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Abstract:

Heat transfer coefficients were measured from a horizontal bundle of finned tubes in an air fluidized
bed. Two types of tubes were studied. Discontinuous finned tubes were used to study' fin spacing and
heat flux, while spined tubes were used to study spine height, spine material, and number of spines.

Results indicate that fin spacing has little effect when the spacing between fins is greater than 10
particle diameters. At less than 10 diameters, the coefficient begins to fall rapidly up to a point where
the spacing is less than two particle diameters. From this point on, the curve falls very slowly, it was
also found that the heat transfer coefficient increases slightly as the heat flux is increased.

Results with the spined tubes indicate that the heat transfer coefficient decreased with increasing fin
height. Coefficients obtained with copper spines were much higher than those of stainless steel.

There was little difference in the coefficient with larger number of spines. However, the increased area
with more fins yields a higher rate of heat transfer. Each type of tube led to a correlation relating heat
transfer coefficient to the parameters of interest.
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" "ABSTRACT.

Heat transfer coefficients were measured from a horizontal bundle
of finned tubes in an air fluidized bed. Two types of tubes were
studied. Discontinuous finned tubes were used to study fin spacing and
heat flux, while spined tubes were used to study spine height, spine
material, and number of spines.

Results indicate that fin spacing has little effect when the
spacing between fins 1iIs greater than 10 particle diameters. At less
than 10 diameters, the coefficfent begins to fall rapidly up to a
point where the spacing is less than two particle diameters. From
this point on, the curve falls very slowly. It was also found that
the heat transfer coefficient increases slightly as the heat flux is
increased. '

Results with the spined tubes indicate that the heat transfer
coefficient decreased with increasing fin height. Coefficients obtained
with copper spines were much higher than those of stainless steel.

There was little difference in the coefficient with larger number of
spines. However, the increased area with more fins yields a higher

\

Each type of tube led to a correlation relating heat transfer
coefficient to the parameters of interest.




" "INTRODUCTION

The fluidized bed has in recent years receiyed considerable attention

in a number of industrial applications; prever; to enhance use and
design, more knowledge of the physical p;oceﬁsesloccﬁrring in the
fluidized bed is needed. The purpose of this thésis’is to better
understand heat transfer from finnéd tubes to a fluidized bed.

Basically, a fluidized bed consists of a column, a bed of particles
supported on a distributor plate, and a source of fluid to be used as
the fluidizing medium. The column may range from a few inches to
several feet in diameter., The particles can'consist of a‘wide range
of materials, as can the fluidizing medium.

The term fluidization arises from the nature of the bed of particles
when sufficient fluid is passed through the bed. At low fluidizing
velocities,'the fluid, air for example, merely passes through the bed
as in a packed bed._ . | N

As the velocity is increased, a point is reached when tﬁe pressure

drop across the bed is equal to the weight of solids in the bed. At

this point, the bed expands slightly and acts like a highly viscous fluid.

This velociﬁy is called the minimum fluidization velocity. There is
very little particle motion at minimum fluidization.

With increased yelocity, particulate fluidization may occur.
Particuléte fluidization occurs primarily in liquid fluidized beds
where the density of particles is not very much greater than the

liquid. Visually, the bed resembles minimum fluidization, with only a




slight incréase in particle motion:

In a gas fluidized bed; gas bubbles begin forming almést immediateiy
after the minimum fluidization wvelocity is e%ceéded: This Bubéling is
known as aggregative fluidization; Small bubbles form in the region of
the distributpr plate and rise through the bed similarly to a boiling

- fluid. As the bubbles move upward-tﬁrough the bed, they coalesce to
form larger bubbles which finally Burst at the‘surface. The size and
.number of bubbles depend wupon the natu?e of the distributor plate, and
bed height. With vigorous bubbling, there is considerable motion with |

aggregative fluidization.

The final regime of fluidization, known as slugging, occurs when
slugs of fluid, occupying the entire cross section of the column, pass
through the bed. Maximum particle motion occurs du?ing slugging, but
physical problems may become“important. Particles may be broken down,
and smaller particles may be entrained and lost.

Finally, as the velocity is increased beyond slugging,.ali the
particles are entrained and carried out of the column. The various
regimes of fluidization are shown schematically in Figure 1.

Industrially, the‘fluidized bed has been known for quite a long
time, but only in the last 40-50 years has it achieyed any major
iﬁportanée. At about this time, the petroleum industry discovered thét
the fluidized bed was very useful in the cétéi}fic cracking unit. This

eliminated the need for shutdown and complete regeneration of the catlyst,
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The fluidiéed bed could be rxun with a continuous stream of particles
being drawn off, regenerateé, and recycled to the colum;.

Since the fluidized catalytic cracker became estabiished; several
othef widespread applications of the fluidized bed havé been made. In
desalination of sea water, ﬁhe sea water is sprayed into a ﬁot bed. The
‘'water is evaporated leaving the salt.to deposit on the particles.

Another application has been in the treatment of liquid nuclear
wastes. Once égain, solution is sprayed into a hot bed, allowing the
radioactive material to deposi£ on the particles, The solid particles
are then stored underground thus eliminating the buik and potential
leakage of liquid wastes.

In recent years, research has begun in several other areas. One
area is fluidized bed combustion of coal for electrical generation
plantag where limestone is used as the partiéulate. A prime advantage
of this method is that sulfur in the coal reacts with the limestone thus
eliminating SO2 formation,

Two other recent uses of the fluidized bed have been as a shallow
bed cooling‘tower and as a heat exchanger for geothermal energy.

As show;, there is a wide variety of possible applications for
the fluidized bed. However, there are seyeral disadvantages in its
use. Listed below are some of the advantages and disadyantages of

the fluidized bed.
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Advantages

'

1, Due to e#tremely‘vigorous mixing in a fluidiéed bed; there are
few concentration or thermal gradients; éhis would be important in
many reactions which are strong functions of temperature or concentra-
tions:'

2, Continuous recycling of soiids is much easier to implement
than in a fixed bed;

3. Increased particle activity results in much higher heat

transfer coefficients which would make temperature control easier and

more efficient,

Disadvantages

1. Because relative fluid and ﬁarticle motion is basically
co-current, the driving fbrcé is not coﬁpletely favorable, and the
fluidized bed acts as a singlé stage, Multiple beds can overcome
this problem, but might run into ‘more expense,

2. Space velocity through ghe column is limited, because the bed
. fluidizes only in a relatively narrow range of velocities,
3. Particle degradation and elutriation may cause severe
catalyst losses,

4, In some systems, particle agglomeration may plung a fluidized

bed to the point where proper operation is not possible,

This shows that while a fluidized bed might be very useful
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in some.cases; each applicatien ﬁust be.studied With.care:

In most of the{applications above; heat must be transferred to or
from the fluidized bed. Originally this heét transfer was accomplished
through the walls oé the co}umn. However,,thié severly limits the
available éurféce area for heat trangfer; To overcome this problem,
either horizontal or vertical tubes are placed in the bed.

Since heat transfer coefficients have been shown to‘be much
greater in a fluidized bed than in a similar column without the bed of
particles, it is necessary to leafn‘as much as possible about the heat
transfer from immersed tgbes. In manf other heat transfer systems,
finned surfaces have been shown to greatly increase the heat transfer.
It seems probable then that finned tubes might also enhance heat
transfer in a fluidized bed, thereby reducing the total number of tubes.

