
HET ptTyjq BETJEN GAS AND SOLID 
IN BEDS 0F FLUID IZED SOLIDS 

by 

RAYMOND LLOYD OLSON 

A TIESIS 

submitted to 

OREGON STATE COLLEOEE 

in partial fulfillment of 
the reuireinents for the 

degree of 

MTi}i 01? SCIENCE 

June 1950 



FOVD: 

of' Department of Chemical and Meta1lur:ical 
Jngineering 

In Charge of Major 

Chairman of' School Graduate Conmittee 

Dean of Graduate School 

Date thesis is presented Y 10, 190 

Typed by Lillian W. Purdy 



ACKNO LJ.DG T 

The author wishes to express his appreciation 

to Professor J. S. Valton for the assistonce he has 

given in the preparation of this paper and under whose 

supervision this work was undertaken. He also desires 

to express his gratitude to Professor . H. Gref, 

Director of the Engineering Experinntoi 3tstion under 

the auspices of which iauch of the work was done. Acknowl- 

edginents re also clue R. H. Simon and O. Levenspiel who 

constructed nach of the apparatus in their previous 

work, and R. C. Mang for his part in the construction 

of the new section of the apparatus. 



TABLE 0F CONTE PS 

INTRODUCTION 

PROCEDURE 

General Method of Attack 

Apparatus for Preliminary Experiments 

Results and Coxicluions from 
Preliminary Experiments 

New Apparatus 

Experimental procedure 

RESULTS AND DISCJSSION 

Direct Use of Experimental Data 

Differential Quation for "h" 

Method of Determining Surface Area 

CONCLUSIONS 

RECOIvMENDATIONS 

LITERATURE CITED 

APPENDIX 

Nomenclature 

Table VI - Estimation 01' Heat Losses to 
Walls 

Table VII - Tabulation of Heat transfer 
Coefficients 

Tables VIII to XIX - Tabulation of Data 

Table LC - Surface Arec. Data 

Paße 

1 

4 

4 

11 

17 

21 

25 

25 

28 

33 

35 

37 

39 

o 
42 

43 

44-55 

56 



TABLE 0 CONThNTS (Continued) 

Table XXI - Sumraary of Data for 
Equation 7 57 

Table XXII - Calibration of Thermocouples 58 

Table XXIII - Calculation of Mass Velocities 59 

Table XXIV - Swnrriary of Runs 60 

Detailei Description of Slide Mechanism 61 

figure 3. -Corre1tion of h from 
Jquation 7 65 

Figure 2 - Flow Diagram 

Figure 3 - Experimental Section 67 



IAT ThANSEER BÌEEN GAB AND BOLID 
IN BEDS OF FLUIDIZED SOLIDS 

INTRODUCTION 

The problem undertaken in this thesis was to 

determine the film coefficient of heat transfer between 

gas and solid in beds of fluidized solids. A bed of 

fluidized solids is formed by passing a gas upward 

through a bed of fine solids at such a velocity that 

the solids are suspended in the gas strewn. 

The technique of fluidization of solids ha 

been known since l87 when Lucenback (6, p.890) was 

gra uted a patent for an improved apparatus for drying 

cereal grains by the method. Fluidization, as it is now 

called, did not become industrially important until world 

War II. At that time, the petroleum industry began using 

the technique in a number of new catalytic cracking plants. 

In these cases the fine solid is the catalyst and the 

vaporized petroleum to be cracked is the fluidizing gas. 

The process gives intimate contact between gas and solid 

catLlyst. Because of wartime pressure these cracking 

plants vere designed and built with little knowledge 

regarding heat transfer in the flu.idized beds. 

Simon (8, pp.2-6) has reviewed the information 

on heat transfer involving fluidized solids published 
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through 1947. This information was esentia11y qua]1tati. 

The proceedings of a symposium (2, pp.1098-1250) on 

fluidization were published In 1949. Presented in the 

symposium was nforraation on such phìses of tIuidizEtion 

as bed density, viscosity, pressure drops, flow ch&rao- 

teristics, gas and so11 ralxlng, attrition, fLuidization 

noracnelature and symbols, und included papers by Gilliland 

and iaon (3, :.1196) and by kiick1ey and i11in (7, pp. 

1137-1147) which presented juantitative iriforation on 

hat transfer. Leva and co-workers 4, pp.ó3-572), Simon 

(8,pp.1-.i%), and Levenspiel (5, pp.1-39) also have made 

investigations of hat transfer ifl beds of fiuldized 

solids. All of these investigators presented data on 

heat trinsfer betworn the fluidized bed. and the retaining 

walls. 

No quantitative results hve been reported on 

t.he heat transfer between gas and solid. b 'inion (B, pp. 

73-1) undertook to investigate this proble:a. He proposed 

to measure the rate at which the bed would be heated by a 

f]uidizing gas. Unaccountable heat loses and rapid 

attainment of tenperature equilibrium between the as 

and solid particles prevented him from obtaining any 

quantitative results. 

vidence from the work of Leva and co-workers 

(4, p.5b) indicated that the heat trensfer between gas and 



solid occurred in the bottom inch or a fluidized bed. 

Based on this evidence a preliminary investigation of the 

lower inch of a bed was undertaken, and a method as 

developed to measure the heat transfer coefficient at 

steady state. 

A new experimental section for the apparatus 

was built and twelve runs were made. Crushed Utah coal 

in three size ranges from 20 to 48 mesh was fluidized b, 

heated air at four superficial mass velocities froa 3.5 

to 920 pounds per hour per square toot. Heat transfer 

coefficients were calculated and correlated as a function 

of mass velocity and average particle size. In an 

experiment to determine the surface area of a finely 

crushed solid, heat transfer data from the £luidiztion 

of spherical "Scotchilte" glass beads anc crushed "Coca- 

Cola't bottles were compared. This latter experiment is 

of interest because there is at present no good method 

of obtaining surface area accurately. 
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PRO CILURE 

General Method of Attack 

To determine the heat transfer coefficient 

between gas and solid the rate t which heat is being 

trarisrerred must be known along with the area through 

which it is being transferred and the teperaturo dif- 

forence between the gas and solid. The coefficient "h" 

Is defined by the following equation: 

= hA (tg t8) (1) 

This assumes there is essentially no temperature 

gradient in the small solid particles and that the principal 

resistance to heut flow is the gus film around the particle. 

Simon (8, p.81) showed that this assumption is justified. 

The vrk of Simon (8, p.46) also showed that 

the gus and solid in the bed 9erc st the same temperature 

to within two inches of the bottom of the bed. He made 

no measurements below this height. However, Leva end co- 

workers (4, p.565) in their work found a difference between 

gas and solid temperatures In the bottom inch of the bed. 

Actually, they obtained a difference in readings between 

a bare thermocouple, which indiceted a temperature between 

the gas and solid, and a cloth shielded thermocouple, 

which it was claird indicated the gas temperature. A 
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tempereture difference is certain to exist between solid 

and heated gas as the latter enters a cooler bed, since 

the gas and solid cannot reach thermal equilibrium 

instantaneously. dhen heat is being lost by the gas there 

also will be a gas temperature gradient. 

The rate at which heat is being lost by the gas 

must be balanced by thc rate at which it is being transfer- 

red to the solid and to the walls. 

qg+ q5+-qw o (2) 

The heat lost b: the gas between two horizontal 

planes passing through the bed can be calculated from 

the mass velocity and heat capacity of the gas, the cross 

sectional area or the tubo, and the temperature change 

of the gas. 
* 0p03 L\tg (3) 

This assumes that there is no gas temperature 

difrerence in a horizontal direction, or that any variation 

is of such a magnitude that un average value can be used. 

ctually, the heat lost to the wall from a section 

of th bed less than an inch in height is small and can 

be neglected, at least in a preliminary investigation. 

_n estimation of the heat lost through the wall can be 

made from the results of Leva and co-workers (4, p.567), 

Simon (8, p.72), and Levenspiol b, p.3). This has been 



done and is shown in Table VI in the Appendix. 

The surrace area of the solid can 0e estimted 

from the average particle size, a shape factor, and the 

bed density during fluidization. 

hile it has been stated that a temperature 

differe.ice between gas and solid exists, the method of 

determining the actual difference is a probleii. The gas 

terperature can be measured by means of a suction therio- 

couple developed by Simon and described later, but there 

is no known direct ;iethod of measuring the actuJ. solid 

temperature. A baro thermocouple in the bed will measure 

a temperature between that of the gas and solid. If the 

solid is cooler than the gas, the solid temperature cannot 

be higher than that determined by a bare thermocouple. 

Leva and co-workers (4, p.564) and Levenspïel (5, p.14) 

have shon that the bed temperature, after the gas and 

solid reach thermal equilibrium, was essentially constant 

with height. Therefore, ii' the entering gas is hotter 

than the solid, the solid temperature cannot be lower than 

the bed temperature. Because of the rapid agitation in a 

bed of f luidized solids and the fact that over 90% of the 

bed is at a constant temperature it was sup osed that the 

solid temperature should be at, or very near, the bed 

temperature even in the bottom inch of the 
bed. In any 

case the bed temperature and the bare thermocouple roadins 
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aro the lower and upper limits on the solid temperature and 

can be used to calculate iriinimum and maximum heat transfer 

coefficients from Equation 1. 

Since all the necessary temperature readings 

cannot be taken simultaneously lt is necessLry to operate 

at a steady state of heat transfer. 

A resume of the general method of solving the 

nroblenis of determining the film coefficient of heat 

transfer between gas and solid in beda of fluidized solids 

follows: 

1. A measureable gas temperature gradient must 

exist in at least a small section of the bed. If it (oes, 

the heat transferred between gus and solid can be calcu- 

lated by Equation 3, if loases to the walls are neglected, 

and there are no appreciable horizontal gas temperature 

variations. 

2. The surface area through which the heat is 

transferred can be estimated from the average particle size 

of the solids, a shape factor, and the density of the 

fluidized bed. 

3. The gas temperature can be massured by a 

su. .tion thermocouple. If the entering gas is hotter than 

the solid, the solid temperature cannot be lower than the 

bed temperature nor hotter than a bare thermocouple. 

4. iquation i can be used to calculate the 



maximum and minimum possible values for the heat transfer 

coefficient using the limits of solid temperature described. 

Apparatus for Preliminary Experiments 

To test the general method of determining the 

heat transfer coefficient between gas and solid some pre- 

liminary experiments were made. Slight modifications 

were ruade on the apparatus previously used by Levenspiel 

(, pp.5-il). The insuDtion was removed from th 10 foot 

experimental tube. The screen which fixed the bottom of 

the bed wes siso removed. A 1-3/4 inch wood section with 

a screen was inserted between flanges In the tube. Wood 

was used because of its heat insuleting properties and its 
easy workability. 

