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HEAT TRANSFER IN FLUIDIZED SYSTEMS
INTRODUCTION

Methods for producing fluidizetion of
solids have been known since 1878 when a patent was
granted to Prederic Luckenbach (1) for an improvement
in apparatus for drying cereal grains, His invention
consisted of a vessel with & conical false bottom
through which hot or cold air or steam could be
introduced into a bed of grain, the idea being
similar to that used in fluldization today. He
stated that "By this means...a powerful and rapid
drylng and heating action was produced rendering the
process very rapid...". Subsequent patents (2,3,4)
mentioned the uniformity of temperature in the bed,
but none gave any indication of actual heat transfer
rates in or through the bed. Since these earliest
descriptions of such a process, most of the investi-
gators in this fileld have focused thelr efforts on
fluidization procedures and equipment designg
(5,6,7,8,9,10,11,12,13) while in related fields
work has been done on fixed and moving beds (14,15,
16,17,18,19,20) as well as on clouds of falling '
particles (21).



During World War II years, fluidization
of solids attained industrial importance by the
construction of a number of plants for catalytic
cracking of petroleum, using a process developed
by the Standard 01l Development Company. This
process was first called "jiggling" and later
"fluidization"--terms which were descriptive of the
behavior of the solids in the reactor bed.

lore recently, investigations into fluidie
zation fundamentals have been concerned with the
study of fluid flow (22,23,24,25) and, except for a
paper from the Bureau of Mines Laboratories published
late in 1948 by Leva and co-workers (26) another by
Kettenring and Smith (27), and a Ph.D. thesis by
Robert Simon (28), there has been no information
avallable on heat transmission rates in fluidization
process reactors. Leva et al examined the heat
transfer rates between fluidized beds and the walls
of the reactor. 8and and iron catalyst were employed
ranging in size from 130 to 400 mesh with air mé.s
velocities between 2 and 450 1lb/hr.~sq.ft. An
equation was derived for the calculation of h, the
heat transfer coefficient, in terms of the mass

velocity.



Reported in the present paper are data
showing the effect of particle size and mass velocity
on the coefficient h over a wide range of sizes and
mass velocities. A number of narrowly sized cuts of
pulverized Utah coal between 14 and 65 mesh were used
in determining most of the data on the effect of
particle size. To relate this information to the
Buresu of Mines. data, as reported by Leva and co-
workers, a few subsequent runs were made with 100«
150 mesh coal. Ailr mass velocities were varied from
50 to 1100, these being the minimum and maximum
practical values which could be employed in the
apparatus. It was believed this range was sufficiently
wlde to cover most of the cases where fluidized
systems are now or will be employed; however, in a
few instances with dense solids, still higher mass

velocities may be necessary to produce fluildization.



METHOD OF ATTACK

A welghed quanitity of solid was introduced
into a vertical four-inch I.D. galvanized iron tube
after which a steady flow of hot air at constant
temperature was passed upward through the tube at
the desired rate. When the system came to thermal
equilibrium, air temperature in the bed, tube-wall
temperature, and temperatures at various points in
the insulation were measured. The heat flow through
the tube wall and insulation is calculated by the
equation for the radial heat flow through eylinders

(89, P.l2). q = QWEZ (tgmt])
In !'2/1.'1

Where tp and ty are insulation temperatures measured
8t radial distances rq and r, from the center of the
tube. Knowing the heat flux q permitted calculation
of h, the local film coefficlent at the inside wall
of the tube by use of the equation.

hs= q
A (tg - 57




APPARATUS

A rotary blower driven by a 1 horsepower
variable~speed motor supplied the alr for all the
oxperimont#l work. The air passed through an oill-
mist filter consisting of a four-inch length of
three-inch pipe filled with steel wool, A rupture
disc, made by clamping four sheets of waxed paper
between two halves of a flange union, was located
Just beyond this point. This part of the system was
connected with the rest of the piping by a length
of rubber hose in order to reduce vibrations. Just
above the orifice sectlon was an air bleed which,
in combination with the variable-speed motor, made
possible the control of the air flow at any rate
between 50 and 1100 pounds per hour per square foot.