The purpose of this research was to study the effect of fin
;pacing on discontinuous finned tubes, (a type of tﬁbe similar to
those used by Bartel [1]), on heat transfer coefficients. In addition,

spined tubes were studied. The effects of fin height and fin material

on the heat transfer coefficients were determined,




THEORY AND PREVIOUS RELATED RESEARCH.

Mechanism of Fluidization

To better understand the process of heat transfer in a fluidized/
bed, some knowledge of the mechanism of fluidization is helpful: To
simplify the process, a single gas bubble will be considered first,

A model proposed by Davidson and Harrison (3) contains three
major conditions:

1. The gas bubble is spheriéal and particle free.

2, The particles around the bubble move as an inviscid fluid.

3. In the bulk phase, the gés flows incompressibly through the
bed.

In addition to these three conditions, they alsc assumed that the
pressure éradient far from the bubble is unaffected by the bubble
passage, and that the pressure in the bubble is constant. /

This model has been shown to be méstly correct with:only‘minor
changes, such as the shape of the bubble. Visual observations (14)
have shown the bubble'tp have a concave bottom into which flows gas

-
and some particles.

Extending this model to include multiple bubble formation and
bubble interactions leads to a model proposed by Kunii and Leyenspiel (7).
1. A wake of particles and gas follows each hubble in its

upward travel.

2, Solids in the wake are constantly being renewed and move
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upward.at a velocity, Ub' At the top of the bed, the
solids begin to moyve downward.at a velocity, US. i

3. The followiﬁg relation between the bulk phase velocity, Ue’

and the downward solids was proposed:

U

v o= -2 gy
. e e s
mf
where,
U £ - velocity of fluid at minimum fluidization
m .
€nf = void fraction at minimum fluidization

This model has been-~shown to do a reasonably good job describing
the action of the fluidized bed. However, it must be rememberéd that
this model applies only to aggregative fluidization,

A study was conducted by Hager and Thomsqn (5), on Ehe effect of.
immersed tubes on bubbles traveling through a fluidized bed. Visual
and x-ray techniques were used to study the motion of bubbles around
bare and finned tubes,

With horizontal bare tubes, about 50 perceﬁt of the bubbles
divided when passing over the tube. These bubbles quickly coalesced
aboye the tube, The remainder of the bubhles were diverted around the

tube.

With finned tubes, the action was somewhat different. Here, most -. .

bubbles were either diverted around the tube, or entered the fin

%
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structure, eventually emerging.at the top of the_tub§: When a bubble
did divide, the two halve; passed around the outside of the fin
structure; When this occurred; there was little particlé:moéioﬁ

between the fins.
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Mechanism of Heat Transfér:Between FluidiZed'Béd‘and'Heat'Surface'

When studies showed that heét transfer coefficients were much’
higher in fluidized systeﬁs than in empty~columns; interest was
generated in developing some idea as to the reason for the increase.
Several explanations ﬁave béen made and most oflthem probably contribute
to the overall picture;

A number of people, including Leva, et al. (9) and Levenspiel andh
Watson (10), proposed a scouring mechénism. In this model, the normal
boundary layer on the heat'transfer surface is partially scrubbed away
by the éction of the particles, When the boundary layer is thinned,
the resistance is reduced thereby increasing heat transfer. Levenspiel
developed a relation to describe the effective film thickness in both
laminar and turbulent flow conditions. The relation describes the
scouring and the growth rate.

A different model was proposed by Mickley and Fairbanks (11).
According to this model, packets of particles were viewed to be the heat
transfer agent. These packets were said to move from the bulk phase
to the heater surface, After remaining at the surface only a short
time, the packet returned to the bulk phase where the packet was
dispersed.

Mickley, et al. found the heat transfer coefficient to be a

function of the quiescent bed thermal conductivity as follows:




h= | kmpm c S ‘ '

where y
k = thermal conductivity of the packet, .BTU/hr~ft—°F
m
p_ = density of packet, 1b /ft3
m > m
¢ = heat capacity of packet, BTU/lbm—°F
S = stirring factor

S

The stirring factor is basically a function of the hydrodynamics
of the system, but is not understood well.
About ten years ago, this model was modified by Ziegler, Koppel,

and Brazelton (16). This new model was then extended By‘Genetti and

i.Knudsen (4). Under this new model, a single particle rather than a
packet moves from the-bulk phase to near éhé heater surface. The fluid
near the surface is assumea to be at the temperature of the heater.

The particle is heated by convection from the-hot fluid and then
returns to the bulk phaée where the heat is dissipated.

The hot gas near the surface is assumed to be a constant temper-
"ature, and the contact between the surface and the particle is neglected.
The particles are packed rectangularly, and a gamma function is assumed
- for the residence time of the particles.

With these assgmptions, the following expression for the particle

Nusselt number was developed.




where,

" Nu
P

1

- 12 «

1+

6k .t

air

p C D

5P, P

Nu = hD /k__ = particle Nusselt number
P p au. X

k

ai

t

I

heat transfer coefficient, BTU/hrft

thermal conductivity of air, BTU/hr-ft-°F
mean residence time of particles, hr
. . . 3
particle solids density, lbm/ft :
heat capacity of particles, BTU/lbm-°F

~particle diameter, ft

2"°F

As can be seen from this expression, the particle Nusselt number

is not a function of the thermal coﬁductivity of the particles.

Genetti and Knudsen proposed that the consfant, 7.2, be replaced

0.5

by a function of the square root of the particle fraction, (1-¢) o

It has been proposed that the arithmetic average of the surface temper-

ature and the bulk temperature be used as the film temperature. This

model, shown in Figure 2, will be used to correlate the results of

this research.

To check the validity of this model, Ziegler and Brazelton (15)
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conducted anlekperiment with both héat and mass transfer:. The system
they used was an absorbent clay sphere saturated with_water:
This sphere was suspended iIn an empty column and then #n a flufdized
bed, The fluidized bed particles were ndn—absorbent; so that under
the assumptions of the modei; heat transfer rates should increase

much more than mass transfer rates. .
Results of the experiments showed an increase of 1.5 to 2 times
for the mass transfer whereas heat transfer increased 10 to 20 fold,

From these 'results, they concluded that 85~90 percent of the heat

transfer can be accounted for by a particle mode of transfer.
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Previous Research with Immerséd Tubes

Since immersing tubes in a fluidized bed can gréatly~incréase‘the
area for heat transfer; it is important té léarn as much as possible
about what parameters affect heat transfer from the tubes to a fluidized
bed. The end resﬁlt should'be a design equation that can be used in a
large number of applications.

In this respect, several-peéple have investigated heat transfer
from tubes in a fluidized bed.- Originally, this was done ﬁith horizontal
or vertical bare tubes with advantages to each,

\ .

On a &ertical tube, the particles tend to remain in contact with
the heater longer thus receiving more heat. However, the particle
tféﬁsfer is much slower than with\horizontal tubes. In a study conducted
by Genetti, Schmall and Grimmett (14), the tube orxientation angle was
studied. Their results showed that the heat transfer coefficien£ passed
through a minimum as the tube was moved from a horizontal to vertical
position. The angle at the minimum was different for bare and finned
tubes. Since a column was available which used horizontal tubeé, this
is what was used for the present research,

An important study by Vreedenberg (13) resulted in a correlation
1

-for a single horizontal bare tube. This coryelation took the following

form: ' Rt 0.33
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where,

Nut = h“Dt/k.= Nusselt number based on tube diameter
Pr = Prandpl number of fluidifing air
k = thermal conductivity of air; ﬁTU/hrft~°F
G = air mass velocity, lbm'/h'rj-ft2
Dt = tube diameter; ft:
Py = apparent particle density, lbm/ft3
A . . 3
Py = density of air, lpm/ft
g = gravitatiénal constant, ftz/hr

The fluid properties were evaluated at the bed temperature.
In research conducted by Petrie, Freeby, and Buckham (12) bundles
of bare and finned tubes were studied. The tubes were heated either

electrically or with steam condensing on the inside.