The apparatus, as used, consisted of an air pump, 

orifice meter, gas heater, and vertical experimental tube. 

A Leiman air pump with a maximum discharge 01' about 22 

cubic feet per minute at 700F. und atmospheric pressure was 

driven by a horsepower electric motor. The air passed 

from the pump through an oil mist f i1tr and then through 

a 1 inch pipe to the orifice meter. A thin-plate orifice 

with a 0.50 inch diameter in a 1 inch brass pipe was used 

to measure the velocity. The pressure drop across the 

orifice was measured by a water manometer, and a mercury 

manometer was used to measure the upstream pressure. The 
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orifice was constructed and calibrated by 3imon (, ii.27, 

86-93). Â bleed vaive was in the line before the orifice 

to regulate the air velocity since a constant speed motor 

was employed to drive the air pump. Air leaving the orifice 

passed through a 1400 watt, finned space heater which was 

enclosed In a 2 inch by 3 inch by 181 Inch sheet iron box. 

Electrical contacts were made by iflOLZIS of two spark p1us 

brazed to the box and conrieced to the heater leads. The 

power input to the heater was controlled by a 7.5 Kilovolt- 

ampere "Powerstej" variable transforraer and measured by a 

voltmeter and en ammeter. 

The heated air then passed upward through the 

vertical experimental tube which had an average 1.1). of 

3.98 inches and was made of sheet netal. A wooden block 

C inches square and 1-3/4 inches thick with a 4 inch hole 

ir! the center was placed between flanges in the sheet 

metal tube. The screen to fix the bottom of the bed was 

attached to the bottom of the block. Quarter inch holes 

were drilled in the block on Inch centers beginning 

inch above the screen. Two holes were placed in euch of 

three sides ol' the block. wooden plug was made for each 

hole. 

A inch copper tuba 10 inches long with a fine 

screen over one BIÌ was used as the suction thermocouple 
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well. The thermocouple wires entered through a packing 

gland nd the well was connecLcd by rubber tubing to a 

suction line from a rotary blower driven by a horsepower 

motor. Air discharged from the blower at about 30 cubic 

reet per hour at 70°F. and atmospheric pressure. The 

well could be placed in any or the six holes in the wooden 

block and to any radial position. A 1 inch wooden rod 

8 Inches long with a slot to carry the wires was used to 

insert the bare thermocouple In the bed through the holes. 

A suction thermocouple well without a screen placed 2 

Inches below the screen, which fixes the bottoni of the 

bed, held the theruocouple which neasured the inlet gas 

temperature. Other screen covered suction theriaocou.ple 

wells with ends at the center of the tube were located 

5, l4, end 26 inches above the screen. 

In the preliminary experIments 20 gage, glass 

insulated iron-constantan thermocouple wires with copper 

leads were eployed. The cold junction was kept at 700F. 

by means of water in a thermos bottle, end the electro- 

motive force was measured by a Type 86o2 Leeds and 

Northrup potentiometer. Standard conversions of milli- 

volts to temperature without calibration were made in 

the preliminary experiments. 

A glass tube with an I.D. of 4.055 inches was 

connected in parallel with the experimental tube. The 
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air to the glass tube, which was used for visual 

observations of bed heights, passed through the 0.50 

inch ori1ice but did not go through the heater. 

Results and Conclusions from Preliminary 
Jxperiments 

The preliminary experiments consisted of a 

series of runs using 2 pounds of Utah coal sized bo 20- 

28 mesh and an air aass velocity of' 650 pounds per hour 

per square foot oased on the crosc-sectional area of the 

experimental tube. The power input to the heater was 

780 watts in all the preliminary experiments, and no 

attempt was made to control any of the temperatures. 

A verbical gas temperature gradient was found 

to exist in the bottom inch of the bed s a tabulation 

of the results of Run No. 2 illustrates. All temper- 

atures were taken at the center of the tue. 

TABLE I 

Vertical Gas Temperature Distribution 
At Center of Tube-Run No. 2 

Height (in.) 

0.00 (inlet) 
O.5 
0.50 
1.25 
5.5 

11+. 5 

21.5 

Temperature (°F.) 

270 
248 
234 
232 
232 
232 
228 
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In an attempt to increase the height of the 

nieasurable gas temperature gradient an air blower was 

directed on the tube. The height of the gradient was 

increased to 3/4. of un inch and the difference between 

the inlet and bed temperature was increased. Results 

of Run No. 4. with and without the blower are shown in 

Table II. 
TABLE II 

Effect of Blower on Gas Temperature 
Gradient - Run No. 4 

Height in Gas Temperature (°F.) 
Bed find ithout Blower .ith Blower 

0.00 (inlet) 268 254 

0.25 250 215 

0.50 235 183 

0.75 235 177 

1.00 235 177 

In the bottom of the bed a bare thermocouple 

gave readinßs between the gas temperature and the bed 

temperature; elsewhere it indicated the constLnt bed 

temperature. This is shown in Pable III from the results 

of Run No. 4 with the blower. 



PABLE LEI 

Comparison or Bare and Suction Thermocouples 
itun No. 4 

Height in 
Bed (in.j 
0.00 (inlet) 
0.25 
0.50 
0.75 
1 00 

13 

Temperature (°F.) 

Bare buction 

-- 250 
195 215 
177 183 
177 17? 
177 177 

This would indicate that the solid and gas were 

essentially in thermal equilibrium above 0.75 inches in 

the bed. The results presented in Tables I, II, and III 

indicate a constant bed temperature except Lor the narrow 

section at the bottom since he expanded bed in these pre- 

liminary experiaierxts were 10 inches deep. 

All temperature data given have been for the 

center of the tube. n investietion of the horizontal 

Gas temperature distribution was made in Run No. 9 and 

the findings are shown in Table IV. Readings were taken 

0.25 and 1.50 inches above the bottom of the bed end on 

one side of the center only. The temperature distri- 

bution was assumed to be symmetrical about the center. 
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TABLE IV 

Horizontal Gas Temperature Distribution 

Temperature (°Fj 
Distance from 
conter (jnj i 0.25 1 1.50 

0 236 223 
1 239 222 
2 235 216 

While there was a horizontal temperature 

variation as shown in Table IV the varistion was not so 

great that an averae value could not be used for the 

resnective heights in Equations J. and 3. 

Assuming that the centerline temperature can 

be used to represent the entire cross-section, an 

estimation of the heat transfer coefficient between gas 

end solid in a bed of fluidized solids can be made. As 

an example, consider Run No. 4 for which the temperature 

data are shown in Table III. By neglecting any heat 

lost to the wall the heat transferred froni the gas to 

the solid can be clou1ated from Equation 3. The loss 

should be small in a narrow section in the bottoni of the 

bed because of the wooden section in the tube. The 

cross-sectional area of the tube was 0.873 square feet, 

and the heat cauacity of air was 0.23 Btu er pound per 

0F. The heat transferred in the section between the 

heights of 0.25 and 0.50 inches for the mass velocity 
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of 65i pounds per hour per square foot is calculated as 

follows: 

= (0.,23)(650)(0.873)(215 - 183) 4180 k3tu/hr 

Assuming the solid to be at the bed temperature 

of 177°Y. and that "h" is constant in the section 

considered, the mean temperature difference is given 

by the log mean. 

¿t ; 38-6 17.3°F. 
in ln*. 

The surface area of the solid particles, assu.in- 

Ing they are spheres of diameter equal to the arithmetic 

average of the width of openings of 2 and 28 mesh 

screcus, is 32 square feet per pound, and the area in a 

i inch section of a 2 pound bed exoanded to 10 inches, 

assuming uniform bed density, Is 1.60 square feet. 

The heat transfer coefficient can now be 

calculated from Equation 1. 

h 418.Q l.1 Btu/hr-ft2 °F 
(1.60) (17T 

If tne solid temperature is that read by the 

bare thermocouple the mean temperature difference would 

be as follows: 



t 20 - 6 11.6 °F. 
1n20 

Using this mean teaperature difference a 

dif1rent value of "h" can be calculated. 

h 4180 22.6 Btu/hr-ft.2 °F. 
(l.6o)(1l.6) 

Thus, a minimum and maximum possible volue of 

the film coefficient has been calculated. The differeice 

between either and an avera;e of the two is l9.9 of the 

average valuo. 

The results and conclusions of the 'eliminary 

exDerirnent can be sumrimarized as follows: 

1. Â vertical gas temperature gradient existed 

in the boton inch or a bed of crushed coal fluidized 

by air which was hotter then the bed. 

2. CoolIng the tube surrounding the bed In- 

creased the heiFtht in which he gradient existed and 

Increased the difference between the Inlet gas and bed 

temperatures, the power Input to the air heater and mass 

velocity remaining constant. 

3. A bare thernocouple, which measures a 

temperature between that of the ges and solid gave 

readings between the gus teiporature and the bed 
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temperature in the region ere there was a vertical gas 

tempe rat ure grad i ent. 

4. í.bove the very bottom section or the bed the 

bare theruiocouple temperature and the gas temperature 

were identicul and constant throuhout the bed. This 

indicated the gus and o1id were in thermal equilibrium 

in ail but the narro bottoni section. 

. n estimation of the film coefieient of 

heat transfer between gas and solid in a bed of fluidized 

solid was made. Actually, niniinum and. maximum values 

were determined using the possible limits of the solid 

temperature as determined in the experiment. Certain 

reasonable assumptions were made in the culculation. 

They involved the determination of average values of 

measured quantities, but the values of the quantities 

themselves were not assumed. 

New Apparatus 

Based on the results und conclusions of the 

preliriinary experisents a new experimental section was 

designed and built to replace the wooden section and 

sheet metal tube. The new section consisted of a 

standard 4 inch pipe 34. inches long and topped by a 

sheet metal, funnel shaped, disengaging 
section. A 

water jacket 28 inches long surrounded the pipe starting 



at the bottom. 

A vertical slide mechanism was used to move 

the suction thermocouple well through a distance ot1 

1nche directly above the screen, which fixed the 

bottom of the bed. The vertical position as measured 

by a micrometer type screw, which was used to move the 

slide, The horizontal position of the thernocoup1e 

vell could be varied by sliding the well horizontally 

in its holder, which was part or the vertical slide. 

The horizontal position was fixed by a screw-clamp and 

measured by a scale and a reference point on the well. 