To measure the air-flow rate, two thin
plate orifices were used. The smaller was 9/32 inches
in diameter in a one-inch iron pipe and was used to
measure mass velocities up to about 350 pounds per
hour per square foot in the four-inch experimental
tube. The larger one was 0.500 inches in dlameter
in a one=-inch brass pipe. Both orifices were
calibrated by means of a dry gas meter and were later

rechecked after completion of the experimental work.



It was necessary to measure the gas temperature
because the heat of compression was appreciable and
was not all dissipated in the lines between the
pump and the orifices, In operation, the air
temperature was measured at the air bleed above the
orifice sections A check valve was placed down-
stream of the orifices to prevent possible backflow
of solids.,

The air had three posslible paths after it
left the check valve.

1. It could pass through a 3/4 inch pipe to the
bottom of the four-inch diameter (4,055 inches average
inside dlam.) glass tube, which was used to determine
the bed height and fluidization characteristics of
the solids used., Since only avproximate determination
of bed height was necessary, visual observation of
the fluidized material in the glass tube gave ample
accuracy. From the top of this tube, the alr flowed
via a 3/4 inch pipe to a cotton filter bag and then
out into the room, ;

2+ The second path for the alr was through a
one-inch line to the electric heater and then into
the bottom of the four-inch diameter (3.98 inch

average lnslde diameter) sheet-metal tube. From the
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top of the tube, it flowed through a one~inch pipe

to a filter bag and then out to the room. The heater
was a 1400 watt, finned-space heater, and was enclosed
in a two-inch by three-inch by eighteen-inch sheet-
iron box with three baffles to force the air to flow
parallel to the fins. Electriecal contact was made

by means of two spark plugs. The spark plugs were
brazed to the box, and the central terminals were
connected to the heater leads. The current to the
heater was controlled by a 7.6 "Powerstat", variable
transformer. A voltmeter and an ammeter measured the
power input. Between the heater and the four-inch
tube there was a one~inch three-way valve. The side
opening uaé a bleed to allow preheat of the air
without heating the tube. The connection between

the one-inch entrance pipe and the four-inch metal
tube was a sheet-metal cone 2 3/8 inches high. The
1/16-inch sheet-metal tube was connected by means

of flanges 2% inches above the top of the cone, The
two flanges were thermally insulated from one another
by means of asbestos paper gaskets. The whole system
from the heater entrance to the top of the four-inch
tube was insulated with one-inch of eighty-five per

cent magnesia,



8+ The third path for the air was through a
one~inch pipe to the base of the tube bypassing the
heater. A two-way, quick acting plug was located
in this line.

The solid was fed into the sheet-metal
tube from a hopper above the top of the tube and was
connected to 1t by a one-inech pipe, which extended
about one foot into the tube and was 1independent
of the alr exit lines In the glass tube the same
plpe was used for the solid feed and exit of air.

The scereen supporting the solid in the two
tubes were dlfferent in design. 1In the metal tube,
the brass-supporting frame for the 150-mesh screen
was placed two inches above the flange and was made
in the form of a damper which could be rotated
manually from the outside. The maximum clearance
between the frame and the tube wall was 0,002 inches
which was small enough to prevent significant guantities

of solid escaping around the edges of the screen.
Solld was removed from the tube by rotating the
damper to the vertical position and allowing the solid
to run out through an arm of the tee below the neck
of the cone. The frame of the sixty-five mesh glass-

tube screen was a brass ring around which was wrapped



enough rubber tape to give a tight seal when the
screen was forced up into the glass tube. The bed of
solid was removed by disconnecting the glass tube at
the bottom flange, 1ifting the tube onto a special
frame and then removing the screen.