Their bare tube data correlated into the following relation:

0.33 : D 0.667
_ G 0.33 ot
Nu_ = 14 (-—5—) (Pr) (—5—
mf p
where,
Gmf = minimum fluidization velocity, 1bm/hr~ft2

It can be noted that in both the correlation by Vreedenberg, and
that by fetrie,.et al. the Nusselt number is dependent upon both the

air mass velocity and particle diameter. Both investigations indicated
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that the heat transfer coefficient.iﬁcreases with aiy mass velocity,
but decreases with particlé diametef. |

Petrie, et al;'indicatea that for tube bundles; the spaciﬁg bet&een
tubes had no effect when the tube separation was, over 43 particle
diameters indicating that the tubes were acting independently.

The .dependence of the heat transfer coefficient on air mass
velocity has been well established. Rather than always being mono-
tonicélly increasing, as indicated by the above correlations, the
coefficient may pass through a maximum at some air velocity. The
existence and location of this maximum depends on the diameter and
density of the péfticles.

Studies have shown (2,6) that a stagnant cap exists on top of a
horizontal tube, where heat transfer is up to seven times smaller than
at tﬁe sides. The stagnant cap is constantly being regenerated, with
the rate dependent on air velocity. |

Research with finned tubes has been very limited until recently.
The work of Petrie, et al.(l3), using tubes 6f 5 and 11 fins per inch,

indicated that, although the heat transfer coefficient decreased with

more fins, the increased area actuglly caused greater heat transfer ~

rates,
Another study, using discontinuously-finned tubes, was conducted
by Bartel (1). In his research, Bartel looked at several parameters

including fin height, particle size, tube to tube spacing, and air
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mass velocity.

His results ghowed that heat transfer coefficfents.decreased with

[

fin height;'but this effect was more than cémpensated for by the
additional area; Coefficlents were also féund té Be affected by tube
spacing with the effect béiﬁg smaller wifh longer fins. He found the
effect to be noticeable to a spacing of about 100 particle diameters.
Bartel correlated his results into a form similar to £ha; of
Genetti and Knudsen (4). In the correlation, the pérticle Nusselt

number was related to the four parameters studied.

1.5
0.027 + 4.3L°°7 -
10(d-e) [? _p(1.12 + 3.2LU-91

Nu = - :
P ~__0.00102 + 0.0471.°+80 2
L+ 9.33 0.25
pe (0433 +0.40L°°7%) (1,23 = 0.57L°" %)
e D
P P
where, ' <
L = fin height, inches
P = distance between tube centers, inches
DP = particle diameter, inches
ReP = DpG/ u. = particle Reynolds number

This expression was found to f£it all the data within i 15%.
The model Bartel used to describe the fins was not tested, as only
one fin material, carbon steel, was used.

The présent study uses the same column as used by Bartel, but «
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involves copper and stainless steel spined tube bundles. Using two
materials allows a check on the mathematical model of heat conduction

in the spine.




EXPERIMENTAL PROGRAM

EXPERIMENTAL EQUIPMENT

As mentioned earlier; the basic equipment used in this research’
was already available, so only minor modifications were required: Most
of the changes were made to make the system either more efficient or
to improve safety; The diséussion of the equipment will be diwvided
into three sections: 1) the column; 2) the fluidizing system,
and 3) the electrical system,

An overall view of the equipment is ;hown in Figure 3. It shows

the relationship between various parts of the system,

Fluidizing Column

\

Figure 4 shows a detailed view éf the column used in this study.
The column was constructed of 3/4" clear plexiglass and had a
rectangular cross section (14" x 6.5"). The column was clear to allow
visual observation of the bed when fluidized. In this way,.such things
as channeling and slugging could be seen. It was also easier to see
that the heaters and tubes were properly in place.

A rectangular cross section was chosen so that all the tubes
‘'would be in the same relative position to the walls. Also, it was
easier to fabricate this type of column. ,
The column was about 8 feet tall, with about 1.5 feet below the

distributor plate. This allowed sufffcient room above the bed for the

bed to act freely. The space below the bed allowed for some smoothing
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of air flow before entering the‘particle Bed:

Two micarta plates (laminated canvasj were used to.hold the
heater-tube assemblies; In one plate; hbles were drilled completely
through and fitted with Swagelock fittings, through which the heaters
extended. The other plate had partigl-holes drilled to hoid the end
?f the heaters; This held the tubes fi}mly in plaée; The two'plates
were removable = and held in place by “trunk 1id" type clamps.

The top of the column was removable so that particles could be
poured in. A large rectangular hole was cut in the top and covered
with 200 mesh stainless steel wire‘cloth. This hole, in addition to.
four smaller holes located on the sides at the top, allowed the air to
leave the column. Previously, five small holes had been cut in the
top rather thah the largér rectaﬁgular hole. However, it was found

that the small holes plugged with particles at higher flow rates, thus

lowering the wvelocity.

To ease emptying and cleaning the column, a particle drain and two,

vacuum ports were included. The drain was a 1" diameter pipe extending
through the bottoﬁ of the column, with a valye in the line. The two
vacuum ports were 3% c;rcular holes cut in either side of the column
just above the distyxibutor plate, Each.hble was fitted with a
removable plug.

The distributor plate consisted of two layers of 20Q mesh wire

cloth sandwiched between two perforated steel plates., This proved to
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provide sufficient pressure drop for uniform fluidization; though. at
low velocities some channeling occnrred:

Located in the entrance'section; below the distyxibutor plate,
were two rows of 3/4" horizontal tubes: These tubes were fntended to
straighten the air flow as it entered the column.

The column was supported by four angle irons with wooden blocks

wedged between the column and the supports. The entire assembly was

then bolted to the floor.

N

fluidizing System

Air, used as the fluidizing medium, was supplied to the column by

a Sutorbilt air blower driven by a 7-1/2 hp motor. A 3.5 inch schedule

‘80 -pipe served as the main air line. A similar pipe was used for a

bypass line. Two gate valves, one in each line, controlled the air

. flow., In this study, the main air line valve was left fully open to .

obtain the necessary velocities.,

An orifice in the main line was used to measure flow rates. The
pressure drop across the orifice was measured with a water manometer,
The orifice had a 1.5 inch diameter opening, and vena contracta taps.,
For smali pressure drops, a micromanometer was also available.

At higher velocities, when fluidization becomes yigorous, the

pressure drop across the orifice fluctuates up to 1 to 2 inches of

water making accurate readings difficult.
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Back pressure from the column fs measured with. a Duragauge
pressure gauge: The tab for this line was located between theiorifice
and the distributor plate:

Thé bed material was spherfcal giass beads of two diameters; O;Oll
and 0;0505 inch; The smallér glass beads, manufactured by 3M, had a
density of 156 lb/ft3 while the langér beads, manufactured by
Microbeads, Inc., had a density of 198 lb/ft3. A bed depth of 23 inches
was used for all runs; ‘

To measure the void fraction in the fluidized bed, the pressure
drop across the.bed was measured With anothef water manometer., Here;
fluctuations in pressure drop were even more severe than with the
. orifice manometer. Fluctuations of up to 50% of the mean value have
occurred, but since the void fraction does not change a great deal, a
reasonable good value can be found.'