A slot in the pipe accommodates the movable thermocouple 

well, and was sealed from leakage by the construction 

of the slide mechanism. Compressed air was used to blow 

out solid accumulated in the slot, which would hinder 

the vertical movement of the violi, when a chance of 

height was made. 

Check runs with the new apparatus indicated 

certain changes and adjustments were xiecessary. An early 

change was to replace the copper tube, which bad been 

used in the preliminary experiments as the suction thermo- 

couple well, by a inch machined ffmicartat tube 7 inches 

long. This chare was necessary because of conduction 

loses along the tube as shown by an unsymmetrical 
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temperature distribution about the center, which was 

assumed symmetrical in the preliminary experiments based 

on the evidence in Table IV. When this dio not correct 

all the irregularities thought to be caused by conduction, 

the slide mechanism was insulated by a 1/8 inch rubber 

gasket from the water cooled pipe, and was also connected 

by a metal bridge to the hot section below the screen. 

In order to eliminate any heat losses through 

the screen i' was insulated both above and below with 

1/8 inch rubber gaskets. Care was taien to place the 

screen flat. Checr runs indicated that a slight sag or 

hump in the screen would influence the horizontal temper- 

ature distribution. Since readings were tuten at 0.10 

inch intervals a dip or rise of this much would be ap- 

preciable. 
The check runs also indicated an unsymmetrical 

gas velocity profile above the screen. This was noticed 

by observing the action of a small amount of fine solid 

sprinkled on the screen. The condicion was corrected 

by placing two other screens In the tubo below the 

original screen to help smooth the velocity pro1i1e. 

ith these adjustments and changes it was 

possible to obtain a fairly uniform horizontal temper- 

ature distribation as seen in Tables VIII to XIX in 

the 1ppendix. 
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Up to this point the bare thermocouple had 

been Introduced into the bed along the outside and 

bottom ot the "xniebrta" thermocouple well. There ws 
1eak1n of solid end jamming of' the well as Inovelilents 

were iiade in a horizonte? direction. Also, the suction 

therniocoaple could not be lowered to the screen beebuse 

or the bare thernoeouple and the bare and suction therao- 

couples viere at dirferent levels. It was decided to 

introduce the bare thermocouple through the suction 

therrrocouple well and take the reading at different 

times during the run. Since the runs were Lìade at steady 

state the saíne temperature condition existed throwhout 

the runì. To reduce further any conduction errors and to 

increase the flow of air through the suction tube, li 
gage copper-constantan theruocouple wire was used in 

place of the 20 gage iron-constantan theruiocouple wire 

In the preliminary exieriments. These new thermocouples 

were calibrated in cooling glycerine with total irnmersion 

therometers with the cold junction kept at 32°F, in ice 

and water in a thermos bottle. 
Then the new apparatus was built no changes 

wore made from the heater back to the blower. The 

apparatus through the heater Is identical to that 

described, under the heading "Apparatus for Preliminary 

.Exporiments". 
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Experimental Px cedure 

Two pounds of crushed Ute.h coal cre used as 

the solid in each run. Runs riere made on three ranges 

of particle sizes, nemely, 20-28 mesh, 2e-35 mesh, and 

35-48 mesh. For each range of particle size runs were 

made at mass velocities of air of 325, 4GO, 6u, and 

920 pounds per hour r square foot. 
During each run the inlet gas temperature was 

kept at approximately 245°F. by regulation of the power 

inîut to the heater. Actually, the inlet gas temperature 

varied frorr 244e to 2490). for the twelve runs. The 

temperature of thù water in the cooling jacket depended 

on the temperature of the waer in the main on the days of 

the runs. The increase in water temperature on passing 

through the jacket was calculated to be less than 5°F. 

The actual temperature in the jacket was unimportant; the 

object was to cool the tube as much as practical. 

All temperature rrasurcments in the bed were 

made after a steady state condition had been reached. 

First the inlet gas temperature was checked, then gas 

temperatures in ths bed were read with the suction 

thermocouple. he readixs were started with the quarter 

inch movable thermocouple well on the screen. This 
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height was designated as O.CO inches when recording 

data. Actually, the center oí the inch well with a 3/32 

inch bore was 1/8 inch above the screen and the read- 

ings were taken as being at this height. At this 

height and all others, temperature measurenents were 

made at the center of the bed anò at inch intervals 

cut to the wall in each direction. These positions 

were designated by r" equals 2.00, + 1.50, + 1.00, + 

0.50, 0.00, - 0.50, - 1.00, 1.50, and - 2.00. The 

ttV? direction was toward the slide rnechanisni and the 

"-" direction away. 
ith the 9 measurements xaade on the first 

horizontal plane the well was moved up 0.10 inches and 

after the inlet gas temperature was taken 9 more reed- 

ings were taken. In all, readings were taken at horizon- 

tal planes designated in the data book as 0.00, 0.10, 

0.20, 0.30, 0.40, 0.50, 0.75, 1.00, and 1.25 which 

actually represented heights of 0.125, 0.225, 0.325, 

0.425, 0.525, 0.625, 0.875, 1.125, and 1.375, due to the 

thickness of the well. Thus, a total of 81 gas temper- 

ature measurements in two dimensions in the bed were 

made with the suction thermocouple. 

Next, the ca'vdth a screen covered end was 

remnoved from the end of' the suction thermocouple well 
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and a cap vijth a rubber plug in the end acrewed on the 

well. The thernocouple in the well was extended 

through a small hole in the rubber plug. Thus, the 

suction thermocouple well was transformed into a probe 

for the bare thermocouple with the seme thermocouple 

used in both cases. By rapid manipulations it was 

possible to remove the well and plug the hole through 

the slide mechanism to the bed with no appreciable loss 

of solid. This perLuitted continuous fluidization and 

the steady state was not distrubed. 

The same 81 temperature rrasurennts were ìiade 

in the bed with. the bare thermocouple. mie t gas temper- 

atures were checked between each change of height. 

Data for the determin.tion of bed densities 

during fluidizetion were obtained by placing two pounds 

01 the solid in a glass tube with a diameter of 4.055 

inches and observing the height of the bed at the same 

mass velocities use in the heat tranefer experiments. 

There was some difficulty in visually determining 

exactly the height of the fluidized bed because of the 

fluctuations, but representative heights were recorded 

in the data tabulations. 
Following is a summary of the data taken: 

1. i(Ufl5 were made with two pounds of crushed 

Utah coal for the ranges of particle size of 20-28 mesh, 
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2-35 niesh, and 35-48 mesh, and at air raass velocities 

of 325, 460, 650, and 920 pounôs per hour per square 

foot. 

2. For each of the twelve runs suction 

therniocouple and. bare theru000uple readings wert taken 

at heights of 0.125, 0.225, 0.35, 0.45, 0.525, 0.625, 

0.875, 1.125, and 1.375 and at distances from the center 

of the bed of + 2.00, + 1.50, + 1.00, + 0.50, 0.00, -0.50, 

-1.00, -1.50, and -2.00 inches. 

3. The heihts of the fluidized bed for the 

twelve runs were observed in a glass tube. 
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RESULTS ND DISCU8ION 

Direct Use of Experimental Data 

The 1 temperatures measured in the bed in each 

run by each thermocouple ùere reduced to 9, one for each 

height, by averaging the 9 horizontal results at each 

height. The horizontal temperature varied as much as 

16°F. in extreme cases, but the average deviation from 

the mean was about 20F. Because of this small average 

teperature deviation a sight average of the data was 

used. 1th gas temperature a baro thermocouple read- 

ings at the various heights, the mass velocity, average 

particle size, and the height of the expanded bed it was 

possible to calculate maximum and minimum coefficients 

for each of the twelve runs. 

The method used to calculate the heat transfer 

coefficients was the same as outlined in "Results and 

Conclusions from Preliminary Experiments", except, the 

surfce area was taken to be 88% of spheres of average 

particle size an1 not lOO. The resons for choosing 

this factor will be given under the heading "Method of 

Determining Surface Area." The method previously out- 

lined requires two experimental points at different 

heights to calculate the heat transferred by Equation 3. 
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No calculations were made above the height of 0.325 

inches because or the ina11 amount of heat lost by the 

gas above this height. inirnwn coefficients for each 

run were calculated for the height intervals of 0.000 

to 0.125, 0.125 to 0.225, and 0.225 to 0.325 ixiehe. 

Since no bare thermocouple readings were ta&en at the 

screen, maximum values of 'eh" were calculated for the 

intervals of 0.125 to 0.225 and 0.225 to 0325 Inches. 

The results of these calculations from the data as 

actually recorded are tabulated in Table VII in the 

àppendix. 

Some of the calculated values of thtT are 

inconsistent, but the actual experintal data were used 

and no attempt was made to smooth any Irregularities 

for this series of calculations. 
Certain generalizations can be drawn from an 

inspection of Table VII. The value of "h" Increases 

with increasing mass velocity and increasing particle 

size. The change with particle size is less than that 

with mass velocity. Differences between the minimu.m and 

maximum values become less as particle size decreases 

and is less at lower mass velocities. In all cases the 

difference between the two limiting values is of small 

enough magnitude so that the true heat transfer coeffi- 

cient is bracketed closely. 
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The true heat transfer coerflcient, based on 

the true solid temperature, u1d be of little practical 

use because the true solid temperature would not be knovn 

for any heat transfer calculations. Likewise the bare 

thermocouple temperature vu1d in all probability not be 

knovn so the maximum 'eh" detern1ned here ould have 

limited utility. Ho'vever, the bed tnperature would very 

likely be available. If it is not specified in a given 

situation, the bed temperature can be calculated from 

the work of Leva end oo-vrkers (4, p.5o7), iinon (8, 

p.72), end Levenspiel (5, p.38) with a minimum of operat- 

ing data. This makes the minimum heat transfer coeffi- 

cient, with the solid temperature assumed to be the saíne 

as the bed temperature, most valuable from a jmactical 

standpoint. 
There is evidence to indicate that the true 

solid temperature throughout the entire bed is close to 

the bed temperature. This supposition was advanced ae- 

fore any experimental wora was done and was based on the 

facts that en identical and uniform temperature of both 

gas and solid exist in all but the extreme bottom of a 

bed of fluidized solids and that the solid particles 

are in very rapid motion and hence, remain in the 

trensfer zone only a short time. Certainly then, the 



28 

aVerce solid teínperature is ne3rly the same as the bed 

temperature. 