Because a bed of fine sollds packs guite
tightly when alr 1s not passing through 1t, air of
several pounds pressure must be avallable to break it
looses Highwpressure air from an eight-cubic-foot-
per-minute compressor was connected into the line
leading to the bottom of each tube to give a source
of supply. Two additlonal lines were connected into
the system above the orifices so that the compressor
could be used either as an auxiliary supply, increasing
the maximum air-flow rate slightly, or to replace the
rotary blower when low-alr flow rates were required.
High pressure air was also used to blow out manometer
connections and to clear the sereens on the suction
thermocouples .

A pressure tap about 2% inches below the
screen in the metal tube and another about five feet
above the screen gave the combined pressure drop
across the screen and the bed of s=olids. By sube

tracting the pressure drop at the same mass veloclity
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with the tube empty, the 'net' pressure drop due to
the bed was obtained. The pressure taps for the
glass tube were located in the approach pipe and the
air-exit pipe. A water manometer was used to read
the pressure drop, and a second one gave the pressure
drop across elther orifice. A mercury manometer

read the pressure at the upstream orifice tap.

Temperature in various points in the apparatus
were determined by seventeen calibrated glass-fabric
coated No. 20 gauge ironeconstantan thermocouples.
Lead wires were copper and extended from the cold
Junctlon, water at 70° F in a thermos bottle, to two
multiple selector switches. The electromotive force
was measured by a Leeds and Northrup Model 8662
Potentiometer which permitted reading temperatures to
within & 1/39F,

Metal temperatures were measured by thermo-
couples brazed to the outside of the tube at the
Screen and 2,6,12 and 24 inches above it. Thermo-
couples of the foilcwing threc types were used to
measure gas and fluidlzed bed temperaturesi:-

() At the 2, 12 and 24 inch levels, screened
suction thermocouples were used (Fig. 2, 3)s Taese
were made by inserting a glass-fabric covered twoe

wire couple into a length of 1/8" 0.D. shelby steel
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tubing open at both ends with one end flared extending
into the bed. This made it possible to draw hot air
from the bed at a rapid rate past the thermocouple
Junetion, thus giving true gas temperatures. Solid
was prevented from entering the well by means of a
fine screen soldered over the flared end of the well,

(b) Just below the screen where no solid was
present, a bare suctlion thermocouple was installed
similar to the ones just described, except that 1t
had no screen over the end of the well.

(e) At the six inch level a bare thermocouple
was Installed with its junction bathed in solid.

To measure radial heat flow, six thermo-
couples were Installed at various depthe in the
insulation2,6, and 12 inches above the screen. To
prevent errors due to heat conduction along the
thermocouple wire from the tip, the two inches of
the thermocouple adjacent to the Junction were
installed in the insulation parallel to the walls
of the metal tube and at the same depth as the
Junction. (Pig.3).
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DISCUSSION AND RESULTS

Choice of Material:

The cholce of the solid to be used in this
study was governed by the following desired propertles.
The materlal should have a low density to facilitate
fluidizatlion in the particle-size range to be studled;
and at the same time, a low attrition rate, thereby
keeping the bed particle size constant. BRased on a
number of experimental runs with Ottawa sand, 3-A
catalyst, charcoal, and a hard Utah coal, the latter
was selected as the experimental material and proved

to be entirely satisfactory.

Visual Observations:

When air is passed upward through a bed of
granular material, one observes the followings

(1) At low rates of air flow there is no change
in the bed appearance below a certain mass velocity
whilch increases with particle size.

(2) As the rate of flow increases, the bed
expands and some of the particles begin to vibrate.
Alr channels are formed. At these higher velocities
the bed gives the appearance of bubbling and the
rarticles assume a more violent motion and change

relative positions.,
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(3) At st111 higher velocities, the fluldized,
or pseudo-liquid state exists whereln the solid
particles appear to be completely air-borne. 1In
this state no stationary particles are observed.
However, the particles' motion 1s not altogether
random for they have a convective-like movement with
ascending particles in the center of the tube with
some small quantity carried up inte the space above
the dense or pseudo-liquid phase.