Two mufflers were inciuded; one on the mainAair iine, and one on

the bypass line. In addition, the motor and blower were encased in a

sound proof box. This helped to cut down the noise of the system.

Electrical System

The electrical system consisted of the heater and tube assemblies
and the thermocouple system. In this research Calrod Firerod cartridge

heaters were used. As shown in Figure 5, there is a 6.5 inch heated
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section with a 0;4 inch_insulafed'section on one end,. The other end,
2;5 inches 1ong; is also insulated and contains the two leads from the
heater; A 1/8" dfameter longitudinal hole is drilled thrauéh.the lead
end of the heater. &he thermocéuple wire from the tube Qas.passed
through this hole and hence‘out of the column:

The leads from the heaters Were’connected through fuses to seven
parallel toggle switches. From these switches, the line ran fhrough a
Simpson model 390 wattmeter and then to a Fenwall model 524 high
temperature limit protector. This instrument is essentially a cutoff
relay to avoid problems of ovérheating in the bed. A thermocouple in
the bed acted as.the sensing device for thelinstrument.

Finally, the line passed throﬁgh a rhéostat and a variac to the
line source. Both 120 and 240 volF line sources were used,

Two types of finned tubes were used in this work. Tﬁe two types
are shown schematically in Figure 6, and photographs are shown in
Figures 9 - 10. All the tubes were 6.5 inches long and 0.5 inch
inside diameter.

The first type of tube, manufactured by Escoa Fintube, had three
fin spacings, 6,8 and 10 fins per inch and were made of carbon steel.
The fins had a rectangular cross section. The\fins on these tubes
were wrapped around and then spot welded to the tube,

The second-type of pﬁbe, maﬂufacturedrby Heatron; Inc;; is a

spined tube. The shape of these fins will be discussed in detail
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later, but they are nearly trlangular in cross section:. These tubes
came with seyeral spine heights (ranging from 0.34 to 0:76 inch}; two
numbers of spines per turn (13 and 26); and twﬁ materials (coppér and
sta;nless steel): The spines on the tubes weré machined dirxectly
from the surface of the tubes.

A total of ten thermocouples, nbt including £he one for the
high limit temperature protector, were used; One thermocouplé was
soldered to the surface at the center of each of tﬁe seven tubes in
the bundle, The wire was then passed through the heater as explained
before. /

Three thermocouples were located in the bed: one ahove, one

~ below, and one in the middle of the tube bundle. The bed thermocouples

were threaded into pieces of 1/8" copper tubing to protect them from
P p P

the action of the bed., The end of each tube was covered with wire cloth.

o

In this manner, the thermocoupies measured the temperature of the

.air rather than the particle temperature. An unprotected thermocouple

indicated that the particle temperature Waslonly about 3?F higher
than the air.

The thermocouple leads were cénnected through a switching box to
a Honeywell-Brown chart recorder. The recoxder yeplaced a potentio-
meter previously used, because a fluctuation in temperature of S—lOdF
made using the potentiometer very‘difficultf ‘A ﬁistory‘of the

temperature was needed to obtafn a reliable ayerage.,
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EXPERIMENTAL 'PROCEDURE

Calibration of Main Air Line

Since some minor changes had beeﬁ made iﬁ the equipmént; it
was decided to recheck the calibration of the main air 1ine; In the
previous use of the column;.it was felt since the orifice manometer
level fluctuated, some standarizing method should be employed. To
do this, the main air line was left fully open, and the bypags valve
was marked to show how far open it was. Then by’calibraﬁing the
markings to the ai¥ velocities desired, the flow rates were assumed to
be more reproducible,

For this research, it was observed that deviations did occur
with this method. Therefore, the pressure drop was measured directly

from the manometer for each run.

Procedure for a Typical Run

The basic procedure was the same for all runs. A set of tubes
was selected, and the thermocouples were installed. Before inserting
the heater into the tube, the heater was coated with. copper anti-
seize compound to insure uniform thermal contact. ‘

The heater was then.inserted into the tube and the assembly was
placed into the micarta piate: The micarta plate was fastened to the

L

column and the ends of the heaters positioned in the holes in the

opposite side. The tubes were rotated so that all thermocouples were
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on top of the tube:
The column was sealed; to preyent air aﬁd particle leakage, using

a silicone lateﬁ sealant: Particles §f the proper size were poured
in the top of the column to a stétic bed hefght §f 23 inches;

| - The top of the column was clamped on'and the blower was turned on.
After the flowrate was set; the column was allowed to feach steady’
state, Steady state for the first run took abﬁut four hours, and for
each successive run, about 1-1/2 hours. To 6btain the maximum

.

number of runs in a day, the column was run overnight.

To change particles, the particles were drained out through the
particle drain. The remaining particles were cleaned out through
the vacuum ports. New particlés could then be placed in the column.

To change tubes, the particles were drained out and the micarta

plate was removed. The new bundle of tubes was then set as before.
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RESULTS AND DISCUSSION
This research was diyided into two primary-parts; one part was
conducted using the Escoa finned tubes and the other part using the
Heatron spined tuBes: The Escoa finned tubes were used to study the
effects of fin spacing and heat flux on heat transfer coefficients.
The Heatron spined tubes were used to determine the effects of spine

height, number of spines, and tube material,

PERFORMANCE OF ESCOA FINNED TUBES

Three different bundles of Escoa finned tubes were used in this
research. The important parameters studied were particle diameter to

—_

fin spacing ratio, heat flux and air mass velocity.

Variation of Heat Transfer Coefficient With Heat Flux -

" While operating the equipment in this research, it was observed
that fluctuations occurred in the heat input to the column. Therefore,
as a prgliminary study, it was decided to determine the effect, if any,
this variation might have on the heat transfer coefficients.

The heat flux to the tube was varied using a variac. The minimum
heat flux used was limited by the temperéture difference; as the
temperature dif ference gets too small, about 10°F, errors in the heat
transfer coefficient can become'largé, This study was performed With.'
each of the Escoa fin tube spacings.

The results. of this study are plotted in Figures 11 ~ 13 in the

form of particlé Nusselt number versus heat flux. The Nusselt numberx
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used hFre is calculated using a heat transfer coefficient based on a
theoretical model for heat transfer in the fin:
Briefly; this model accounts for the temperatufe distribution in
the fin, and will be discussed in detafl on page 46:
The third parameter in.the plots is the air mass velocity; In

all three graphs, there is a tendency for more scatter in the data

at lower velocities. This Is due to the dependence of heat transfer

30

20

150 400
AIR MASS VELOCITY
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coefficient on air mass yelocity. As shown above, the curye is

much steeper at low yelocifies than at higher yelocities., Since’

it was not possible to control the flow rate exactiy; there were small.

variations in the velocities. Therefore, since the curve is steeper,
there was more scatter at low velocities,

From the plots of Nusselt number versus heat flux, it can be seen

.that there is a positive dependency of heat transfer coefficient on heat

"flux., The effect is relatively small, being about 10% over the entire
range of heat fluxes studied.

A qualitative explanation of the results can be made, however, it
is very difficult to verify the explanation experimentally. In the
region of the heater surface, there is a thermal boundary layer which
is assumed to be only a few particle diameters thick (17). The edge
of "the boundary is defined as being the point at which the temperature
is some percentage, (say 95%? of the bulk temperature.