AS the solid particle size decreases, a bare 

thermocouple should read closer to the solid temperature 

because there will be more intimate contact of ' 3olld and 

couple. This will also be true at lower mass velocities 

since the population of solid par'iclee per unit volume 

will be Creatar. The experimental temperature data show 

that the bare thermocouple temoeratures approach the bed 

temperatures as the particle size decreases and the mass 

velocity decreases. This is shown indirectly in the 

values of "h", which reflected the temperature, in Table 

VII, and directly in the temperature data in Tables 

VIII - XI in the Appendix. 

In any case the possible range of values of 

"h", as shown in Table VII, indicate that the minimum 

coefficient is not far from the true coefficient, and, 

therefore-, lt can be treated as any other exerimental 

heat transfer coefficient In dimensional analysis, cor- 

relations, or other manipulations. 

Differential Equation for "h" 

By assuming the solid is at the uniform bed 

temperature and ne;1ecting any heat loss through the 

walls, it is possible to derive an o1uation vthioh 
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facilitates the interpretation of the data and exposes 

most of the data irregularities. 

A heat balance on a section in the bed between 

two horizontal planes at a distance dl apart can be 

expressed by an equation. 

O G S dt + h a dl (t - t ) = 0 (4) 
p g g b 

Assuming all tenas in the Equation 4, except 

tg and 1, are constant (or an average value can be used 

for them), the variables can be separated. 

dtg ah 
dl 0 (5) 

(tg - tb ) 
cGS 

This ecuation ccxi be integrated. 

in (tg - tb) - ah 1 constant (6) 
o GS 

The constant can be evaluted if we let 

(t tb) = (t - tb)o at i = o. 

ln(t-t)-ah l+ln(t-t) (7) 
g b c g bO 

p 

This is an equation for a straight line ith 

the variables being lfl(tg_ tb) and i; the slope of the 
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lirio jis - ah 

oGS 

By plotting ln(t - t ) ag.inst 1 as found 
g b 

from the experimental data, and by measuring the slope 

of the best straight line through the points the value 

of "h" can be determined, since all other terms are 

known. This "h" is based directly on the experimental 

data but some smoothing of the data is accomplished. It 
i.s much easier to analyze the data as a straight line 

function than as a non-linear function as when plotting 

tg against 1. 

Va..ues of the heat transfer coefficient as 

deternilned by use of Euation 7 are shown in Table V, 

and grahically on Figure 1. 

ThBLE V. 

Heat Transfer Coefficiehts by Equation 7 

Mas s 
V aloe i ty 

325 
460 
650 
920 

20-28 mesh 

.5.8 
12.1 
24.1 
38 2 

28-35 mesh 

5.1 
10.4 
20.8 
35.4 

35-J1.8 mesh 

5.3 
9.1 

13.2 
26.6 

From Figure 1 the relationship between "kA" and 

the mass velocity and average particle size can be found. 
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1.7 0.5 
h O.0022G D (8) 

inoe G- and D were the only variables in the 

oxperi;uents th equation is given in this sinpie 

diniei.ìsional forni. General heat transfer data are usuallI 

correlated by an equation of dienionless groups. 

(_) (jfl 
(_c,u) (9) (k) (4c) (k 

rom equation 9 it is seen that there is a 

relation between the exponentsof D and G, namely, the 

exponent of D should be (n - 1), where n is the exponent 

of G. As seen in Equation 8 this ia not true, but the 

discrepancy is of such a nagnitude as to indicat the 

data in Table V could be correlated by qaation 9 with- 

out inportant error. 

It has been suggested that the diameter of tube 

containing the fluidized bed may be a variable. In that 

case Equation 9 should include another term. 

(hD) = m 
(]G-)fl 

(C,tA) (Dt)d 
( 10) 

(_) (,A4) ( k ) 

The values of the exponont in Equation 10 as 

calculated from the experintaÏly determined Euation 8 

would be n 1.7 and d : 0.2. ;.hether Dt is a variable 
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to be considered or Equation 9 is correct and Equation 

8 is slightly inconsistent duí to exeriíuental error 

re.aains to be doterLained. 

Anothe r ìe thod of calculating "h" is by the us e 

uf Equation 4. 

O G S dt + h a dl (t - t 
b 

0 (4) 
p g g 

This differential equation can be rearranged and 

used in the clifferontial form. 

dt - -ah 14 -t - 'g b 
dl oG 

(n) 

The slope of the t versus I curve at any point 

is dtg/dl so it is possible to calculate "h" from this 

equation. This is the ost rigorous ¡uethod of approaching 

the problem because the value of 'th" 1;zould be for a 

given point and not an average. The difficulty would 

be to get a smooth and reliable plot of tg versus i and 

to measure the slope accurately. The data in the ex- 

periaants vver( not of sufficient accuracy 4o warrant the 

use of this ìet1ïod. Also, thile a point vlue for the 

heat transfer coefricient is raore precise if accurately 

determined the average ValUes are more practical and 

useful. 



33 

Method of Determining 3urf.ce Area 

The uncertaiìy enoounerod in choosing the 

proper surface area of the finely crushed solid to be 

used in the calculation of the heat transfer coeffi- 

dents led to a ethod of using heat transfer data fron 

the apparatus to deteraine surface area of small irregular 

particles. The principle is that once the heat tranrer 
coefficient is determined vhen using some regularly shaped 

solid, ehen the area of an Irregularly shaped &olid of 

the same density and average prticie size can be obtained 

from heat transfer data at the saine mass velocity ot' the 

fluidizing gas. The assumption is mude in this procedure 

that the heat transfer coefficient is essentially in- 

dependent of shape in a bed of fluidized solids. 

To make the method general, heat transfer 

coefficients wouid have to be determined as a function 

of mass velocity, particle size, and any other important 

factors with solids of regular shapes or known surface 

area. During this investigation the assumption of the 

coefficient being esentially independent of shape would 

be checked. 

An experiment was made to determine the sur- 

face area of crushed glass by this method. "cotchlite" 

beads were used for the regularly shaped glass solid 
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and cru.hed "Goca-Oolo" btt1eø were used as the ir- 

re1ar1y shaped solid. The spberlcul beads had an 

average diaieter of O.O2O inches, while the average size 

between 28 to 35 ueh, the ete runde of crushed Las 

used, is 0.01% iiiches. inco ooth were giass theIr 

densities were approx1ately the asifle. 

The runs were made at a83 velocities of 920 

pounds per hour per square root and the detta compared 

through uso of equation 7. The crushed glass was found 

to have a surftce area of 88% of that of spheres with a 

diameter of 0.0198 inches. DallaValle l, p.331) re- 

ported values of 79% and 82% for crashed quartz iid amooth 

sand of approximately the sasc particle size. The data 

for this experLìent is 1ven in Table AX In the Appends-x. 
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CONCLUSIONS 

From twelve runs made with finely crushed 

Utah coal fluidizeci by heated air the film coefti- 

oient of heat transfer between gas and solid was 

d termined with sufficient accuracy for most engineer- 

ing purposes. The coefficient was not determined 

uniquely because the solid temperature could not >e 

exactly measured. Maximum and minimum possible coeffi- 

ciente, based on measurable temperature limits of the 

solid, closely bracketed the true value. 

Particle size ranges were limited to between 

20 and 48 mesh because or solid leakage for finer 

particles and channeling for larger sizes. Mass veloci- 

ties varied from 32 pounds per hour er square foot, 

which insured fluidizatlon, and 920, the maximum 

practical capacity of the apparatus. 

The coefficients ere observed to increase 

with Increasing mass velocity and increasing particle 

size. The change with particle size being lese than 

with mass velocity. 
The average minimum value of "h" for each run 

was calculated from an integrated equation. These values 

were correlated as functions of the mass velocity and 

average particle size in Equation 8. 
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h 0.0022 G17D05 (8) 

This rainiinurn Ph" should be the nost practical 

because it is based on the solid temperature being the 

siae us the bed teìiperature, a value that ould be known 

or could be deteruuiried eami1y in sny situation. 

The surface area of finely crushed "Coca-Coia' 

bottles was determined from the heat tranafer data in 

Í'luidized bed, the coefficient being found previously 

from en experiaent on 1'uidzed "Scotehlite" spherical 

beads. inee the iass velocity and average particle 

size were the same and the densities nearly equal in 

each run, tbc only assumption in this method of deter- 

Liming surface area was that the heat transfer 
coeffi- 

cieut between gas arid 3oliä in a bed of fluid izad solids 

is independent of the shae of the solid. This method 

of deterniiriing surface area may become the most signifi- 

cant art of the investigation demcribed in this paper 

beciiuse no really good method exists for accurately 

deterniining surface area of small irregular 
particles 

and this ;aethod may Drove to be useful and practical. 
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RCO1iMiNDATIONS 

It is recommended that further and more 

extensive work be carried out on the coefficient of heat 

transfer between gas and solid in beds of fluidized 

solids. The effect of such factors as gas mass velocity, 

particle size, particle shape, diameter of tube, bed 

density, particle density, and bed condition should be 

Investigated. 

Particles of regular shape should be used, if 

ïssibie, so the surface area of the solid will be accura 

Lely non. Pressure drops tnruugh the bed should be 

measured to checa bed densities as a function of bed 

height. An attempt should be made to obtain a uniform 

horizontal temperature distribution over a greater range 

of operating conditions. 

To impvove the present apparatus the bottom 

inch of the bed should be insu1tted to reduce any heat 

loss through the walls in that region. Leakage of the 

finer particles should be eliminated and an efficient 

d is engaging se etion installed. 
As more heat transfer coefficients are determined 

the method of measuring surface area of small irregular 

particles from heat transfer data should be developed. 

Also, correlation of the data by dimensional analysis 
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should be attempted. Work: úth dirterent fluidizing 

gases will help make the correlations more generul. 



39 

LITERATURE CITED 

1. DaliaValle, T. M. Mloroxaeritios: the technology 
of fine particles. 2xni ed. New York, Pltman, 
1948. 555p. 

2. Dynamics of fluid - solid systems. Fifteenth annual 
chemical engineering symposium. Industrial 

engineering cheniistry 4.1: 109 8-1250. 1949. 

3. Gilliland, E. R. and E. A. Mason. Gas and solid 
raixing In fluidized beds. Industrial and 
engineering chemistry 41: 1191-1196. 1949. 

4. Leva, Max, Murray Weintraub, and Milton Grwnner. 
heat transmission throu>h fluidized beds of 
fine particles. Chemical engineering progress 
45: 563-572. 1949. 

5. Levenspiel, Octave. Heat trxìsfer in f1uidied 
systems. M. S. thesis. Oregon state college. 
1949. 39p. 

6. Luckenbach, Frederic A., U. . patent 210, 793. 
Official gazette of the U. S. patent office 

14: 89u. 187o. 