Channeling and slugging is obeerved at
characteristic air flow rates depending on the welght
and size of solid in the tube. The system 1s more
susceptible to these effects with relatively large

amounts of solids present or with narrow sized cuts.

Temperature measurements.

Since temperature measurements provide
basic data for determining the values of h, 1t is
pertinent to describe the variation in temperatures
observed in the apparatus during the experimental
runs,

In blank runs without solid present the
bare thermocouple at the six inch level indicated
lower temperatures than the vacuum couples, especially

at low ¢ values, apparently due to the low air
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veloclty past the thermocouple junction.

In all runs with solid present in the tube
the thermocouple readings at the two inch (vacuum)
and six inch (bare) levﬂgs never differed by more
than a fraction of one degree F, indicating that the
bed temperature was uniform throughout. For @
values greater than 400 1bs/hr.-ft.sq. this was
also true for the vacuum thermocouple at the twelve
inch level but at lower G values the latter thermo=
couple reading dropped considerably below the othe£
two. From observations in the glass tube at comparable
mass velocities 1t was determined that for these
lower G values this thermocouple was above the dense
phase of the fluldized bed, which when at rest was
seven inches high, Horizontal temperature variation
in the bed was found negligible at the six inch level
by a traverse with the bare thermocouple, so all bed
temperature measurements were subsequently taken at
the center of the tube.

There may be some gquestion as to the utility
of the vacuum thermocouples whieh were designed so
that alr could be drawn past the junction at 5 ft./sec.
giving a constant temperature reading within thirty
secondss In the bed they offer no advantage as they
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read the same temperature as the bare thermocouples
but when out of the bed or in blank runs their use is
Justified as shown in the previous paragraphs .

For all conditions when application of the
vacuum was discontinued the readings dropped from
"B to 7°P. indicating that with enclosed thermocouples
it 1s nabessary to pass air rapldly past the Junetion,
This will serve to warn other investigators that a :
protected thermocouple in a similar location may be
expected to give unreliable readings unless this
precaution is taken.

Caleculation of h at the two inch level was
not attempted because with fine solids present, a
stagnant area adjacent to the tube wall was observed
up to one inch above the screen. This dead space was
caused by the ring which supported the screen blocking
off air flow immediately above the ring support. Except
at the high ¢ values the thermocouple at the twelve
inch level was above the dense phase of the bed as
mentioned previously. A4 greater welight of so0lid in
the bed which raised the dense phase above this
thermocouples gave undesirable slugring effects.
Hence while h values calculated at the two and tvelve

inch levels provided a check, only those values
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obtained for the six inch level were used in the
final analysis of results, It may be noted that

the bed temperature used in the caleculations was the
average of the readings of all the thermocouples
within the bed.

Sequence of Experiments.

The first data were obtained in the air
velocity range where true fluldization exists,
because it was belleved that this region was of
primary interest from the engineering viewpoint.
The coal fractions were sized with Tyler screens
into cuts of 14-20, 20-28, 2835, 35-48, and 48-65
meshs By pressure drop measurements in the glass
and metal tubes and by visual observations in the
glass tube, 1t was found that the beginning of
fluidizatlon occurred at mass velocities of about
60 for the 4865 mesh particles, but as particle
size increased to 14-20 mesh the mass velocity
to produce 1nc1pient fluldization progressively
increased to 500.

After publication of the Bureau of Mines
peper, in which values of h for 130 to 400 mesh

partlicles at lower mass velocity values were reported,
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it was decided to extend the data into these lower

mass velocity regions where partly expanded or partially
fluidized beds exlst, which corresponded to the
conditions used by Leva et al in the afore mentioned
Bureau of Mines paper. Henee, the data pregented

here cover the entire range of mass velocities

values which it 1s possible to obtain in the ape~

paratus employed.