According to a particle mode of heat transfer, the heat transfer
coefficient will be dependent upon the number of particles in the
hottest region near the heater. Then, when the heat flux is.increased,
the temperature difference increases thereby increasing thé thickness
of the boundary layer. With a thicker boundary layer, more particles
can get into the hotter region, so the heat transfer coefficient will

increase,

In some cases, it was also observed that the slope of the plot
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increased with increased air mass velocity:. This is probably because
the boundary layer is thicker at lower velocities: Therefore; at low
velocities; an increase in boundary layer thickness due to-higher heat
flux will cause a smaller relative increase in the number of particles
entering the hot region. This will result in a smaller slope with
low velocity than at high velocity.,

Since most normal fluctuations in operating heat input were less
than 3 percent, this should result in less than 2 percent variation in
heat transfer coefficient, Since this fs rather small comparea to
the possible experimental error, it has been neglecfed for the

remainder of this study.

Effect of Fin Spacing on Heat Transfer Coefficient -

It has_Been suggested qualitatively that there should be some
effect on heat t?ansfer coefficient when the spacing between fins gets
small relative to the particle diameter. However, asidé from the very
limited stud§ by Petrie, et al.(12), there.has been very little
quantiative work done with fin spacing.

The present study investigated three fin spacings and two particle
diameters. This gave neaxly an order of magnitude range for the ratio
of particle diameter to fin spacing.

Since the two particles were of different densfties, an attempt

was made to run both particles at dynamic simflarity. For this system. . .
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it was felt that dynamic similarity could be approﬁimated by using
the same ratio of fluidizing velocity to minimum fluidiéation velocity.
Limitations of the equipment with respect to thé iarée particles meant
that only one mass velocity could be used: This gave a value of
G/G = 1.3 )

Silica sand was used in addition to the spherical glass beads.

The sand had an average diameter of 0.011 inch, the same as the small
glass bea&s. The sand was used to check the effect of an irregularly
shaped particle.

The heat transfer coefficient used to plot the data was corrected
to account for the differences in total surface area between the three
Fin spacings. This was done by multiplying the heat transfer co-

" efficient, based on the model, by a ratio of total area to bare tube
area. This will then put all the coefficients on the same bare tube
area basis.

The corrected heat transfer coefficient is plotted against the
ratio of particle diameter to spacing bétween fins (DP/S), in Figure l4.
At DP/S < 0.1 there is little effect on heat transfer coefficient,
implying that the particles are free to moye in and out between the
fins.

When the fin spacing is less than ten times the particle diameter,

the curve begins to fall off sharply. This is probably because the

particles are becoming hindered. The particles can no longer move
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freely around the fins.
As the particle diametér approaches the fin spaciné, the curve
begins to level off again. At this point, thé heat traﬁsfer c;efficient
is about one half the value when DP/S < 0.1, Large parts of the fin

are not used because feW'paéticles can fit between the fins,

Finally, a point is reached whe?e the particle diameter is
greater than the space between the fins. No particles could enter
between the fins, this eliminating nearly all the fin area.

In determining the actual heat transfer rates from the tubes,
there will be a trade off between the iower heat transfer coefficient
with more fins, and the increased area.

To relate this trade off mathematically, it will be necessary to
develop a correlation‘relating the heat transfer coefficient to the

ratio D /S and to the particle Reynold's number. This correlation

will be developed in the next section.
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Development of Theéoretical Model for Escoa Finned Tubes =

As mentioned previously; a single thermocouple was located on
the surface of each tube in the bundle: The temperature at this point
would correspond to the temperature at the base of the fins. However,
if this temperature were used to calculate a heat transfer coefficient,
it would assume a uniform temperature over the entire tube including
the fins. Since this is of course not true, the temperature distribution
in the fins must be taken into account,

To develop this temperature distributidn,“a model for the shape
of the fins was assumed, as shown in Figure 15. A steady state

energy balance was taken about a differential element. The following

“'procedure was used to solve for the temperature distribution.

1) The heat conducted into the element at x was equated to the

heat conducted out at x + Ax plus the heat lost by conveection from

the surface.

—kab 9T} ~kab 3E +h2(a + b)&x(T - T,)

dx X dx x + Ax
where,

k

]

thermal conductivity of the fin, BTU/hr-ft-°F

a,b width and thickness of‘fin, ft

]

h average heat transfer coefficient, BTU/hrﬂft2*°F

il

Then by letting 6 = T—Tﬁ, and rearranging,




d%p - 2(atb)  'h 6 =0
2 ab )
dx

with boundary conditions,

a) x=0, ©6=T ~T

b) x de =

dx

]
-

‘h
o 0

x=L x=L

The solution was of the form

8 = A sinh(cx) + B cosh (cx)

where

2. zgfm (E)

2) Applying the two boundary conditions to solve for the constants

A and B gave, for the temperature distribution,

h
(T,-T ) e sinh(cL) + & —)cosh (cL)
60(x) = T-T, = —D2 W [ k I im (cx)

b h
[c cosh(cL) +-—TZ— sinh (cL) ]

+ (TW—Tb)cosh(cx)

3) The heat transferred to each fin could then be found by one

of two methods:

. _ e’
1) Lein = k ab dx %=0
x=L
1) q. =h 2(a+b{J’X=O 6 (x) dx
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using either method gave
) . kab(T ~T.) ¢ [c sinh(cL) + -3~ cosh(cL)]

e, = ‘
fin —hlz— sinh(cL) + ¢ &osh (cL)

4) To obfain a relation between eﬁperimental values of Q/AT,
and the average heat transfer coeffiéient; h; the above expression was
divided by (TW-Tb) (temperature.differeﬁge measured experimentally),
and multiplied by the total number of fins, Nt° Since a certain portion
of the tube is bare, this must also be taken into account.

The final relation then, is

) Nt k ab c [ec sinh(cl) + —%f—cosh(cL)]
Q/AT = :

5 4+ Au h
< sinh(cl) + ¢ cosh(cL)

where Au = area of unfinned tube, ftz.

The heat transfer coefficient in the above expression is now based
on the model, and should account for the temperature distribution in the
fin.. To use. the expression, one must obtain a plot of heat transfer
coefficient versus Q/AT, which can be done relatively easily with a
computer., This graph is shown for the three Escoa finned tubes used
in this study,. in Figure 16. The heat transfer coefficient can then
be found for each value of Q/AT obtained experimentally.

Theré is one major assumption in this de&elopment, and that is
that the heat transfer coefficient is consténtAOQer the entire surface:

The model should, however, take into account the thermal conductivity




of the fins.
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Correldtion for Escoa Finned Tubes

Results obtained with. the Escoa finned'tubes were correlated into
a single expression.relating the particle Nusselt number té the four
parameters studied: fin spacing: pafticlé diameter, heat flux and
air mass velocity; The modél used by Genetti and Knudsen (4) was
modified somewhat to account for the’parameters studied here; This

led to the following relation:

Q b Dp c
S A )
NuP =
. [1 + d. . ]2. .
(©/6,)
where,
Q = heat input to tube, BTU/hyr
/
At = total area of finned tube, ft2
Dp = particle diameter, inches
S = spacing between fins, inches

The particle Nusselt number is based on the heat transfer co-
éfficient obtained from Figure 16, The three exponents and two
multipliers were found by cross élotting various parameters in the
following manner.

1) A value for b was found by plotting Nup yersus (Q/At) on
log-log graph paper for constant yalues of CDP/S) and (G/Gmf)' A
series of straight lines was obtained and the slopes of the lines would

then be equal to the exponent, b. The slopes were found to be nearly
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constant at b = 0. 2393

2)  The Nusselt number was then plotted agalnst CD /8) .at
constant values of (Q/A ) and (G/C f) The slopes obtained }n this
case proved to be a function of particle diameter; c = —(0:5467 +
5.916 D ).