7. Mickley, Harold e. and Charles A. Trilling. Heat 
transfer characteristics of f luidized beds. 

Industrial and engineering chemistry 41: 
1137-1147. 1949. 

8. Simon, Robert H., Heat transfer in bede of flu.idized 
solids. Ph.D. thesis Oregon state college. 
1949. 156p. 



A
P
P
E
N
D
I
X
 



NOMENCLATURE 

a - surface ¿área of solid per unit height of 

bed (ft.2/in.) 

A - surface areu of solid (rt.2) 

op - 
heat capacity of ga (Btu/lb. - 

D - vorago perticle size (in.) 

D - diameter o tube (in.) 

G - mass velocity oÍ gas based on cross-sectional 

area oI tube (lb./hr.-ft.2) 

b - beat transfer coefficient between &s and 

solid (Btu/hr.-ft.2- °F) 

- heat transfer coefficient between ed and 

wall (Btu/hr.-ft -°F.) 

k - thermal conductivity of gas (btu/hr.-ft.2- 

°1./ft.) 

1 - height in bed (in.) 

nl, n, 
- 

d. 
dimensionless constants 

p, 

¿ P - pressure drop across orifice (In. of water) 

- rate of hect flow to gs (iitu/hr.) 

- rate of heat flow to ol Btu/hr.) 

- rate of heet Í'lov to wall (tu/hr.) 
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NOMENCLATURE (Continued) 

S - Crosb-$ectiorlal area of tube (ft.2) 

o 
tb - terapereture of bed ( F.) 

tg - teraperature of gas (°F.) 

tyr - temperature of wail (Ok.,) 

¿1 t - mean toraperatur. difference 

A4- - viscosity of gas (lb./hr.-ft.) 

- gas density at orifice (lb./ft.3) 



1stiaation of Heat Losses to 'a11 

Exanp1c using Run No. 16 

i tb tW tm Aw hw Iw 

(In.) (°F.) (°?.) (OF.) (rt.2) (Btu/hr.-ft.2- F.)* (Btu/lar.) (Btu/hr.) 

Inlet 24.7 32 
160 0.0110 19 33 1410 

0.125 147 32 
104 0.00879 19 17 254 

0.225 129 32 
91 15 155 

0.325 118 32 

*Values oi h froni Levunspiel (, p...i8) 

Note; The maximum possIble heat losses to the va11 hive been calculated. 
Gas temportures b8ve caen used tor bed temperatures, and the wall 
temperature of 320F. is the lowest possible with a water jacket 
around the tube. These maximum possible losses vary from 2.3 to 

9.7% of the heat transferred from the cas. 



TABLi VII 

Tabulation of Heat Trari&fer Coefficients 

Particle Size Mass 
(Mesh) Velocity 

20-28 325 
20-28 46u 
2°-28 
20-28 92 
28-35 325 
28-35 460 
28-35 650 
28-35 920 
35-48 325 
35-/8 460 
35-48 650 
35-48 920 

iviriirnu.m "." 
0.000-0.125 0.125-0.25 O.275-u.32i 

6.0 5.8 3.5 
13.4 7.1 15.2 
3b.l 10,2 18.7 
5o.1 li.ô 3.0 
6.2 3.3 4.5 

13.4 6.5 7.8 

21.9 15.4 26.0 

39.9 3o.7 30.7 
7.9 2.8 5.3 

10.6 7.9 6.6 
13.8 8.2 17.2 
31.4 12.8 31.8 

Maximum "h" 
0.125-0.225 0.225-O.32 

20.0 8.2 
16.3 2o.4 
20.0 33.3 
39.0 69.6 
4.3 5.2 
9.6 9.8 

23.4 34.8 
53.0 53.5 
3.0 5. 

8.3 6.8 

9.4 18.9 
14.3 ,3.0 



ThbLL VIII 

Tabulation of Data for Run No. 12 

size rine: 20-28 mesh Mass velocity: 60 lb./hr.-ft.2 

Suction and Bare Thermocouple Readinßs (Millivolts) 

Distance from center of tube (in.) 

.) -2.(5-1.50 -1.00 -0.50 0.00 -0.50 -1.00 -1.50 -2.00 Ave.* °i, Inlet 

0.125 1.65 1.65 1.60 1.57 1.60 1.58 1.62 1.70 1.63 1.47 131 
1.0 1.40 1.40 1.34 1.35 1.35 1.35 1.35 1.50 1.25 122 

0.c25 1.50 1.50 1.42 1.33 1.40 1.42 1.45 1.47 1.48 1.j0 124. 

1.40 1.35 1.25 1. 1.22 1.5 1.25 1.25 1.30 1.10 115 
0.35 1.35 1.35 1,25 1.25 l..5 l. 1.28 1.33 1,33 1.13 117 

1.5 1.22 1.16 1.14 1.13 1.14 1.15 l.t0 1.7 1.05 114. 

0.4.5 1.13 1.c0 l,1 1.14 1.10 1,13 1.15 1.19 1.15 1.U3 llj 
1.18 1.20 1.15 1.15 1.15 1.15 1.15 1.15 1.l 1.01 112 

0.55 1.15 1.13 1.13 l.1 1.0e 1.12 1.13 1.17 1.13 1.00 112 
1.15 1.18 1.l 1.1 1.12 l.1 £.12 1.12 1.1 0.99 112 

0.b5 1.10 1.15 1.13 1.12 1.12 1.12 1.1k 1.13 1.13 (3.99 1l 
1.17 1.1 1.13 1.12 l.l l.L 1.l 1.12 0.98 111 

0.875 1.07 1.12 1.12 1.12 1.12 1.14 .14 .L.l5 1.0) 0.98 lii 
1.17 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.1) 1.00 1l 

1.l5 1.05 1,10 1.12 l.L 1.10 1.12 1.13 1.15 1.03 0.97 110 
1.15 1.15 1.15 1.15 1.14 1.15 1.15 1.13 1.13 0.99 114 

1.375 1.0e 1.i., 1.1U 1.12 1.10 1.12 1.13 1.15 1. 0.97 110 
1.15 1.15 1.13 1.13 .13 1.13 1.13 1.13 1.13 0.98 11± 

* 0.15 subtracted for reference ,unction correction 

Height of fiuidL:ed bed: 10 In. Cold junction: 70°F. 

4.40 
4 42 
4.38 
4.38 
4.45 
4.40 

4. 40 
4.38 
4.41 
1+ . ¿fO 

4.35 
4.45 
4.40 
4.41 
4.42 
4.40 
4.25* Ave. 

244°F. 



TJ3hI IX 

Tabulation of Data for Run No. 13 

Size range: 20-28 Áneah Mass velocity: 920 lb./hr.-ft.2 

Suction snd Bare Thermocouple Readings (ii1livolts) 

Distance froiiì center of tube (in.) 

l(in.) 2.Oo -1.50 -1.00 -0.50 0.00 -0.50 -1.00 -1.50 -2.00 Ave. O Inlet 

0.125 1.75 1.90 1.75 1.70 1.65 1.70 1.72 1.8 1.80 1.75 14.2 4.25 

1.4.6 l.6 le 1.40 J..4 i.7 ..L.ó0 l.O 
0.5 l.6 i.t 1.50 1.5C 1.45 l.0 l.0 i.5 1.60 1.55 134 4.5 

1.40 1.53 1.40 1.35 1.30 1.34 1.32 1.41 1.42 1.38 127 
0.35 1.4(j 1.40 1.35 1.35 1.30 1.35 1.33 1.4.0 1.4C 1.35 126 

1.38 1.38 1..9 1.25 1.25 1.29 1.3e 1.29 123 4.7 
0.425 1.3 1.32 1.30 1.2k 1. 1.3u 1.32 1.30 123 4.30 

1.32 1.32 1.4 1.21 1.2]. 1.21 1.23 135 1.24 12 4.27 
0.525 1.30 1.30 1.28 1.z5 1.23 1.22 l.2 1.2r 1.2k l.c5 122 4.23 

1.30 1.30 1.23 1.'3 1.21 1.21 1.cl 1.28 1.2 1.24 122 4.27 
0.625 1.2 1.25 1.23 1.20 1.20 1.O l.2 1.22 1.20 l.2 121 4.20 

1.28 127 1.22 l.0 1.20 1.21 1.21 1.20 1...L 1.2]. 121 4.27 
0.875 1.23 1.25 1.23 1.3 1.23 1.20 l.3 1.2) 1.10 1.22 121 .2l 

1.40 1.2u 1.21 1.21 1.20 1.0 1.20 l.0 1.0 1.20 11 4.27 
1.127 1.20 1.21 1.22 1.23 1.23 1.3 1.21 1.22 1.00 1.2 121 4.24 

1.20 1.41 l.0 1.20 1.2 1.20 1.0 1.20 1.20 1.20 121 4.27 

1.375 1.20 1.41 1.41 1.21 1.21 1.21 1.41 1.20 0.8k 1.41 11 4.2 

1.15 1.19 1.19 1.19 1.19 1.19 1.19 1.19 1.19 1.19 121 4.27 
4.25 iW. 

Height of fluidized bed: 12 in. Cold junction: 70°. 244°?. 



TABLE X 

Tabulation of Datb for Ran iO. 14 

$lze range: 20-28 mesh Mass velocity: 460 lb./hr.-ft.2 
Suction and Bare Thermocouple Readin;s (millivolts) 

Distance from ceuter of tube (in.) 
1(in.) -2.00 -1.50 -1.00 -0.50 0.00 -0.50 -1.00 -1.50 -.00 Ave. 

0.15 1.95 2.05 2.02 1.95 1.95 2.00 2.02 2.05 1.95 2.00 
1.65 l.b0 1.45 1.45 1.50 1.50 1.50 1.55 1.70 1.57 0.25 1.00 1.55 l.5 1.5 1.55 1.55 1.55 i.» 1.50 1.55 
1.10 1.15 .1.05 l.Ob i.o6 1.06 1.06 1.10 1.15 1.09 

0.325 1.10 1.15 1.0 i.05 1.00 1.05 1.05 1.10 1.15 1.0? 
0.09 0.95 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0,90 

0.445 ú.9 0.9... 0.87 U.8 o.85 u.8 0.88 ('.90 0.85 0.87 
0.80 0.80 .80 0.80 L.S0 0.80 0.80 0.80 0.80 0.dO 

0.55 0.87 0.85 0.83 0.80 0.8o 0.80 0.83 0.85 O.8 
G.76 0.76 0.7t 0.76 o.76 0.76 0.76 0.78 0.78 0.76 

o.65 0.o3 3.d3 0.80 0.78 0.78 0.78 0.0 0.8 0.b5 0.30 
0.76 0.7b 0.76 0.76 0.70 0.76 0.76 0.76 0.76 

0.875 0.öO L).78 0.78 0.76 0.76 0.76 0.7b 0.78 0.55 0.78 
0.76 0.77 0.7o 0.76 0.76 0.76 0.7b 0.78 0.7o 0.7b 

1.15 0.78 0.78 0.77 0.76 0.7> 0.76 0.76 u.77 0.55 0.7b 
0.65 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

1.3/5 o.6 0.75 0.75 0.75 0.75 0.75 'i.75 0.75 0.75 0.75 
0.65 0.70 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

Height of fluidized bed: 9 in. Cold junction: 70°F. 