Results:

Figures 4 and 5 and Tables I and II show the
data obtalned in these experiments. On Filgure 4,
the curve farthest to the right is for the largest
mesh size fraction (14-20) coal employed, and for
this fraction at mass velocitles above about 200 the
value of h increased very rapidly from its lowest
value to near the maximum of about 15-16. At this
point G was approximately 400. Thereafter, as G
increased to 1100, the value of h decreased slightly.
Whether this decrease was real may be argued because
of the small magnitude of the change. The author
holdsno strong case for the decrease as shown on
Figure 4, but believesthat 1t may have been due to
the fact that at the higher mass velocities the
population of solld particles in the bed was relatively
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low (because the bed is expanded) and thelr efficacy
in wiping off the film at the reactor wall was thus
lessened. At the lowest mass velocities for the
14-20 mesh fraction, the two data points lying to
the left of the curve may indicate leveling off of
the values of h.

Again referring to Plgure 4, i1t is seen
that as particle size decreased the same trend of
h variation with G existed but the differences be-
tween the static, expanded, and fluldized states
were progressively less marked. This was not
unexpected because pressure drop measurements and
visvual observations showed that fluidization commenced
at lower G values with smaller particles. Values of
h increased with decreasing particle size which
showed that smaller particies were more efficient
in decreasing bed to wall resistance. This may
have been due to & better "wiping" effect and/or
a grgater surface contact with the smaller particles
because they provided a greater number of point
contacts with the wall surface for a given mass

veloclity.
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It was not possible, when using the
smallest particles, to determine whether h decreased
at the highest velocitles because solid carryover
became excessive at these high velocities.

Filgure 5 includes the same data shown on
Figure 4, but plotted on a log log seale which
allows inclusion of the h versus G curves (a a'! and
b b') obtained by Leva and co-workers. It will be
seen that the Bureau of Mines data (for 130-400 mesh
particles of sand and of iron catalyst) are approached
by the data obtained in the present investigation,
The author ' attempted to obtain information on still
smaller coal particles but encountered difficulty
because the mesh size of the screen at the reactor
bottom permitted the small coal particles to fall
through the screen into the cone at the bottom of the
reactor.

Sample Calculation:

Run 16M-17 has been selected in order to
demonstrate the calculations. All the data on this
run are given below:

Flow measurements

Orifice used - 9/32" dlameter



Alr temperature at orifice t, = 70°p

Pressure drop across orifice Ap = 2.5" Hgy0

For h ecaleculations at z = 6"

tg s 270,38°F (average of 4 readings on the t.c.
at z = 2" and z = 6")

ty = 265.91°F (average of 4 readings on t.c. at
z = g")

ty = 137°F (average of 2 readings on the t.c.

at z 3 €" and »y)
"
" & 925/32

ty = 218°F (average of 2 readings on the t.c.
at z 2 6" and py)

ro = 2 7/32"

Caleulationss

Heat through insulation at z = 6"
q« BTKZ (tp - ty)

In (*2/p)
where k * 0,036 Btu/hr-ft - °F
Z =1 £t helght
q ® 0.99 (5 = 4)

= 70,3 Btu/hr-ft ht.
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Heat transfer coefficient

h = q
A (tg - t,)

where q = 79.3 Btu/hr-ft.ht,
A = TWp oz = UW(1/3)(1)

= 1/0.953
h = (0.953)(79.3)
(7.427

s 10.2 Btuw/hr - £t° . op
Standard gas density

eo = cs (2909 + P]_ - Ap/ls.ﬁ)
260 + t,

where C, = 5492)529.9% 2 1.33

@> = 1.,35(22.9 «+ 0.7 - 26/15-5)
530

s 0.,0764 #/£t°

Alr mass velocity

¢ 3 Gg\[ (?0)( A‘P)

where Cy = 206, orifice Constant of the °/3M
orifice

¢ = 206 \[(0.0764)(2.6)

& 91.5 1bs/hr-ft2



22
CONCLUSIONS

The heat transfer coefficient between a
bed of solid particles and 1ts retaining wall
increased sharply with mass velpcity of entering air
until the transition zone between the expanded and
fluidized condition was reached. With still higher
mass velocities the coefficlient h increased less
rapldly to a maximum and thereafter remained constant
or decreased slightly. v

Particle size of the so0lid exerted an
effect upon the transfer coefficilent h at constant
mass veloclty - the effect being in a direction
inversely proportional to particle size. .