3) From previous studies, the‘factor, a, was found to be constant
at 7.34, but in this study it was a function of partiéle diameter;

= (1013 DP - 3.805).
4)  Finally values for d and e were found by plotting

c]1/2-:1 against G/Gmfn The. slope, -e, was a constant

b
fu,/ a@/a)” (o /8)

‘at.e = 0.164, but the intercept, d, was a function of fin spacing}

= 8,19 + 5.875S.

The final correlation then is

Q 0.2393 D ~(0.54674+5.916D_)
(1013 - 3.805Dp) (——) —=) P
Nu = t 5 -
P 14 8.19 + 5.875S
0.164
: G
&
mE -

where, Dp and S are expressed in inches and (Q/At) is expressed in

BTU/hr-ftz.

The. correlation is plotted in Figure 17, where it can be seen that -

all data lie within ¥ 12.5%, the error obtained In the error analysis

on page 91.
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The range of correlation applicability is given below.

VARTABLE : ‘RANGE
particle diameter . 0.011, 0.0185 and 0.0505 fnch
fin spacing 0l070, 0.095 and 0.137 inég
' fin height ' 0.125 and 0.25 inch

fin material ' carbon steel

heat flux 498 ~-.1089 BTU/hr-ft-

air mass velocity 150-870 lb/hr—-ft2

G/G_, | 1.3 - 3.17

One set of data was obtained using the same tubes (1/é" fin height)
-. as,those used by Bartel (1), and it was assumed that this might help
confirm the correlation. rThese data did fit quite well with the
correlation as shown in Figure 17, however comparison with Bartel's
‘actual data gave poor agreement With the present study, with results

of this study being about 40-50 percent lower. The reason for this
disagreement is uncertain,\but two possibilities might exist.

;

Since the fins are spot welded to the surface of the tube, there
could be a large contact resistange between the tube and fins., Then if
there were differences in the dépth.of the thermocbuple in the tube,
‘the surface temperature could yary,

The other possible difference is in the temperature ﬁeasurement.
As mentioned previously, Bartel used a potéﬁéiémefer whereas a chart

recorder was used in this work. Preliminary work with the potentiometer
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indicated that it was very dif%icult'to regd the tube surface temper;
ature. It was felt that results for the chart recorder were more
reproducible.

No other reason could be found'’'for the discrepancy between

Bartel's results and those presented here.

vy f
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Performance 0f Heatron Spine Tubes

A total of si#teen different bundles of Heatron spined tubes were
used in this researchl The parameters studied were, spine height, spines
per .turn, spine material, and air mass velocity;

The experimental resulfs are plotted in Figures 19-22 as experimen-—
tal heat transfer coefficiént versus'air mass velocity, Each graph
corresponds to a different “overall fin diameter' (OFD) defined as
the diameter of the tube over the spine tips. The four curves on each
graph are for two different numbers of spines pe¥ turn, and for the
two materials.

With respect to air mass velocity, all the curves arenearly linear
with positive slope. However, some of the cﬁrves, most notably those
for steel, have a very small slope. The existence of a maximum was
not in evidence over the entire range studied.

The most obvious feature of the four graphs, is the difference in
héap transfer coefficient between copper and stainless steel. This is
probably ts be expected since copper has a much higher thermal conduc-
tivity than stainless steel. Therefore, heat can be conducted through
the spine ﬁuch faster in a copper spine.

It can also be noted that for three of the fﬁur overall fin
diameters, the exception being 1-1/8" OFD, the héat transfer co-

efficient for 13 spines per turn is greater than that for: 26 spines per

turn. This may be because near the base of the spines, where the spine
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is hottest, there is more’space'for‘particlé motion with 13 spines per
turn; Additional hindrance with 26 spines per turn could résult in a
somewhat lower coéfficient:

When the oveFall fin diameter; or essentially the spine height,
is increased, there is a teﬁdency'for the heat transfer coefficient to
decrease. As eipected, this effect is greater with the stainless steel
spines than with copper spines.

With copper spines there is very little difference after the first
increase in spine height (1-1/8" to 1-1/2" OFD). This first change,
as is true also with stainless steel, is about a 20 pércent decrease
in coefficient.

FPLﬂthe-stainless steel, there is a similar change when increasing
from 1-1/2" to 1-3/4'" OFD, but.the last increase to 2"lOFD causes
little or no change in heat transfer coefficient.

It should be noted that, in any commercial operation, it would be

impractical to use the longer spines, 1-3/4" and 2" OFD. It was noted

that in a day of operation in the bed, a number of spines were torn

'

loose from the tubes. In a normal day to day commercial application, a

great many of the spines could be torn off thus reducing the area for
heat transfer.

Comparing different types of finned tubes is often difficult
because in most cases the heat transfer ;oefficient reported is based

on the total area. It is difficult to compare these coefficients
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unless the areas are also presented.. To alleviate this problem;.it
is useful to feport heat transfer coéfficfents.based on the area of
‘an equivalent bare tube:

This has been done for the Heatron spined tubes by multiplying
the experimental heat transfef coefficient by the ratio of total area
over area of a 5/8" outsidé diameter.tube. The results are plotted
in Figures 23-26.

This method changes some of the trends observed previously. Onée
again, all curves are nearly linear with respect to air mass velocity.
Now, however, there is one case in which a set of stainless steel
tubes (26 spines per turn) have higher coefficients than the set of
copper tubes with 13 spines per turn. This occurs only for 1-1/8" QFD,
while in all other cases the copper spines once again have higher
coefficients.,

An interesting result of preseﬁting the results in this ménner
is that the higher coefficients now correspond to the great number of
‘spines per turn,

When considering the equivalent bare tube coefficients, there is
no clear cut trend when spine height is increased. For stainléss steel,
13 spines per turn, there is very little change, whereas, for the
equivalent copper spines, the coefficient increases about 50 percent;

In the next section, a theoretical model and artorrelgtion will

.be developed to account for these parameters.
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Development of Theoretical Model for Heatron Spined Tubes

1

The development of a ;hebretical model describing the Heatron
spined tubes was developed glong similar lines to the Escoa finned
tubes. The major difference between the two was that the Heatron
spines were of a more complicated shape:

Several shapes were tried, and £he final Shaée ﬁsed is shown in
Figure 26. The éross section was in the form of an isosceles triangle
and had a constant area for a certain distance from the base of the
spine., Then, while maintaining the same general shape, the spine
tapered to a point.

Since the spine had two sections, there were two solutions which
were then grafted together.

1) A general energy balance about an element of width, Ax, gave

N - + hP Ax (T-Tb)
dx dx
xt+AX
where,
A = cross sectional area, ft2
P = perimeter, ft

This led to a general equation of the form;

d

dx 6 =0

(A

©de ) - hP
dx k
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i) Region 1 — constant cross section, L2> x>Ll'

- L 2.2
MmN \/Yz yi/4.
Pl =y, t 2y2

For this section, the boundary conditions were:

8 =T ~T

a) x = Ll’ a b
b) x = Lys 8 = TW - Ty

A general solution was obtained as follows: -
8 = A sinh.(clx)'+ B cosh (plx)

where,

c2 = —
] KA

Solving for the constants A and B gives

§=T-T, = (T~Ty, )= (T ~T ) coshle, (Ly=L,)]

b. sinh[cl(Lz-Ll)] Sinh[CZL(‘X—Ll)]

+ (Ta-Tb)cosh[cl(x—Ll)]

ii) Region 2 - non-constant cross section, Ll>x>0

In this section, the cross sectional area and the perimeter

were assumed to be linear functions of x.

