher vegl.eci'by and pressure system. Such a device
might bridge the gap between fluid beds and gas suspensions, and it
could allow possible correlations of data from either end of the gas-~

solids spectrum,



APPENDIX

OPENING SIZES FOR TYLER STANDARD SGREEN SCALE

42

 OPENING. IN:

. Inches Millimeters Mierens
20 0,028 0,83y 83
L2 0,0138 - 0,351 351
60 . 0,0097 0.2146 216
80 0,0069 0,175 175
100 . 0,0058 061147 147
118 0,0049 0,12k 12}
150 0,00k1 0,204 10k
200 0,0029 0,074 Th
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