Inlet 

152 4.28 
135 4.23 
134 4.30 
liS 4.30 
114 .27 
107 4.30 
lOb 4.30 
103 4.25 
104 4.30 
10 4.3 
103 4.27 
102 4.25 
103 4.27 
102 4.27 
102 44.30 
101 4.30 
101 4.27 
101 4.'7 

4.27 Ave. 
245 °F. 

4- 
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ThBLZ XI 

Tabulation of Data ror kWn £o. l 

size rance: 20-28 mesh Mass Velocity: 32 lb./hr.-ft.2 

uotion and Bare Thermocouple Readings (dllivolta) 

Distance from center of tube (in.) 
i(in.) 2e00 -1.50 -1.00 -0.50 0.00 -0.50 -1.00 -1.50 -2.00 Ave. 0F. Inlet 

0.125 2.30 2.30 2.35 2.35 2.45 2.50 2.45 2,45 2.05 2.40 168 
1.90 ¿.05 1.90 2.05 2.05 2.10 2.10 2.05 2.05 2.05 11+5 

0.25 1.60 1.60 1.65 1.65 1.6o 1.70 1.75 1.75 1.0 1.65 i38 
1.2 1.40 1.d) 1.25 1.30 1.40 .i.45 1.4 1.35 1.30 2.23 

0.35 1.20 1.20 1.25 1.35 1.39 1.45 1.45 1.30 1.15 1.35 127 
1.05 1.05 1.05 1.05 1.05 1.15 1.0 1.15 1.15 1.10 .1.16 

0.4.25 1.10 1.10 1.10 1.10 1.25 ..25 1.20 1.15 0.95 1.15 118 
ì..00 1.00 1.00 1.00 1.00 1.05 1.10 1.1 1.10 1.00 112 

0.525 0.90 (...90 0.95 0.95 1.00 1.05 1.10 1.1 1.00 1.00 112 
0.75 0.80 0.85 0.85 .85 0.90 0.95 1.00 1.00 0.90 107 
0.80 0.c5 0.87 v.90 0.95 0.95 0.95 0.9) u.85 0.90 107 
0.70 0.70 0.85 0.30 0.80 0.80 0.85 o.8 0.80 0.80 103 

0.875 0.70 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.70 0.85 105 
0.70 0.70 0.70 0.75 0.75 0.75 0.75 0.75 0.','5 0.75 101 

1.Lt5 0.67 0.80 0.80 0.80 0.80 o.80 0.80 0.80 0.70 0.80 .i.03 

0.60 0.70 0.7) 0.75 0.75 0.75 0.75 0.75 0;75 u.75 Uil 
1.375 0.65 0.80 0.85 0.80 0.80 0.80 0.80 0.80 0.63 0.80 103 

0.60 0.67 0.72 0.75 u.75 0.75 0.75 0.75 0.75 0.7 101 

Height of fluidized bed: 8 in. Cold unction 70°F. 

4.25 
4.30 
4.28 
4.25 
4.22 
4 25 
4.30 
4 2 
4.27 
4 25 
4.23 
4.25 
4.20 
4.25 
4.25 
4.26 
4.20 
4 25 
4.27 Ave. 
245SF, 
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TABL1 XIII 

Tabulation of Data for Run No. 17 

ize rance: 28-35 mesh Mass velocity: 920 lb./hr.-ft.2 

Suction and Baro Thermocouple Readings (ii1iivolts) 

Distance from center of tube (in.) 

(1(m1) -2.00 -1.50 -1.00 -0.50 0.00 -0.50 -1.00 -1.50 -2.00 Ave. 0F. Inlet 

0.125 2.85 2.90 2.90 2.90 2.90 2.90 2.90 2.95 2.90 2.90 154 5.35 

2.50 2.50 2.40 2.40 2.40 2.40 2.40 2.40 2.45 2.42 136 5.43 

0.225 .50 2.50 2.40 2.40 2.45 2.45 2.45 2.40 2.40 2.45 137 5.42 

2h35 2.30 2.25 2.25 2.27 2.27 2.27 2.27 2.27 2.27 l'O 5.38 

0.325 2.30 ¿.25 ¿.22 2.0 .20 2.20 2.0 2.25 149 5.38 

¿.20 2.20 2.15 2.15 .15 2.15 ..15 2.15 2.15 125 5.40 

0.425 2.22 2.22 2.17 2.17 .18 ¿.J.5 .l5 2.15 2.15 2.17 14b 5.3d 

2.12 ¿.15 2.10 .l0 2.10 ¿.10 2.10 ¿.10 2.10 2.10 123 5.42 

0.525 2.15 ¿.12 2.12 2.12 2.12 2.1 2.l 124 5.35 

2i2 2.15 2.10 2.10 2.10 2.10 2.10 ¿.10 2.10 .10 123 5.40 

o.65 2.1r .10 2.10 ¿.10 ¿.10 .l0 2.10 2.10 13 5.40 

2.10 ¿.10 2.10 ¿.10 4.10 2.10 2.10 2.10 2.10 .l0 l3 5.40 

0.875 .10 2.10 2.10 2.10 2.10 2.10 4.10 2.10 2.10 2.10 l3 5.4u 

2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 123 5.40 

1.125 .l0 2.10 2.10 2.10 2.10 2.10 2.10 ¿.10 2.10 2.10 12i 5.43 

2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10 123 5.40 

1.375 ¿.10 ¿.10 2.10 2.10 ¿.10 ¿.10 ¿.10 z..lO ¿.10 2.10 13 5.15 

2.10 ¿.10 2.10 ¿.10 2.10 2.10 2.10 2.10 2.10 ¿.10 123 5.40 
5.40 Ave. 

Height of fluidized bed: 15 in. Cold junction: 32°F. 246°F. 

"C 



TABLJ XXV 

Thbul8tlon ot Data for Run No. 18 

Size rce: 28-35 rno2h Mass velocity: 460 lb./hr.-ft.2 

:::)uoti()rl arid &ìre Therooup1e diis Mi1livoìr) 

:-2-;u-O--I.t) 
Disnc tor onter of tbe (in.) 

0F. 1(iL.) -p.p g.Qp -o.::p -i.00 -I.0 -Çu ive. Inlet 

O.12 .5O 2.0 .45 .45 .45 2.8 .45 2.48 .5O .4I l.,8 5.38 
1.95 1.95 1.90 1.90 1.95 1.95 i.9(. l.% 1.95 1.92 11 ).40 

.).225 2.12 2.05 2.8 .1O .1O ¿.15 2.10 2.15 ¿.12 l3 5.40 
1.80 1.75 1.75 1.70 1.75 1.72 1.75 1.72 1.6Q 1.75 108 .42 

O.35 1,88 1.85 1.85 1.85 1.85 1.85 1.85 1.88 1.90 .1.85 113 5.40 
l.6 1.62 1.6e I.úc 1.62 1.62 l.6 l.b 1.t)2 l.t2 103 5.42 

0.i+5 1.75 1.70 1.70 1.70 1.70 l.?0 1.70 1.70 1.70 1.70 Iuó 5.i.Q 

l. i.(O 1,60 1.&0 1.60 1.60 l.öO l.ó0 1.O 1.tM 102 5.42 
0.525 1.c5 1.65 1.65 1.6 1.65 1.65 i.6 l.6 1.65 1.b5 104 5.40 

1.60 1.00 1.60 1.60 l.bO 1.b0 1.60 1.bQ I.0 l.0 102 5.40 
0.625 1.63 1.63 1.63 1.b3 l.&3 1.63 1.63 1.63 ...&3 l.(.e3 103 5.38 

1a0 1.6Q l.00 1,60 1.60 1.øO 1.60 1.bO 1.60 lJ4 5.0 
0.875 1.60 i.0 1.) 1.60 i.óo 160 1.6o 1.o 1.60 l.(0 104. 5.38 

i,oc, i.óo i.00 i.o x.00 3..ø i.o x.öo i.o i.o i 5.40 
1.145 1.0 1.60 1.60 l.Ö0 l.t0 l.O 1.ÓU 1.60 1.60 1.60 l 5.38 

1.6U l.0 l.b0 iSbO 1.60 i.O 1.Ô0 1.bO 1.bO 1.60 102 5.40 
1.375 1.60 l.0 l.bO 1.60 1.oO 1*J0 l,t0 1.óO 1.&0 I.oO 102 5.40 

l.bO 1.60 1.60 1.bO 1.60 1.tO i.0 l.öu 1.60 i.&0 102 5.40 
5.40 vo, 

Height or fluidized bed: 10 in. Oold junct.on: 246 

o 



xv 

t i on o t D ¿t r or ¡tuzi Io 19 

3ize rnc: -3 as 1city: 

3uotiQn tnd iiare T1r000up1e iI1ivolt) 

D1tncc fo ctcr ot tube (iii.) 

lUn.) 5O-L.(X 5Q-atPû 1l2P Av*. 1. Izilet 

O.12 2. 2.50 2.75 2.75 2.75 2.80 2.80 .dO 2.80 2.30 151 5.45 
1.bø i.85 1.0 1,85 1.85 1.85 1.135 1.90 1.8 1,8 113 5.45 

0.225 2.40 2.35 2.35 2.35 2.30 2.35 2.33 2,3t 2.35 2.35 132 5.42 
1.60 1,60 1.60 1.60 1.60 1.60 1,60 1.óo 1.60 1,60 O2 5.40 

0.34 1.98 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.96 1.95 11 5.36 
1.50 1.)O 1.50 1.50 1.50 1.0 1.50 1.O 1.5(J 1.50 98 5.40 

0.425 1.60 1.60 1.60 1.6c 1.ÖO i.6u 1.Q 1.t2 1.5 1.&0 10 .40 
1.45 1.45 1.45 1.45 1.4 1.45 1.45 1.45 1.45 1.45 96 .4u 