For all particle sizes studled the coef-
ficient h remained constant or decreased slightly
above mass veloclties of 400,

When fluidizing pulverized Utah coal in all
slzes between 14 and 65 Tyler screen mesh, the
coefficient h varied from a lower limit of 2 at low
mass velocitlies to an upper limit of about 19 at a
mass velocity of approximately 450,

Based on a comparison of Bureau of Mines

data with the information reported here, 1t appears
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that the coefficlent h continues to increase with
decreasing particle size and it is also indicated
that coefflcients considerably higher than those
reported here could be obtained when employing more

dense solids than Utah coal,
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RECOMMENDATIONS

It is recommended that further and more
extensive work be carried out on the coefficient of
heat transfer between the alr stream and the tube
wall., With the present avallable apparatus, the
following factors which affect h may be examined:
gas mass velocity, particle size and shape of
materials of varying densities, and bed conditions.

The following apparatus changes are
suggested:

1. A thermostat should be installed to regulate
the temperature of the hot alr entering the bed.

2. BShould beds of particles smaller than 100
mesh be examined, provisions should be made for
measuring aire-mass velocitlies below 60 lba/hrusq £t
and the screens now in use should be replaced by finer
ones .,

Correlation of data by means of dimensionless
equations should be attempted for the fluidized,
partlally expanded, and the static beds. The core
relation if developed, would be of importance in
showing whether the multifold decrease in the

resistance to heat flow from the bed to the container
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walls is due to:

(1) The "scraping® effect of the particles
in decreasing the gas film thickness,

(2) Actual contact betﬂeen-the solid particles
with the wall thereby causing direct transfer of
heat from one to the other.

(3) A combination of the above two effects
where one or the other may be controlling depending

on the experimental conditions,
This correlation, with the results of
studies on other aspects of fluildized systems, would

provide & better understanding of their mechanics.
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TABLE I

Run No, Wte(lbs,) G h tg
15 - 8 2 478 14 .5 320
v 2 86256 16 .2 2908
8 2 730 16.3 287
9 2 545 14 .8 309
10 2 832 13.9 286
11 2 1048 12.9 203
12 2 043 13,9 305
13 2 488 16,1 310
14 4 678 15.9 212
15 2 ogY 14 .3 306
16«L~ 1 2 2902 8.94 273
2 2 263 4,66 276
3 2 219 1.28 202
4 2 185 0,91 308
5 4 169 1.86 202
6 2 340 17 .4 298
7 2 387 1641 289
ldewga= 8 2 482 15.4 304
9 2 562 16.8 303
10 2 694 18,5 290
11 2 830 16 .9 287
12 2 008 14.9 293
13 2 1009 16.5 296
l4«be 14 -] 485 16,0 303
1b 2 615 17 4 205
16 2 523 17 .2 306
17 2 o8y 17 .2 295
18 2 863 16,5 3156
19 2 753 16.0 o518
20 4 817 16 .6 3156
21 2 1010 18.1 303
| 22 2 645 16,4 310
l4ele 1 2 430 15.5 278
2 2 388 16.6 279
3 2 340 17.2 280
4 2 315 16,1 288
5 2 274 15,9 291
6 2 236 14 .2 297
7 2 185 118 297
8 2+8 152 4,89 290



_TABLE I (CONTINUED)