2
1 [ 2 2 X

P,(x) = Gy, + 2y,) (—"I%I—) ]

A, (x)
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The general differential equation then became,

. . : +.2y. o
d ,.2°d0 - _2h "1 2
e C e - 2/4] Lyx6 =0
Tiv¥y =¥y
with boundary conditions,
x =0, 0 is finite
X = Ll g = Ta —va
with
2o [ it H, - |
2 k : 1 -7

2, 2,
Yy \/yz +y /4

the equation had the form

The solution to this equation was in terms of Bessel functions.

.e —r [D I, (2¢, x 1/2) + EK; (2 cé xl/z)]

Solving for the two constants, D and E, a solution was obtained

for region 2.

1/2

L 1/2
1
6 = I-T_ = (T-T,) (.—X—) 1 [

)]
1/2

1)

Il(2c2 X

Il(2c2 L

To find the interface temperature, Ta’ tro conditions had to
be met.

1) T, _ .- = T_ _ .+
1
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dT . - dT N
dx x=Ll dx x=L '

il

2)

using these two conditions gave s

T =T, + By B!

a b a, + cosh [cl(Lz-Ll)]
where
c T @ cLt? sinh[c. (L.-L.)]
a2 e 1 : 12701
1 " 1/2 ' 1/2 T L c
Ll 11(2 C2Ll ) 1 1

As with the Escoa fins, the heat transferred to each spine

was found.

de
N qspine =k Al dx _
x = L2

Then using the following comstants to simplify the expression,

an expression for q . /AT was found.
spine
c3 = Cl (LZ - Ll)
a, = 23, + cosh (Cg)
_ tosh(?B)'
8y
ay =
sinh (c.)
3
ey
qspine/AT =k Al[a3clcosh(c3) +— slnh Cc3)]

2.
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For the entire tube,

c

Q/AT = k Ath[a3clcosh(¢3) + sinh(cB)] + Auh

)

Again, an iterative solution was obtained to use this e#preséion and
the results are plotted in Figures 27—30:

For the spined tubes, there were two fin materials available so
that some check on the model was possible. As will be shown later,

t .
this model did a reasonably good job for the spine tubes.
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Performance of All. Tube Bundles-Using Heat Transfer -Coefficient
Based on Temperature Dlstrlbutlon

-

From the'grabhs in Figures 28*31, the heat transfer coefficient based
on the model for temperature distribution could be found for all the
cases studied. These results were plotted in Figures 32-35 as hmodel

versus alr mass velocity.

It can be noted that the data are brought together much better

than in previous plots. One important factor can be seen from these new

graphs. That is, for any given tube type, for e%ample (1-1/8" OFD
and 2% spines per turn) the coefficient is nearly the same for both
copper and stainless steel spines. This indicates that the effect of
ihermal.conductivity of the spines has been eliminated, which was
.iﬁportant in the development of the correlation.

No other general trends were noted from these plots except for the
same general dependence of heat transfer coefficient oe air mass
velocity.

In the next section, a correlation will be developed for the particle
Nusselt number based on the heat traﬁsfer coefficients from -Figures
32-35, The parameters to be included in the correlatien are particle
Reynold's number, overall fin diametey, and the ratio of total area per
foot of tube to spine height. The total area contains the additional

parameters of spine dimensions and spines per turn.
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Correlation for All Heatron "Spirned Tube Bundlés -

The data obtained for the spined tubes were correlated into a single
expression relating the particle diameter té the e;perimental para-
meters studied. The e%pression was based on the particle mode heat
transfer model mentioned previously on page li, and the heat transfer
coefficient will be ‘corrected for the temperature distribution in the

spine as explained on page 68.

The correlation will then be in- the form:

0.5

Nu 10 (1-€)
B 2
(1 + ]

Re? DP

PP

, . - b . .
However, since only one particle diameter was used, DP is combined
with c¢. Also, an additional parameter was incorporated to account for
the -total area per unit length,(Aé), and the length of the spine(L).
The relation 10(1—8)0'5 was found not to vary greatly over the entire

range, so a constant value of 7.34 was used. The relation then became:
t

A m
t
_ "7.34 S L )
Nu = 5
P c .
./[l + ]
: a
Re
P

~

A method was then needed to find m, ¢, and a. TInitially they were
all assumed to be constants. Then 1f any of them proved to be functions

of any other variable, this could be taken into account.
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The following procedure was uiea to find m; c; and "a;
1) constant values of Rep were chosen, Thé Nusselt number
was then related as follo&s:
' o 'om
Nu = ¢ 'Gﬁhi—)
P 1 L .

2).. plotting NuP against A;/L on log—~log paper, then gave a
straight line of slope m. This was done for each of the siﬁteen
tube bundles studied. Since the sixteen vyalues of m did not vary- too
much, and no consistent trend was gbserved, an average value was used,
This was found to be m = —0;13il.

3) the equation for Nusselt number was solved for c/Re:
A' -0.1311 1/2

7.34 (—t—)

c L

Re? Nu

P P (

1l

For each value of A;/L, Nusselt number is plotted against Reynolds
number on log-log paper. Again, a series of straighf lines was obtained
with slope, a, and intercept, c. Values of the slope, -a, were found
to be nearly constant at a = 1,72. The intercept, c, however‘proved to

. be a function of overall fin diameter, D From a plot of c versus D

fo

the function was assumed to be of the form

f?

2
c=cy - d Df

where c = 2.1
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Plotting c versus Df on log-log paper gaye a slope & = 7.24. -
and an intercept d = 0.0081,

This gave the final corrleation

) -Q.1311
g 7.3 ()
uP = — ,
2.1 = 0.0081 D 7°241
1+ £
Re 1+27 J
p

The correlation is plotted as
Nu 7.24

2.1 = O°OO8l,Df.' 2
—‘__{%t:b.lBII versus 1+ 177
7.34 "t Re
(—) P

As seen in Figure 36, all the data lie within + 12.5% of the line
describing the correlation. The t 12.5% range is obtained from an
error analysis described on page 92, To make the graph in Figure 36
easier to read, only about half the data were plotted. The rest of Fhe
data were checked to be certain that they also fit the correlation, but
did not extend the range of the correlation.

The following table lists the range of correlation szpplicability.

VARTABLE RANCE
Particle diameter 0.011 inch
Air mass velocity 10Q-600 lb/hr—ft2
Spine height . 0.034-0.074 ft
Overall fin diameter 1-1/8, 1-1/2, 1-3/4, 2 inch
Tube diameter o 5/8 inch

Spines per turn 13 and 26 spt




VARIABLE

Tube and fin material

Heat flux

- 86 -

RANGE

copper and stainless steel
800 — 1000 BTU/hr-ft?
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" CALCULATIONS

Alr Mass Velocity -

As mentjioned previously, an orifice and a manometer were used
to determine the air mass yelocity to the column. A standaxd equation

for an orifice is used.

.. 3600 CYS, . .ch.(plvpz)Apl
a
AC . @a-=s8 )
where,

G = air mass velocity, lbm/h.r-—ft2
C = orifice coefficient
Y = expansion factor
SC = cross sectional area of orifice, ft2
AC = cross sectional area of column, ft2
8. = gravitational constant, ft—lbm/hrz-lbf

P;~P, = pressure drop across orifice, lbf/ft2
Py = density of air at upstream pressure, lbm/ft3
B = ratio of orifice diameter to inside pipe diameter .