0.525 1.55 1.53 1.5.3 1.55 1.55 1.55 1.5 1.55 1.55 1.$3 99 .43 
1.1+5 1.4 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.5 9 .40 

O.65 1.48 1..46 1.4& i.e 1.48 1.48 1.43 .48 1,48 1.48 97 ..45 
1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 I.4 9b 5.40 

0.875 1.48 1.4t i.43 1.68 1.48 1.48 1.4c3 1.48 1.4e i.a 97 54 
1.5 1.4 1.45 1.45 1.65 1.4 1.45 1.45 1.45 1.45 9t .40 

1.125 1.47 1,47 1.4? 1,47 1.47 1.47 1.4? 1.47 1.47 1.47 9? 5.45 
1.45 1.4) 1.45 1.45 1.4 1.45 1.45 1.45 1.45 1.45 96 5.40 

1.375 1.47 1.47 1.47 1.47 1.47 1.7 1.47 1.47 1.47 1.h7 97 5.48 
1.45 1.L5 1.45 1.45 1.45 1.75 1.45 1.65 1.45 1.45 96 5.4u 

5.43 À.ve, 
of t1uidizec bed: 9 in. Oold ,junotton: 32°!. 70?. 

t-I 



Tí 3LE XVI 

Tabulation of Data for iun No. 20 

Size rango: 35-48 iesiì Miss volooity: 6' lb./hr.-rt.2 

Suction and Bare Ther.aocoup1e Readings (Millivolts) 

-- Distunce from center of tube (in.) 
l(in.) -2.00 -1.50 -1.00 -O.O 0.00 -Ü.50 -1.00 -1.50 -0 Ave. F. Inlet 

0.125 3.00 2.95 2.90 2.65 2.95 2.95 3.00 3.00 3.00 2.9k 16 5.45 
l.9O 1.9u 1.90 1.90 1.90 1.90 1.90 2.20 .i.90 114 5.45 

0.225 2.45 2.45 2.4.0 2.4.0 2.4.5 2.45 2.45 2.55 2.5 2.45 17 5.45 
2.00 1.85 1.85 1.85 1.80 1.80 1.80 1.95 1.95 1.85 112 5.50 

0.325 2.05 2.00 1.95 1.95 ¿.00 2.00 c.00 .U0 2.05 e00 118 ).43 
j..80 1.75 1.75 ì.7 1.75 ..75 1.75 1.75 1.75 lUS p.50 

0.425 1.85 1.80 1.80 1.80 l.8) 1.80 1.&) lIdo 1.35 1.80 110 5.45 
1.75 1.75 1.75 1.75 1.75 1.75 i.7 i.75 1.75 1.75 108 5.43 

0.55 l.dO J.7 1.75 1.75 1.75 1.75 1.75 i.?5 l.7 1.75 108 p.43 
1.75 1.75 1.75 1.75 1.75 .i.75 1.75 1.75 1.75 1.75 1J$ 5.48 

0.625 1.80 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 108 5.48 
1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 i..75 i.7 lCi8 5. 

'. 0.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 i.75 i.7 108 5.48 
1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 l.7 1.75 108 5.48 

l.15 1.75 1.75 .7> .L.75 i./s ..75 1./2 1.75 l.7 108 5.45 
1.75 1.75 1.75 1.75 '.75 1.75 1.75 1.75 1.7 i.75 108 5.43 

1.375 1.75 1.75 1.75 1.75 l.7s 1.75 1.75 1.75 1.75 1.75 138 5.45 
1.75 l.7s 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 108 5.48 

5.45 Ave. 

Height of fluidized bed: l3 in. cold junction: 320F. 2470F. 



ThBLE XVII 

TabulatIon of' Data for Run No. 21 

ize raze 35-43 inesii ia velocI: 45J ii./hr.-ft. 

Suction and Bare Thermocouple Readings (Millivolts) 

_____ Distano froia center of tuoe (in.) _______ 
1(in.) -2.00 -l.0 -1.00 -0.50 0.00 -0.50 -l.uO -l.i _2.00 ave. O Inlet 

0.125 2.50 2.I5 2.40 2.40 2.45 2.50 2.0 2.50 2.50 2.47 138 

1.75 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.60 1.55 99 

0.225 1.95 1.95 1.95 1.90 1.90 1.90 1.90 1.95 1.95 1.92 116 

1.50 1.50 1.50 1.50 l.)O 1.O 1.50 1.50 1.50 1.50 98 

0.325 1.75 1.70 1.70 1.75 1.70 1.75 1.70 1.5 l.7 i.73 107 

1.47 1.47 1.47 1.6? i.L.7 1.47 1.47 1.47 1.47 1.47 97 

0.425 1.65 1.6 1.60 1.6() 1.60 1.55 1.t0 1.60 1.65 1.60 102 

1.45 1.45 1.45 1.5 1.45 1.4 1.45 1.45 i.L5 1.45 96 

0.525 l.b5 l.3 1.55 1.55 1.50 l.3 1.53 1.54. .L.6O i.55 99 

1.45 1.45 1.45 1.45 1.1+5 1.45 1.45 l.5 l.4.' 1.45 90 

0.625 1.53 1.50 1.50 1.50 1.50 1.50 l.0 1.50 1.57 1.50 98 

l.4; 1.45 1.45 1.1+5 1.1+5 1.4.5 1.45 1.45 1.45 1.45 96 

0.875 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.5U 1.50 98 

1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 90 

1.125 1.50 1.0 1.50 1.20 1.70 1.)0 1.50 i.0 1.50 i.50 98 

1.45 1.45 1.45 1.45 1.45 1.45 1.4 1.45 1.4, 1.45 6 

j..375 1.50 1.0 1.50 1.5U 1.50 1.70 1.)0 1.50 1.50 98 

1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1./5 96 

Height of t1uidied bed: 12 in. Cold junction: 32°F. 

5.45 
5.45 
5.40 

: 

45 
5.43 
5.45 
5.45 
5.45 
S 48 
5.45 
5.50 

5.48 
'.45 
5.47 
'.45 
5.45 e. 

247°F 



TU3LJ XVIII 

Tabuìttion of Data for iui No. 22 

Size range: 35-48 mesh Ma velocity: 32 lb./hr.-ft. 

suction and Bare Therocoupie Readïns (41i1volts) 

Distance from center of tube (in.) 
1(m1) IT5ö1.00 -'O.50 0.00 -0.50 -1.00 -1.50 -2.00 Ave. F, Inlet 

O.15 2.20 ¿.15 2.l 2.12 ¿.15 2.15 2.15 2.15 2.15 2.15 124 5.45 
1.70 J.47 1.45 1.45 1.4? 1.49 1.53 1.50 1.47 1.50 98 5.50 

0.225 1.90 1.90 1.85 1.80 1.85 1.85 1.85 1.90 1.90 1.87 113 5.45 
1.45 1.42 1.4U 1.42 1.42 1.42 1.44 1.45 1.45 1.43 94 5.52 

0.325 1.65 1.60 1.55 1.55 1.55 1.60 1.60 1.60 i.65 1.60 102 5.48 
1.40 1.40 1.40 t..40 1.40 1.40 l.4Ci 1.4t) l.4U l.4U 94 5.50 

0.425 1.50 1.45 1.45 1.45 l.4 1.45 1.45 1.4.5 1.50 1.45 96 5.50 
1.40 1.40 1.40 1.40 l.4u 1.40 1.40 1.4U 1.40 1.40 94 5.50 

0.525 1.47 1.44 1.4/ 1.43 1.42 1.43 1.44 1.44 1.47 1.1+3 95 5.50 
1.40 1.40 1.40 1.40 1.40 1,40 l.0 1.40 i.40 l.4.0 94. 5.50 

0.625 1.45 l.4u 1.4J 1.40 1.40 1.40 1.40 1.40 1.45 1.40 94 5.50 
l.4L) 1.40 1.40 1.40 1.40 1.40 1.40 1.40 l.4i 1.4U 94 5.50 

0.875 1.40 1.40 1.40 1.40 1.40 .4O 1.40 l.0 1.40 1.40 94 5.50 
1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 94 5.50 

1.125 1.40 1.40 1.40 1.4.0 1.40 1.40 1.40 1.40 140 1.40 94 5.50 
1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.4.0 1.4.0 94 5.50 

1.375 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.4.0 1.40 1.40 94 5.50 
1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40 94 5.50 

5. SOAve 
Height of fluldized be5: 10 in. Gold junction: 320F. 249°f. 



ThBLE XIX 

'2abul tion oÍ' Data for Run No. 23 

1ze range: 35-48 mesh ì'as3 velocity: 920 lb./br._ft.A 

Suction and Bare Thermocouple iead1nßs (ìi1llvolt) 

Distance from center of tube (in.) 
1(in.) -2.00 -1.50 -1,00 -0.50 0.00 -0.50 -1.00 -1.50 -2.00 ve. °i Inlet 

0.125 2.90 2.80 275 2.70 2.75 2.75 2.80 2.80 2.85 2.80 151 
'.45 2.25 2.20 2.0 2.20 2,20 2.20 2..0 2.30 2.2L 17 

0.225 2.ó5 2.55 .45 2.50 2.50 2.55 2.óO 2.55 141 
2.5 2.15 ¿.15 2.15 2.15 2.15 2.15 2.15 2.20 .15 124. 

0.325. ¿.30 2.5 2.0 2.0 .20 .20 2.25 2.30 ¿.35 ¿.25 129 
.20 2.10 2.10 2.10 .10 2.10 2.10 2.10 2.17 2.10 13 

0.425 2.18 2,15 2.10 .10 .10 s.15 ¿.20 ¿.20 2.13 124 
2.15 2.iO ¿.10 2.10 ¿.1v .10 2.10 2.10 4.14. .10 123 

0.525 .15 ¿.10 2.10 .10 2.1C 2.10 2.10 2.10 4.15 2.11 l3 
2.10 2.10 2.10 ¿.10 2,10 2.10 2.10 2.L) 2.10 2.10 .L3 

0.625 2.15 ¿.10 2.10 2,10 .10 2.10 2.10 2.10 ¿.10 ¿.10 123 
2.10 2.10 ¿.10 2.10 .10 2.10 2.10 2.10 ¿.10 1 

0.875 2.10 2.10 2.lu ¿.10 2.10 2.10 ¿.10 2.10 .10 13 
¿.10 .10 2.10 2.10 2.10 2.10 2.10 2.10 .10 13 

1.125 2.10 2.10 ¿.10 ¿.10 2.10 2.1v 2.10 2.10 2.10 2.10 123 
2.10 2.10 2.10 ¿.10 2.10 2.10 ¿.10 ¿.10 ¿.10 ¿.10 123 

1.375 ¿.10 2.10 2.10 2.10 2.10 2.1u 2.10 ¿.10 2.10 2.10 1 

2.10 2.10 ¿.10 2.10 2.10 2.10 2.10 2.10 2.10 12 

Height of fluidizeci bed: 17 in. 