Run No. Wto(lbsn) G h tg
9 2.6 208 11,5 307

10 2.5 160 7«97 312

11 245 128 2.69 303

13-a= @ 2 484 18,7 297
10 2 562 19.6 300

11 2 666 19.5 208

ig2 2 746 18.5 285

13 2 865 17 .8 284

14 2 986 17.1 285

15 2 1014 17 .4 2900

16 2 488 16.2 287

13-L= 1 2 436 15,3 303
2 2 270 14 .8 312

3 2 197 14 .2 333

¢ 2 356 11,6  Bie

5 2 124 8.7 304

6 2 74 1.98 282

7 2 314 15,2 315

8 2 08.6 4 .45 294

9 2 59 .6 1.54 298

10 2 480 A7 .8 300

131 2 388 17 .0 303

16 « 6 2 472 18.4 304
7 2 339 18,0 304

8 e 641 17,7 304

9 2 519 18 .4 317

10 2 767 17.0 314

16=li= 4 2 258 17.3 279
, 57 2 179 14 .2 278

6 g2 118.3 12 .2 276

T 2 91.5 10.2 270

8 2 62 .2 5.94 262

T » 1 1.5 478 18.6 288
2 1.5 390 18.5 318

3 1.5 253 15.2 403

5 2.5 182 14,7 2568

6 2.5 254 16.9 282

7 2.5 308 17.5 289

8 2.8 472 187 283

2] 2.8 540 18 .4 285

10 2.5 560 20,3 284



TABLE I (CONTINUED)

Run No., Wte(1bs,) G h tg
17«L= 1 2 307 15,9 260
2 2 250 16.2 267

3 2 182 16.8 276

4 2 106.6 13,2 271

5 2 59.5 7455 261

6 2 145 13.8 299

8 2 7247 9437 290

9 2 298 16.6 280

10 2 132 14.0 504

11 e 207.5 16,5 281

12 2 380 1749 2387

18 -« 1 2 244 16.9 27e
2 2 1856 16 .9 298

S 2 118,86 15.2 502

4 2 75 13.2 299

5 2 48 11.0 282

6 2 504 1.2 293
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TABLE IIX

PARTICLE SIZE DISTRIBUTION - WT.%

_Run 15 Run 14 Run 13 Run 16 Runl17 Run 19

Tyler '

Wesh size D
« 14 « 10 ¢ 0.0464 = 00,0656 0,331
r 20 - 14 ¢+ 0.,0328 = 0,0464 05.322
» 28 = 20 &~ 0,0232 - 0,0328  4.016 ©2.152
r 356 - 28 ¢ 00,0164 - 0.0232 0.221 7.517
+ 48 = 35 w» 0.0116 = 0,0164 O. 0.132
» 65 « 48 e 0,0082 « 0.0116 0.055 0.098
» 100 - 65 » 0.0058 = 0.0082 0,055 0.066
+ 150 « 100 » 0.0041 = 0.0058 0.
¢ 200 « 150 ¢« 0.0029 = 00,0041 0.033
# 270 -« 200 ¢« 0.,00205 -« 0.,0029

- 270 - 0,00205

D = (DXF) 0.0463 0.0269

1.213

88.457 0.679

04407 83,598 0.285
0.624 15.250 80,066
0.069 0.358 18,510

O. 0.040 0.854

0.138 0,040 0,047
0.040 O,

0.237

0.0180 0.0131 0.009

39.982
34,974
18,014
3.515
3.515

0.,00820



NOMENCLATURE

Mantle area of tube (f£t)

Screen opening (inches)

Effective particle dlameter (inches)
Experimental tube diameter (ft)

Wt, fraction

Mass velocity based on cross section of
empty tube (1lbs/hr-£i2)

Heat transfer coefficlent between the bed
and the tube wall. (Btu/hr-£t® - Op)
Average thermal conductivity of insulation
(Btu/hr=rt-oF)

pressure drop across orifice (inches of Hod)

Pressure, upstream of orifice (inches of HgO)

Heat flux (Btu/hr)

(ﬁﬁlﬂﬁliﬂﬁ radial distance from the tube

center (inches)

(AFABN - ‘temperature of insulation at
ry (°F)

temperature, gas and bed (BF)

temperature, tube wall (°F)

temperature, alr at orifice (°p)



"

Length of tube considered (ft)

Height above screen (inches)

Standard gas density (lbs/ft°)
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PACKING GLAND

FIG. 2- SUCTION THERMOCOUPLE WELL
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