For a square edged orifice, the expansion factor is given as:

: Py =P
y=1-—2 "2 (0,41 - 0.358%
Py kr
where,
° \
kr = Cp/Cy c

The orifice coefficient is actually a function of the Reynolds
number, and was found by trial and error. It was found to be very

nearly constant at C = 0,6, so this value was used in all calculations.




Bed Temperature -

Since the three bed temperatures recorded were approximately the
same (within 2°F), the arithmetic average of the three temperatures

was used.,

Tube "Temperature ~

. Each tube temperature was taken directly from the chart recorder.

Heat Input to Each Tube -

The power to each tube was measured with a wattmeter and then

converted to appropriate units.

BTU
watt-hr

q = (watts) (3.41443 )

Total Tube Area -

The area of the fins was found using either the Escoa fin sﬁape
shown in Figure 15, or the Heatron spine shape proposed in Figure 27.
The dimensions of the fins were found using a binoéular microscope.

The total fin area was found by multiplying the area per fin by
the total number of fins. The total tube‘area was obtained by aading
the total fin area to the area of the unfinned portion of tube. The

average area of the seven tubes in a given bundle was then used for

calculation.
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Heat Transfer Coefficient -~

The .standard heat transfer equation was used to calculate heat

transfer coefficients.

h =

A (Ttube = Thed?

The average heat transfer coefficient was found as the arithmetic
average for the seven tubes In a bundle. While tube to tube variations
of up to 30 percent were observed, no consistent trends were found in

any given position In the tube bundle. .

s

Particle Fraction -

Parent, Yagol, and Steiner (17), suggested that the pressure drop
across a fluidized bed was equal to the weight of solids in the bed per

unit cross section of the column.

AP =L, (1 -¢€) (pg - pf)

where,
AP = pressure drop across bed, Lbf/ft2
Lt = distance between pressure taps, ft

(1-¢) = particle fraction in bed

p, = desnity of solids, Lb.m/ft3
p; = density of fluidizing air, me/ft3

The particle fraction,u(l—e), could then be solved for knowing the
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other parameters,

Air Viscosity and Thermal Conductiyity -
A1l properties of the air, except the thermal conducitivity, were
determined aF)the bed temperature. Both the viscosity and the thermal

conductivity were obtained using equations fit to experimental data,

with the thermal conductivity being evaluated at the film temperature.

e = [2.45 (T, _.~32) + 1538.1] (2.688 x 107). Lb/ft-hr

!

ke

0.00002Tf + 0.0137 BTU/hrft°F -

Particle Reynolds Number -
DG

"Re =
P Hf

Particle Nusselt Number -




" "ERROR "ANALYSTS
A differential erxrror analysis was used to determine the experimental
errors in this study. By assuming the heat transfer coéefficient was a

function only of q, At and AT, the total differential of h becomes,

dh = g aq )A ar dq + ST aA )qlAT da, + G357 BAT) d (AT)
From the heat transfer equation,
g
h=——e— |,
AtAT

the partial derivatiyves were found and substituted into the total

differential.

dh = (—%——)dq + (—L—)dA_ + (——— )aut
A AT A2 AT t AéAT)

The two negative signs were changed to produce the maximum error,
and conditions to obtain the largest error were found. These values

were as follows:

= 0.6701 £t?
AT = 16°F
q = 547 BTU/hr
h < 55 BTU/hr-ft2«°F

Substituting finite elements for the differential elements, the

total differential became

Ah = 0,0933 Aq + 76.14 EAt+ 3.19 A(AT)
Estimates of the three indfvidual errors were,

Aq = 6.83 BTU/hr




~.93 =
\2 .
AAt= 0.0201 ft -
A(AT) = 1.5°F
This gave dh = 6,95, or a maximum error of — Ah/h = & (6.95/55)
100 = ¥ 12,57
To obtain the minimum error, the best conditions were used:

A= 0.7601 £t

AT = 42°F
q = 547 BTU/hr
h = 20 BTU/hr—ft>~°F

Ah = 0.0312 Aq + 22,37 LA+ 0,406 A(AT)
Using the same individual errors, Ah = 1,27, or the minimum error
was * (1.27/20)100 = i6.4%. These two extremes should then bracket

the experimental error for all rums.




" CONCLUSTONS
The. following conclusions were drawn based on the research in
this study;
| 1) Heat transfer coefficients incréase with incréasing heat flu#;
though the variation is generally less than 10 percent for
a two fold increaée in heat flux: The change can be explained
on the basis of ; change iﬁ boundary layer thiékness on the
surface of the tube.

2)  With the Escoa finned tubes, there was a strong effect on
heat‘transfer coefficient when considering the ratio of
particle diameter to fin spacing, (DP/S). In‘the range,

0.2 < DP/S <0.3, the coefficient decreases sharply. The
decrease is viewed as an increase in particle hindrance .

35 Im the study of Heatron spined tubes, heat transfer
coefficients were found to increase with air mass veloéity.
The maximum observed in many other studies was not found
in this case.

4) As expected, coefficients for copper spines were higher than
for stainless steel spines. The effect was much greater for
longer spines. ’

5) The effect of the number of spines per tuxn was very small

with no consistent trends observed;
6) Each type of finned tube was correlated into a form to

account for the desired experimental variables. The data

~




all fall within the t 12.5 percent error found in the

error. analysis,




" 'RECOMMENDATIONS

As explained in the first part of this thesis; the ultimate
objective is to obtain a completely general correlation:. To do
this; it would be necessary to take g considergble am6unt of
data using one system; but many combinations of tubes and particles.
This, however, would be a long term study:

A more immediate study would be the effect of pafticle diameter
with the spined tubes. This could then be brought into the
correlation presented here.

The effect of finﬂspacing should be détermined for continuous
helical fims. It might also be helpful to conduct a general
study of continuous fins to include fin height, particle

diameter, air mass velocity and fin material.




* NOMENCLATURE

SYMBOL . 'EXPLANATION : " "UNITS
Ab' Bare tube area o ft2
Ac Cross sectional area of column ft2
At Total area of finned tube ft2
t
At ) Total area of finned tube per foot
of tube ft
Au Area of unfinned portion of tube . ft2
CP Heat capacity. of particles BTU/1b-°F
DfS Overall fin diamete# inches
Db 'Particle diameter inches
G Air mass velocity ' 1b/hr-—ft2
Gmf Minimum.fluidization velocity lb/h.r—ft2
hexp Avera%e'experimental heat transfer 2
coefficient _ BTU/hr-ft“=°F
hpodel Heat trangfer coefficient baseq
) on analytical temperature profile 9
in a fin BTU/hr—-ft™=°F
ke Thermal conductivity of air BTU/hr—-£t-°F
L Spine or fin height Ot
Nu Particle Nusselt number dimensionless
Nt Total numbeyr of fins on a tube dimensionless
q . Heat input to tube . ,ETU/hr
Re Particle Reynold's number . dimensioﬁlqss




SYMBOL

t

bed

Ttube

-.98 «
" EXRLANATION

Mean residence time of particle
at heated surface’

Temperature of fluidized bed
Surface temperature of tube
Particle fraction in fluidized bed
Viscosity sf air

Density of air

Density of particles

. 'UNITS

hr
°F
°F

dimensionless
1b/ft-hr
1b/fe3

1b/£t3
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