5.43 
5.48 
5.4d 
5.45 
5 45 
4.45 
5.43 
5.45 
2.45 
5.45 
5.45 
5 .45 
5 .45 
5.4) 
5.45 
5 45 
5.45 
5.45 
5.45 .&ve. 

247°F. 

Li 



TABLE XX 

iurfce Area Data - Runs No. 26 and 27 

Solid: 800 ras"Scotchlit" beads(Ave.D0.0205) ìass velocity: 920 lb./hr.-I't.' 

ìuction Thermocouple eadins (iil1ivolts) 

Distance trorn center or tube 
1(m0) -2,00 -1.50 -1.00 -0.50 0,00 -0.50 -1.00 -1.50 -2.00 zve. Inlet 

0.125 3.20 3.40 3.35 3,25 3.2v 3.20 3.35 3.40 3.05 3.30 170 5.45 
0.225 3.00 3.30 3.25 3.20 3.15 3.30 3.30 3.35 2.95 3.0 16 5.40 
0.35 3.00 3.4) ).0 3.15 j,15 3.4) 3.4) ).5 3.00 3.18 165 5.40 
0,4x5 3.00 .l5 3.15 .15 .15 3.l 3.15 3.15 3.00 3.5 14 5.45 
o.5 3.00 3.15 3.15 3.15 3.12 3.15 3.15 3.15 3.5 .3.15 4 5.48 

5.4 ave. 
Height of eluidized bed: 5 in. Oold junction: 32°F. 246F. 

Solid: 800 grams crushed "Cocu-Cc1a" bOttiC3 (2$-35 cuch) Mass velocity:920 1h-tt6 

Suction Thermocouple 'eadings (Ullivolts) 

Distance from center of tubo 
1(in.) -2.00 -1. -1.0Y-0.50 0.00 -0.50 -1.00 -1.50 -2.00 e. 0j Inlet 
0.125 3.00 3.10 3.4) 

2.75 
3.00 
2.75 

3.00 
2.70 

3.05 3.05 
'.70 

.05 3.10 
2.85 

.0 
¿.75 

160 
148 

40 
0.225 i.70 ¿.85 .70 ¿.75 51+5 

0.32 2.40 2.50 2.1+5 2.45 2.45 2.4 2.45 2.45 2.45 2.45 136 545 
0.425 2.40 2.45 .45 2,45 2.4.5 2.4) ..45 2.45 .45 2.45 136 545 

Height of fluidized bed: 8 in. Cold junotion: 32°F, 
545 AVO. 

247°F. 
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TABLE XXI 

Summary of Dat for Equation 7 

-ah 
Solld* G H CpG h 

20-28 325 8 6.1 5.8 

20-28 460 9 7.4 12.1 

0-28 6O 10 9.9 24.1 

2-23 92u 12 9.3 38.2 

28-35 325 9 6.7 5.1 

28-35 460 10 8.6 10.4 

28-35 650 11 10.6 20.8 

28-35 920 15 9.8 35.4. 

35-48 325 1(1 9.3 5.3 

35-48 460 12 ¿.9 9.1 

35-48 650 i3 :.1 13.2 

35-48 920 17 9.2 26.6 

"Cocu-Cola" 920 8 11.1 -- 

"cotchlite" 920 5 17.5 48.4. 

Material 

Utah coal 
"CooaCola" bottles 
"coteh1ite" beads 

* Mesh sizes for Utah coal 

Denitj (lb./ft.3) 

79.2 
159 
176 
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TABLE XXII 

Calibration of Copper-Constntan Thermocouples 

Temperature of Glycerine Millivolts 

00 0F!__ Inlet T.C. Bed T.C. 

125.3 257.5 5.73 
123.8 54.8 5.65 5.67 

119.4 46.9 .4l 5.43 
ll?.5 239.9 ).22 5.24 
101.6 214.9 4.63 4.65 
97.8 208.0 4.31 4.33 
95.2 23.O 4.20 4.22 

187.2 3.7k 3.77 
80.6 177.1 3.48 3.50 
76.6 l9.9 3.28 3.3u 
69.4 156.9 3.01 3.03 

6.8 l0.4 2.78 .80 

61.0 141.8 2.58 2.60 

56.6 133.9 2.42 2.43 

52.8 127.0 2.22 2.23 

49.4 13.4 2.07 .O8 

47.4 117.7 1.99 1.99 
44.6 1i.6 l.d5 1.85 

43.0 109.4 1.80 1.80 

21.6 70.9 0.86 0.86 
0.uO 32.0 0.00 0.00 

Cold junction: 32.0°F. 

Total immer. ion ther1o1oer'3ed 



ThBLE XXIII 

Calculation of i1ass Velocity 

G z 685 binion (8, p.93) 

Pressure drop ecross orifice (in. of water) 3.0 6.0 12.0 24.0 

Orifice terperoturo (OR.)* 530 537 544 550 

Upstream pressure (in. of mercury) 0.8 1.2 1.8 3.0 

Pressure at orifice (in. of mercury) 30.5 30.7 30.8 31.1 

Gas density at orifice (lb./ft.3) 0,0765 0.0760 0.o753 0.0751 

Mass velocity (lb./hr. - rt.2) 325 460 650 920 

* Jsed as representotive terperaturea for all runs. 

'-n 

'o 
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TABLE XXIV 

Summary of Runs 

Run No. Rem rks 

i Unsteady state, orientation run 
2 Table I 
3 Check on Run No. 2 

4 Tables II and III 

5 T.C. on screen unsatisfactory 
6 Check on Run No. 5 results; erratic 

7 Check on Run No. 5 reading of T.C. 
S Check on Run No. 5 on screen 

9 Table IV 
10 Check run with new apparatus 
11 Check run 
12 Table VIII 
13 Table IX 
14 Table X 
15 Table XI 
lb Table XII 
17 Table XIII 
18 Table XIV 
19 Table XV 
20 Table XVI 
21 Table XVII 
22 Table XVIII 
23 Table XIX 
24 14-20 nesh; channeling 
25 Check on Ran No. 2L, 

26 Table XX, "Scotchilte" beads 
27 Table XX, "CocaCola" bottles 
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DETAILED DESCRIPTION OF ThE SLIDE MECHANISM 

The slide iaechanism consisted of a stationary 

block "C" base rnde from reotanular strips and a movble 

slide milled in the form of a block "T". The base was 

built U!) of rectangular strips of ícìiid steel 4 in. long. 

Placed square with the outer edge of a strip by l in. 

were two 3/16 by 3/8 in. strips. On these strips were 

placed two 3/16 by in. strips, also Square vith the 

outer edges. The three layers were held together by two 

screws on each edge. The oable slide was iiilled from a 

by 3/4. by 4 in. block. The cross of the "T" was 3/16 

by 3/4 In., and the stern was in. thick. The height of 

the "T" was 3/4 in. 

A slot 9/32 by 1 7/8 in. was cut along the 

centerline of the base starting 3/4 in. trota the top end. 

Over the bottoiî end of the base was silver soldered a 

:3/8 by 3/4 by l in. block, which was square on all 

edges but the open side of the "C". To he bottom of 

this bloo was silver soldered a disk 3/ in. thick with 

a 1 in. diameter. The disk was located with its cei.ter 

on the centerline and one edge flush with the edge of the 

base onposite the open end of the "C". A 3/16 in. hole 

was drilled through the center of the disk and through 

the block. On the top side of the block the hole was 

relieved to a depth of 1/16 in. to accommodate a washer 
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5/16 in. in diaieter at the end of a in. ch1ne 

screw with 20 threads per inch and i 5/8 In. long. A 

shank 7/8 In. long cxtcnded below the washer had a 

running rit in the hole through the block arid disk. A 

cylinder 9/32 in. thick with i in. C.D. fit snugly 

aa1nst the bottom of the disk nd was fastened to the 

shank by a set screw. Ten evenly spacedlinarks were 

scribed aroiuid the cylinder and every other one was 

nunbered, runnIri, O, 1, 2, 3, and 4. The lovber 5/32 

in. or the cylinder was knurled. A rererenee rk was 

scribed on the outer edge oi the disk. J 3 in. scale 

divided in hundredths was attached to the stationary 

base and aligned with a reference raark on the ovbLe 

slide. A hole i 11/16 in. deep in the bottom of' the 

slide was drilled and tarped to aocomuiodate 
the 1/4 in. 

screw. Along the centerline and at the 1ddle of the 

4 in. slide an oblong hole 
wes placed. ThIs hole was 

in. 'wide and 3/8 In. long. A block by 7/8 by i 

in. was silver soldered to the bottom 
of the stem of the 

"T" In the jddle of the slide. The In. width was 

flush with both sides of the stem, and the block ex- 

tended 7/8 in. below the "T". The oblong hole was 

exte,ded ii. into the block. At a distance or in. 

from the outer edge of the block in. holes were drilled 

from both the top and bottom of the block. Copper 



tubing with tin. O.D. and 2 3/4 in. 1on were silver 

soldered in each hole. Right anale bends in the tube 

vere raade i in. from block. The tubes were in a plane 

passing through the centerline of the "T". Â j in. 

hole was drilled through bhe remaining 3/8 in. of the 

block. 
A 

collar in. iii diameter and in. long with 

a in. hole was silver soldered to the end of the 

block. The collar was split and had two dogs which could 

be preased together by a screw with a knurled knob 

to give a clamping action on the tube placed through the 

inch hole. 

A in. tube ô in. long with a 3/32 ìn. bore 

was made of "raicarta". This tubo had a 3/4 in. O.D. 

head 3/4 in. lng which was drilled and tapped with in. 

N.P.T. to accommodate a toe fitting for thermocouple 

wires and suction. The end of the tube was threaded 

with 12-24 N.G. threads to acconriodate a copper cap 

in. long and in. O.D. One cap had a fine screen 

silver soldered over one end; the other had a rubber 

plug split from the edge to a small hole in the center. 

Except for the tubes and caps the entire slide 

mechanism was constructed of mild steel. 

A aide view drawing to scale of the slide 

mochanisa is shown on Figure 3. In this drawi.ng the 

slide mechanism has been cut by a plane passing through 
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the centerline. 
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